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Thesis structure 

This thesis is in agreement with the Postgraduate and Research Scholarship Regulation 1.3.1.33 (1) 

of the University of Western Australia and is presented as a series of papers. This thesis is structured 

as general introduction, three experimental chapters, and a general discussion. The general 

introduction covers a review of the current literature, presenting a broad background to justify the 

research objectives of this work. Additionally, the general introduction presents an outline of the 

experimental papers and how they relate to each other. The body of this thesis consists of three 

experimental chapters formatted according to scientific journal guidelines. Thus, each experimental 

chapter includes an abstract, introduction, methods, results, discussion, acknowledgements, and 

references. This format leads to some repetition, mainly within the material and methods sections, 

which I strive to keep at a minimum. In the general discussion, I present a summary of the main 

findings from the experimental chapters and relate them to each other to draw general conclusions 

and, finally, discuss further research opportunities. 
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Thesis abstract  

Episodic extreme drought and heat waves, linked to anthropogenic climate change, have increased 

at regional and global scales. The effects of drier and warmer climate trends on ecosystems are of 

particular concern in seasonally dry regions. These ecosystems already experience prolonged periods 

of soil water limitation, which is often combined with increased atmospheric evaporative demand, 

greatly limiting plant function. Maintenance of plant water status above safe operating physiological 

thresholds is crucial for plants in drying soils, and stomatal control of water loss is the main 

regulatory process to achieve this over short to medium timeframes.  

This thesis examines the patterns of plant water use over diurnal and seasonal temporal scales in a 

group of dominant canopy tree species which co-occur in woodlands of south-western Australia. 

Following reports of tree mortality events and changes in vegetation composition in this drought-

prone region, the central aim of this project was to investigate if differing hydraulic strategies in co-

occurring species, particularly relating to the stomatal regulation of water loss and plant water status, 

could help explain the observed changes in vegetation structure, and specifically, mortality events 

in species of the Banksia genus. A range of ecophysiological measurements were conducted in the 

field to determine key diurnal and seasonal water use-related responses during a transition from the 

cool-wet to the dry-hot season. Additionally, a glasshouse trial was implemented to investigate if 

species responses differ when exposed to drought, heat or combined drought and heat, due to 

species-specific water use strategies. This experiment aimed to provide a better understanding of 

the effects of global change-type drought on plant physiological functioning.  

In the first experimental chapter (Chapter 2), we selected four of the dominant tree species in two 

sites within the study-woodland, Allocasuariana fraseriana (Casuarinaceae), Banksia menziesii 

(Proteaceae), Corymbia calophylla and Eucalytpus marginata (both Myrtaceae), to assess stomatal 

control over tree water use and water status, as soil-stored water declined during the experimental 

period. The two sites differed in groundwater depth, 8 and 30 m below the surface, representing 

situations where access to the water table was possible and where access was unlikely, respectively. 

The study species showed marked differences in water use patterns and plant water status 

regulation as soil water availability declined. The relationship between stomatal conductance (gs) 

and pre-dawn leaf water potentials (pd) confirmed that more anisohydric species, A. fraseriana and 

E. marginata, maintained higher gs at lower pd than isohydric species, B. menziesii and C. 

calophylla, regardless of the study site. Species differed in the pd at which gs was reduced to 12% 

of its seasonal maximum (12), as well as in the day when this threshold was reached during the 

transition from wet to dry season. Anisohydric species exhibited significantly more negative 12 (c. 

2-4-fold) than isohydric species. A. fraseriana showed the most negative 12 and was the only 

species that differed in 12 between sites, with values c. 40% lower at the low terrain site. 
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Anisohydric species also reached 12 earlier in the season, consequently operating closer to the leaf 

turgor loss point for longer than isohydric species. Broadly, the results indicate that stomatal control 

strategies of species were clearly separated into those that strongly regulated leaf, B. menziesii and 

C. calophylla (i.e. isohydric), versus those that withstand more negative leaf, effectively operating 

with narrower safety margins, A. fraseriana and E. marginata (i.e. anisohydric).  

In the second field-based study (Chapter 3), the focus was narrowed to the daily monitoring of tree 

water relations at the end of the dry-hot summer. The measurements were conducted at the high 

terrain site as conditions (e.g. greater depth to the water table, drier soil and increased atmospheric 

demand) were expected to lead to marked differences in water use dynamics between the study 

species. The main objective of this study was to investigate how the daily patterns of tree water use 

of co-occurring species, with known contrasting stomatal regulation strategies, would differ during 

the most demanding period of the season. In addition to gas exchange and pre-dawn/midday leaf 

measurements, trees were instrumented with sap flow sensors and point dendrometers. Here, we 

selected two Banksia species to represent isohydric species, B. attenuata and B. menziesii and, as 

previously described, A. fraseriana and E. marginata for anisohydric species. Isohydric species 

exhibited higher leaf-level gas exchange rates during early morning and afternoon, although these 

rates declined substantially towards midday. The decline in gs constrained the development of more 

negative leaf, consistent with the isohydric strategy. Smaller  gradients in more isohydric species 

were also associated with lower maximum sap flow velocities and modest diurnal stem diameter 

variation in B. menziesii stems. In contrast, anisohydric species showed lower leaf as VPD and 

temperature increased, whilst exhibiting relatively low leaf-level transpiration. Moreover, A. 

fraseriana and E. marginata allowed the development of larger leaf gradients as the day progressed, 

which were associated with higher maximum sap flow velocities and greater stem diameter variation 

than that observed for isohydric species. I conclude that co-occurring species that evolved in a 

climate under marked seasonality employ distinct hydraulic strategies to control diurnal water use, 

with isohydric species showing greater reliance on soil-stored than plant-stored water at the end of 

a Mediterranean summer. 

In the third experimental chapter, the central aim was to determine how A. fraseriana, C. calophylla 

and B. attenuata would cope with a combination of drought and a simulated 4-day heatwave due to 

distinct stomatal control of plant water status. In a pot experiment in controlled environments, plants 

were exposed to drought stress (volumetric soil water content of 7% instead of 13%), heat stress 

(diurnal temperature range of 30-40 °C instead of 20-30 °C), or both. Gas exchange rates, leaf dark-

adapted respiration (RD), and chlorophyll fluorescence (Fv/Fm) were measured prior to the heatwave, 

on the last day of the heatwave, and after a 10-day recovery phase. Results indicated that the more 

anisohydric species, A. fraseriana, was most tolerant to high temperatures while B. attenuata and 
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C. calophylla, the more isohydric species, were greatly affected by the drought through partial 

stomatal closure. Moreover, the heatwave treatment led to significant impairment of gas exchange 

in B. attenuata and C. calophylla. These species showed reduced evaporative cooling in plants 

exposed to combined drought and heat stress, leading to leaf temperatures well above air 

temperatures. Under the heatwave treatment, all species exhibited reversible damage to the 

photosynthetic apparatus and also increased RD at midday but with no marked differences due to 

drought. The 10-days recovery phase was sufficient to relieve the impacts of the 40 °C heatwave: 

all species showed gas exchange rates similar to pre-heatwave rates, and there were no significant 

differences in RD and negligible impairment of the photosystem II (Fv/Fm > 0.75 at midday). The 

results obtained here indicate an additive effect of drought and heat stress on physiological 

functioning, however there is no evidence of a compound effect in the study species. 

Overall, this study contributes to our knowledge of the spectrum of plant hydraulic strategies, and 

potential vulnerabilities of such strategies in changing environments. The results obtained in this 

project demonstrate that co-occurring tree species differ in how they regulate their water use in 

response to soil and atmospheric conditions, seasonally and diurnally, and how they have species-

specific thresholds for physiological functioning. The evidence presented here advances the 

knowledge on the threat posed by increasingly dryer and warmer future climates to seasonally dry 

ecosystems that rely on winter precipitation for soil water recharge. Plant species that must maintain 

a high plant water status during periods of reduced water availability, and that have adapted to 

semi-permanent and/or permanent access to soil-stored water, might be particularly vulnerable to 

more frequent and severe drought events. 
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1. INTRODUCTION 

In this introductory chapter, my aim is to provide a broad background and to review the state of the 

current knowledge that is relevant to the thesis. I present how terrestrial vegetation interacts with 

the global water and carbon cycles and highlight the importance of understanding plants’ roles in 

such dynamics. Next, I briefly describe water transport in vascular plants, touching on relevant 

structures, mechanisms and established theories. I then move to the regulation of water transport 

and water status in plants, with a focus on the role of the stomata and drought stress, followed by 

consequences of disruption to the water transport pathway and the proposed mechanisms of 

drought-related mortality. Furthermore, I present evidence of past and current impacts of climate 

change, chiefly drought and heat stress in Mediterranean regions, linking widespread tree mortality 

events and the occurrence of extreme climatic events. I then, more specifically, introduce the 

Mediterranean-region and vegetation focus of this project, broadly describing the landscape, the 

vegetation and finally presenting the study site and species. Lastly, I present the overarching 

objective of my work and lay out the aims of the experimental chapters of this thesis. 

 

1.1  Interactions between vegetation and water and carbon cycles  

Water is fundamental to all biotic and abiotic processes, and therefore essential to life on earth. 

Water plays a key role from molecular to global processes (i.e. photosynthesis, enzymatic reactions, 

erosion, sedimentation, nutrient cycles, etc.) due to a particular set of properties pertaining to the 

water molecule. The strong hydrogen bonds between hydrogen and oxygen atoms provide: (i) a 

high latent heat of vaporisation (e.g. effective coolant properties in plants/animals; thermal buffer 

in organelles/cells; high boiling point) and (ii) high surface tension, which are essential to water 

transport in vascular plants (Boyer, 1985; Eamus et al., 2006). Water is also a polar molecule which, 

when combined with the forces of hydrogen bonds, makes it a potent ionic and polar solvent. Finally, 
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water represents up to 95% of the mass of most living organisms, thus acting as a central medium 

for the evolution of life not only at the individual level but at the ecosystem and landscape scales. 

The movement of water through terrestrial ecosystems is defined by two major fluxes: precipitation 

and evapotranspiration, where evapotranspiration is the combination of physical and biological 

components, namely evaporation from wet surfaces (e.g. soils, intercepted rain) and transpiration 

from vegetation (Rodriguez‐Iturbe, 2000; D’Odorico et al., 2010; Hölting & Coldewey, 2018). Most 

precipitation is either intercepted by vegetation, or infiltrates into the soil, from where it returns to 

the atmosphere via evaporation or transpiration or drains beyond the reach of plant roots. Water 

resources in ecosystems are largely modulated by vegetation, as plants influence rainfall 

interception, infiltration and runoff, soil evaporation and groundwater recharge (Jackson et al., 2000; 

Rodriguez‐Iturbe, 2000; Bleby et al., 2010). Plant transpiration is a complex process, controlled by 

a wide range of environmental conditions (e.g. soil water availability, atmospheric water demand 

and temperature) and plant features (e.g. rooting architecture and depth, resistances within plant 

tissues, stomatal regulation and osmotic properties) (Eamus et al., 2006; Pittermann, 2010; Werner 

& Dubbert, 2016). For example, between 55-70% of terrestrial evapotranspiration is controlled by 

plants, with the largest contribution from tropical ecosystems (c. 33%) (Schlesinger & Jasechko, 

2014). Therefore, it is clear that terrestrial plants interact significantly with these global water fluxes, 

highlighting the importance of greater understanding of vegetation impact on water flow dynamics.  

Carbon is the backbone of organic molecules and like water is also central to life on earth. Being a 

small atom of light atomic weight as well as highly reactive, carbon can readily engage in multiple 

chemical reactions with hydrogen, oxygen, nitrogen, phosphorus, sulphur and a large variety of 

metals (e.g. iron, magnesium, zinc, etc.), forming a plethora of organic compounds and 

macromolecules (e.g. carbohydrates, lipids, proteins, nucleic acids) (Pace, 2001). Moreover, 

chemical reactions of carbon molecules and compounds are broadly amenable in aqueous conditions, 

for example, the energy-capturing process of photosynthesis. Plants are the major natural agent 

responsible for cycling/fixing inorganic carbon from the atmosphere (CO2) into carbohydrates, its 

high-energy form which is then further processed in the ecosystem food chain (Fatichi et al., 2019). 
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Despite their capacity to sequester carbon, not all ecosystems constitute a carbon sink. Autotrophic 

respiration (i.e. respiration of plant roots and shoots) and heterotrophic respiration (i.e. respiration 

of soil microbes and fauna) are the two main sources of carbon released back to the atmosphere. 

About half of the carbon fixed through photosynthesis is returned to the atmosphere as autotrophic 

respiration (Beer et al., 2010). As such, vegetation has a crucial role in the global carbon cycle 

through photosynthesis and respiration. This role is closely linked with the water cycle discussed 

above: uptake of CO2 by plants inevitably leads to water loss through transpiration, which drives 

water uptake from soils, because of the shared pathway of CO2 uptake and water loss through 

stomatal pores in leaves. 

 

1.2  Water transport in vascular plants 

Water is needed for maintenance of physiological processes at the cellular level (i.e. catalysing 

reactions, solute transportation, acting as a solvent) and at the whole plant level (transport of 

nutrients, sugars, phytohormones, signalling molecules). Water is also responsible for providing 

mechanical support and structure to plant tissues through positive pressure (turgor). Plants require 

copious amounts of water and virtually all absorbed water is lost via transpiration with less than 1% 

being incorporated into plant biomass (Lambers et al., 2008). In plant physiological research, the 

water status of soil, plant and atmosphere are described as water potentials (). These are defined 

as the difference in chemical potential of water of a specified part of the system compared to that 

of pure water at the same pressure and temperature conditions, measured in units of pressure (Pa) 

(Lambers et al., 2008). By convention, the water potential of pure water at atmospheric pressure 

and at 298 degrees Kelvin is 0 MPa (Rodriguez‐Iturbe, 2000). The water potential of liquid water 

(w) is determined by the following components: 

w =  m +  p +  π +  g      (1) 
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where m is the matric potential (i.e. relating to the force with which water is adsorbed to solid 

interfaces such as cell walls and soil particles), p is the hydrostatic pressure or turgor potential 

(i.e. the physical pressure that water exerts in the system), π is the osmotic potential (a function 

of solute concentration with pure water being zero and decreasing with solute concentration) and 

finally g is the gravitational potential which increases with height and is proportional to water 

density (i.e. g = water density · gravitational acceleration · height).  

Water uptake typically occurs through roots in the soil, and water is then transported up to the 

plant’s foliage where liquid water evaporates into the air spaces of the leaf mesophyll, from where 

it diffuses to the atmosphere through the stomata. This pathway has been termed the soil-plant-

atmosphere continuum (SPAC). In the SPAC, water transport occurs from regions of higher to lower 

water potentials (e.g. from wet soil to root cells, through semi-permeable membranes); from high 

to low hydrostatic pressure (e.g. from xylem of roots to xylem of leaves); and from a high to low 

water vapour concentration (e.g. from inside leaves/substomatal cavities to the atmosphere) (Tyree 

& Zimmermann, 2002; Lambers et al., 2008). The movement of water through the SPAC is possible 

thanks to the above-mentioned attributes of water and the properties of the highly specialised 

transport tissue in plants, xylem, which are collectively described by the Cohesion-Tension theory 

(Dixon & Joly, 1895). The Cohesion-Tension theory has withstood past and recent criticism (Dixon 

& Joly, 1895; Tyree & Zimmermann, 2002; Zimmermann et al., 2004; Brown, 2013) and its 

explanation of the mechanisms of xylem sap movement in plants is widely accepted. The theory 

states that the water vapour gradient between the substomatal cavities and the outside air generates 

the driving force for evaporation of liquid water from the cell walls of the substomatal cavities and 

leaf mesophyll (Buckley et al., 2017), forming menisci between air-water interfaces. The sun 

provides the energy necessary to break hydrogen bonds and hence, the tension (i.e. negative 

pressure) generated by evaporation creates a curvature in the liquid apoplastic water, (i.e. menisci 

between air/water interfaces), which is then transmitted to the xylem, lowering its water potential 

(x) (Tyree & Zimmermann, 2002). Consequently, the tension is transmitted to the root xylem/cells 
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and by cohesion between water molecules and by capillary forces acting on the xylem conduits, 

water flows continuously through the SPAC when soils are sufficiently wet.  

Xylem conduits are capable of transporting water under extremely high tensions and indeed the 

Cohesion-Tension theory states that significant negative pressures are needed for liquid water 

transport to occur. A suite of characteristics confer xylem elements with the ability to transport water 

under a metastable state. Xylem conduits have lignified cell walls and show secondary wall deposition 

which allows for greater resistance against collapse (Sperry et al., 2006; Venturas et al., 2017). In 

angiosperms, xylem consists of a series of specialised dead cells, which have partially/wholly opened 

end-walls (i.e. perforation plates) and which connect to parallel elements by a modified primary cell 

wall termed bordered pits (Tyree & Zimmermann, 2002) allowing water to flow with low resistance 

between conduits. Moreover, xylem elements are wide (e.g. varying between 5-500 µm) and long 

(mm to m) to also minimize flow resistance of water (Sperry et al., 2006).  

Changes in the metastable state of water within the lumen of conduit elements due to environmental 

pressures such as drought, allow for the formation of gas emboli (i.e. cavitation, embolism) which 

greatly reduce the capacity of the xylem to transport water (Venturas et al., 2017 and references 

herein). A number of xylem properties minimize the chance of embolism formation (Pickard, 1981; 

Tyree & Zimmermann, 2002). First, during the development of the xylem conduits, living cells 

differentiate in an aqueous medium and hence are full of water upon functional maturity. Second, 

the walls of mature xylem conduits are hydrophilic, preventing the adhesion of air bubbles. Third, 

water transported through the xylem conduits is ultrafiltered and hence, there is reduced probability 

that particles/impurities will act as nucleation sites for air bubble formation. While these properties 

make xylem a high hydraulic conductance pathway of water flow in plants, failure of this water 

transport network still occurs. The hydraulic capacity, and loss thereof, are central to this project, 

especially as a consequence of drought and high evaporative demand, and will be discussed in the 

next sections and experimental thesis chapters. 
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1.3  Hydraulic architecture and the stomatal regulation of water status  

Hydraulic architecture, a term coined by Zimmermann (1978), defines the tree as a hydraulic system, 

with a driving force, pipes, reservoirs and regulating systems (Cruiziat et al., 2002). As such, 

hydraulic architecture describes the structure of the water flow pathway in plants qualitatively (e.g. 

integration, compartmentation and redundancy) and also quantitatively by examining combinations 

of plant properties/traits (e.g. hydraulic conductance, leaf area, sapwood area, capacitance). Plant 

water relations research has developed around an understanding (i) of the physical movement of 

water under tension, as described by the Cohesion-Tension theory which has been continuously 

improved (see details in Brown, 2013) and (ii) of the movement of water through the SPAC as an 

electrical circuit analogue (i.e. drawing on Ohm’s law), by making use of water potentials, 

resistances/capacitances and flow (van den Honert, 1948; Riceter, 1973).  

To maintain adequate water status, plants need to continually match supply (i.e. water uptake by 

roots in the soil and transport through SPAC) and demand, namely transpiration (Sperry et al., 2002). 

Regulation of water loss by stomatal control, i.e. adjustment to the size of the stomatal pore, and 

foliage/root dynamics are the main mechanisms by which plants can adjust to variations in water 

uptake and transport capacities (Boyer, 1985; Pittermann, 2010). As seen in the previous section, 

transpiration in the leaves is the driving force of water movement through the xylem, which is under 

negative pressure, i.e. tension, inside the xylem elements. The magnitude of the tension in the xylem 

conduits is directly related to the resistances of the xylem structure (e.g. conduit diameter, length, 

inter conduits connections, degree of integration/compartmentation/redundancy) and it is 

proportional to the rate of water loss (Tyree & Ewers, 1991; Cruiziat et al., 2002). For example, 

wider conduits are more efficient in moving water, because hydraulic conductance is proportional to 

the fourth power of the conduit diameter, i.e. the Hagen-Poiseuille’s law (Sperry, 2011). However, 

wide conduits typically are more prone to loss of water transport capacity as cavitation can 

significantly impair water transport in plants with wider conduits when compared to narrower 
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conduits (i.e. gas bubble size and pit membrane threshold for air seeding). The reason for greater 

vulnerability to embolisms in wider conduits is still a topic of debate, but wider conduits usually have 

more overlapping pit fields and, consequently, there is a greater probability of propagating 

embolisms into neighbouring conduits, which may lead to runaway embolisms. The elevated risk of 

embolisms in wider, more conductive conduits is generally referred to as the safety-efficiency trade-

off. 

The concept of the safety-efficiency trade-off, has received considerable attention in water relations 

research (Sperry, 2000; Hacke et al., 2001, 2006; McCulloh & Sperry, 2005; Choat et al., 2007; 

Brodribb & Cochard, 2009; Gleason et al., 2016; Guzman et al., 2017; Santiago et al., 2018). This 

trade-off allows for comparison between species and/or plant functional types and helps understand 

why evolution has led to greater transport capacity in some species or environments, but greater 

resilience in others. A clear advantage of a water transporting system with lower resistance, 

theoretically less safe, is that for a given pressure gradient, more water can move to the foliage, 

allowing for a higher capacity for carbon uptake (Hacke et al., 2006; Sperry et al., 2008). Drought 

resistance is at the centre of the vascular cost-benefit equation (Hacke et al., 2006; Brodribb and 

Cochard, 2009). A more drought resistant vascular system is considered distinctly more costly to 

build than a sensitive system (Hacke et al., 2001; Loepfe et al., 2007). Although more costly, such 

investment in the vascular tissue is likely compensated bytraded off against the maintenance of 

productivity and the increased probability of survival under severe drought. At the scale of a plant 

community, this trade-off between safety and efficiency may lead to functional diversity, which will 

result in different responses of species to water stress. One important aspect of the trade-off over 

the short-term is the crucial role of xylem pressure gradient regulation (i.e. water potentials), which 

is mostly driven by stomatal regulation of water loss, which I will explore in the next section. 
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1.4  Stomatal regulation and drought-induced mortality  

Plants are able to extract water from relatively dry soils and transport it vertically for several metres 

where it evaporates from the leaves (Chaves, 1991; Meinzer, 2002; Sperry, 2011). Within-leaf 

hydraulic conductance is a major bottleneck to water transport in plants. Leaves represent between 

30% and 80% of the total whole-plant resistance (Nardini & Salleo, 2000; Sack & Holbrook, 2006; 

Drake et al., 2015). The cuticle in plant leaves confers a high degree of resistance to the diffusion 

of water and CO2, with the stomatal pores acting like the ‘gate-keepers’ of the diffusion process in 

plants. Stomata respond to an array of signals (e.g. light, CO2 concentration, leaf and soil water 

status, internal signalling molecules) (Berry et al., 2010), with turgor pressure changes in the guard 

cells and adjacent subsidiary/epidermal cells effectively controlling the opening and closing of these 

epidermal valves. Open stomata allow for effective CO2 and water vapour diffusion between the 

internal leaf spaces and the atmosphere (Buckley, 2005; Pittermann, 2010).  

Because transpirational water loss drives water potential gradients in the plant, stomatal 

conductance is closely linked to the transport of water in vascular plants. The conflicting demands 

of atmospheric CO2 diffusion into the leaf and water loss through transpiration are controlled by the 

stomata in leaves. The diversity of environmental conditions in which terrestrial plants have evolved 

has given rise to a wide range of morphological and physiological adaptations to balance carbon 

uptake and water loss. To occupy the terrestrial environment plants evolved several critical 

adaptations, including: an internalised gas exchange surface (exchange was ultimately regulated by 

stomata) and a waxy cuticle that limited unregulated water loss. At first the adaptations were 

rudimentary, restricting early terrestrial plants to very wet habitats. With time, however, the 

adaptions became more sophisticated and were coupled to other morphological advances like deep 

roots to access more water in soil – expanding the habitats that could be occupied. Low water 

availability in the soil and high transpirational losses are important environmental stress factors 

driving stomatal regulation of plant water status and are of particular interest in this work.  Stomata 

vary in size, density and location over the leaf epidermis and, as discussed above, xylem 
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characteristics also vary widely, conferring distinct capacities to withstand environmental pressures. 

Thus, stomatal control is vital for the integrity of the hydraulic pathway, plant water status and the 

maintenance of positive carbon fixation, through photosynthesis.  

Plant species differ in the stringency of stomatal regulation of transpiration and plant water status. 

Stomatal control strategies have been classified under the isohydry-anisohydry concept (Tardieu & 

Simonneau, 1998; Franks et al., 2007; Klein, 2014; Martínez-Vilalta et al., 2014; Skelton et al., 2015; 

Meinzer et al., 2016; Hochberg et al., 2018; Fu & Meinzer, 2019). Inconsistences arise from such 

classifications when multiple metrics of isohydry are used, which frequently lead to contrasting 

outcomes (Martínez-Vilalta & Garcia-Forner, 2017; Hochberg et al., 2018; Johnson et al., 2018). 

However, a hydraulic concept/framework that unifies transpiration and water potentials has merit 

and has proven its value with more robust metrics proposed recently (Skelton et al., 2015; Meinzer 

et al., 2016; Fu & Meinzer, 2019). Species are positioned along a continuum of responses, at one 

extreme of the continuum of stomatal control strategies are isohydric species, which maintain a 

relatively stable water status by strict control of stomatal conductance as water availability in the 

soil decreases. At the other extreme are anisohydric species which, by relaxing control of stomatal 

conductance, allow for a decline in plant water status in parallel with reduced soil water potentials. 

The position of species along the isohydric/anisohydric continuum has important ecological 

implications for water requirements, productivity, and plant condition as stomatal regulation of 

transpiration rate preserves water potentials within a functional range over short timescales. It 

should be cautioned, however, that ascribing the regulation of water status to a single trait axis may 

be an oversimplification (Hochberg et al., 2018). The positioning of species on the 

isohydric/anisohydric continuum is therefore supplemented in the following chapters with 

information on several physiological properties that are associated with plant water status.  

Exceeding water potential thresholds for physiological function might lead to the impairment of the 

water transport system, tissue desiccation and ultimately death (Tyree & Sperry, 1988; Choat et al., 

2012). The potential consequences of isohydric and anisohydric behaviour under conditions of severe 

drought were explored by McDowell et al. (2008) in a theoretical framework for tree mortality. In 
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this conceptual framework, tree mortality may be a result of (1) hydraulic failure or (2) carbon 

starvation. The authors also rightly raised (3) the impacts of insects and pathogens as another 

component of tree mortality and, whilst being relevant, is outside the scope of this work. According 

to the framework, anisohydric species were proposed to be more prone to die from hydraulic failure. 

The decrease in soil water availability, often coupled with high evaporative demand, can lead to 

cavitation and run-away embolism as well as an interruption of the soil-root contact at the 

rhizosphere level, stopping the flow of water and thus, resulting in dehydration of plant tissues. 

Conversely, isohydric species were proposed to be more prone to die from carbon starvation under 

prolonged and/or recurrent reduced water availability, because these species would close stomata 

to prevent water potentials tipping over physiological thresholds, causing diminished photosynthetic 

uptake of carbon to the point that the plant is starved of the necessary carbon for metabolic 

maintenance and growth.  

A wide range of studies have applied and tested McDowell et al.’s (2008) propositions and a general 

agreement is emerging where hydraulic failure appears to be a more important underlying cause for 

widespread plant mortality across the globe under increasingly dry and hot conditions (Phillips et al., 

2010; Anderegg et al., 2012, 2015; Sevanto et al., 2014; Hartmann, 2015; Rowland et al., 2015; Fu 

& Meinzer, 2019). Although there is growing consensus that hydraulic failure is relatively more 

important, studies also indicate that prolonged periods of inadequate carbon fixation and reduced 

carbon pools are also intrinsically related to mortality events, challenging the current consensus 

(Zeppel et al., 2013; Mitchell et al., 2013; Sevanto et al., 2014; Hartmann & Trumbore, 2016; 

Martínez-Vilalta et al., 2016; Adams et al., 2017). A complete understanding of the complex 

processes interacting and leading to tree mortality is yet to be realised and crucial components, such 

as the importance of biotic interactions (McDowell et al., 2011; Oliva et al., 2014; Hossain et al., 

2019) and the role of plant-stored water/capacitance (Meinzer et al., 2009; Köcher et al., 2013; 

Matheny et al., 2015) are still under active research and will help to elucidate how these two 

mechanisms interact. 
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In the next section, I will discuss tree mortality events around the globe and review evidence 

regarding how increased frequency and intensity of drought and/or increased atmosphere demand 

can drive tree mortality, focussing on Mediterranean regions. 

 

1.5  Mediterranean regions: climate change and tree mortality events 

Tree mortality is a natural process in all forests and woodlands, influencing community composition, 

structure and ecosystem processes. However, severe abiotic stress may cause levels of tree mortality 

that have devastating effects on such ecosystems (i.e. hydrologic and nutrient cycling) (Bonan, 

2008; Anderegg et al., 2012, 2013). Drought and high temperatures are increasingly recognised as 

important drivers of widespread tree mortality and forest decline events (Breshears et al., 2013; 

Eamus et al., 2013; Ruehr et al., 2014). Indeed, more severe and frequent drought and warming 

events have caused tree mortality events across several biomes, from topical to boreal ecosystems 

(Fensham & Fairfax, 2007; Mantgem et al., 2009; Phillips et al., 2010; Peng et al., 2011). Crown 

decline, tree mortality and reduced seedling recruitment, all leading to long-term shifts in species 

composition, have been increasingly attributed to the global change-type drought, i.e. a combination 

of drought and warming (Breshears et al., 2005; Crosti et al., 2007; Allen et al., 2010, 2015; Lloret 

et al., 2012; Cobb et al., 2017; Hartmann et al., 2018).  

Mediterranean-climate environments are of particular concern as climate change models predict 

that, apart from increased temperatures, these regions will also experience further rainfall decline 

(Bates et al., 2008). Moreover, although Mediterranean environments cover less than 5% of the 

global land area, they harbour approximately 20% of all vascular plant species (Cowling et al., 1996). 

Accordingly, the consequences of predicted climatic change could include significant loss of species. 

Mediterranean climates are characterized by mild cool, wet winters, followed by dry hot summers, 

during which plants are exposed to seasonal drought and heat (Nardini et al., 2014). Historically, 

Mediterranean-type environments have been exposed to dramatic interannual fluctuations in 

precipitation and temperature (Nicault et al., 2008) which has, in part, selected for highly resilient 
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species (Dell et al., 1986; Hopper & Gioia, 2004) with a range of adaptations to seasonal water 

availability (Lavorel, 1999; Lambers et al., 2008). Despite adaptations to water stress, trees in 

Mediterranean ecosystems can be vulnerable to drought and heat-induced declines in growth (Jump 

et al., 2006) and associated canopy dieback (Matusick et al., 2012; Brouwers et al., 2013b; Poot & 

Veneklaas, 2013).  

In the next section I will introduce the Mediterranean region where I conducted this research project, 

the Southwest Australian Floristic Region (SWAFR). I will discuss its unique attributes and describe 

the region and the characteristic woodland vegetation that occupies part of the SWAFR, and which 

was selected to investigate the impacts of increasing drought and heat stress. 

 

1.6  Southwest Australian Floristic Region and Banksia woodlands  

The Swan Coastal Plain covers much of the SWAFR coastal area (15 to 30 km wide, east-west) and 

consists of a series of coastal sand deposits that occur parallel to the western coastline from south 

of Jurien Bay to north of Busselton, Western Australia (c. 400 km in extension) (Fig. 1). The coastal 

strip is bordered, in the east, by the Ridge Hill Shelf at the foot of the Darling Scarp and in the west 

by the Indian Ocean (McArthur & Bettenay, 1960; McArthur et al., 2004). The Swan Coastal Plain 

formation has originated mostly from depositional fluviatile and/or aeolian material, characterised 

from west to east (younger to older) by calcareous sandy soils of the Quindalup Dune System 

bordering the coastline, hilly terrain with podzols over limestone of the Spearwood Dunes, and low 

undulating podzols of the Bassendean Dunes (McArthur et al., 1991, 2004; Turner & Laliberté, 2015).  
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Figure 1.  The Swan Coastal Plain and Jarrah Forest bioregions. The inset map depicts Western 

Australia and the red highlighted area the extent of the Swan Coastal Plain bioregion 

within the state. 

 

 

This series of coastal sand deposits is recognized as a 2-million-year-old soil chronosequence, as 

sand deposits forming the Bassendean Dunes are from the Early Pleistocene (more than 2 million 

years old), while the Spearwood system dunes are from the Middle Pleistocene (120-500 thousand 

years old) and the Quindalup dunes extending back to the Holocene (current day - 6500 years old) 

(McArthur & Bettenay, 1960; Turner & Laliberté, 2015). Compared to the other five Mediterranean 

regions in the world, the Swan Coastal Plain stands out due to its age, relative stability and flatness, 

allowing for the formation of highly weathered and nutrient-poor landscapes (Cowling et al., 1996; 

Hopper & Gioia, 2004). These landscapes supported an accentuated degree of speciation over 

evolutionary time and are now characterised by a high level of endemism. Accordingly, the 
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vegetation of the SWAFR harbours more than 8500 plant species (Cowling & Lamont, 1998; Beard 

et al., 2000; Hopper & Gioia, 2004) and is classified as one of the 25 global biodiversity hotspots 

(Myers et al., 2000). Despite its considerable relevance in the global biodiversity context (Hopper & 

Gioia, 2004), the loss of diversity, shifts in species composition and vegetation structure due to 

increased severity and frequency of climatic events have been poorly considered for the region. 

Banksia woodland is a characteristic vegetation type of the sandplains of the Swan Coastal Plain 

and, due to significant decline of its extent, this vegetation type was declared a Threatened 

Ecological Community (status: endangered) in 2016 under the Federal Environment Protection and 

Biodiversity Conservation Act 1999 (Threatened Species Scientific Committee, 2016). This ecological 

community is widespread and consistent in terms of species composition and physiognomy (Beard, 

1989; Crosti et al., 2007). The vegetation is an open woodland with small trees from 5 to 8 m in 

height (Powell, 1990) and with a well-developed evergreen sclerophyllous shrub understorey, 

constituting a diverse and rich woody plant community. The dominant canopy species of the 

woodlands are Banksia menziesii, B. attenuata, with sparser Nuytsia floribunda, and Eucalyptus 

todtiana on the Bassendean dune system (Beard, 1989; Crosti et al., 2007). On the Spearwood dune 

system, in a mixed Eucalyptus-Allocasuarina-Banksia woodland, Banksia spp. share the canopy 

dominance with Corymbia calophylla, E. marginata and Allocasuariana fraseriana (Crosti et al., 

2007). Banksia woodlands share many species with the more arid adjacent floristic community 

known as Kwongan further north from the Swan Coastal Plain, being considered Kwongan with 

Banksia spp. overstorey in some regions (Dodd & Griffin, 1989; Crosti et al., 2007; Lambers, 2014). 

The understorey is dominated by the shrub families of Myrtaceae (Eremaea, Melaleuca, Scholtzia), 

Ericaceae (Astroloma, Leucopogon), Proteaceae (Adenanthos, Stirlingia) and Fabaceae (Acacia, 

Jacksonia, Daviesia). Dominant herbaceous or woody-herbaceous elements are represented by 

members of the Anthericaceae (Laxmannia, Thysanotus), Stylidiaceae (Stylidium), Haemodoraceae 

(Anigozanthos, Conostylis), Xanthorrhoeaceae (Xanthorrhoea), Cyperaceae (Lepidosperma, 

Mesomelaena), Zamiaceae (Macrozamia) and Dasypogonaceae (Dasypogon, Lomandra). 
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The soils of the Swan Coastal Plain supporting Banksia woodlands are deep, leached and largely 

constituted of coarse sands with reduced water-holding capacity (Dodd & Heddle, 1989; Groom et 

al., 2000). With 5 to 6 months of little rainfall due to the marked seasonality of the dry Mediterranean 

climate experienced in this region, plants rely on deep soil-stored water and/or access to the 

groundwater to sustain function during the dry summer months. Recharge of soil-stored water is 

dependent on winter precipitation, the majority falling between May and early October (Beard, 

1989). An extensive groundwater system which consists of confined and unconfined aquifers 

supports the vegetation of the Banksia woodlands (Kite & Webster, 1989; Groom et al., 2000; Froend 

& Sommer, 2010). Depth to the groundwater table varies widely in this system; in low depression 

sites within this landscape, the aquifer reaches the surface whereas over dune crests, depth to 

groundwater can be over 30 m (Groom, 2004a). The capacity to maintain hydraulic integrity and 

plant function during the warm and dry months in these sandy soils are highly significant for species 

distribution and persistence in the system. Consequently, the seasonal variation in soil water 

availability and the access to groundwater have shaped the structure of Banksia woodlands and 

influenced the distribution of plant species in the SWAFR. Therefore, the interaction between the 

seasonally dry climate, the characteristic soils and the vegetation is central to water availability and, 

consequently, plant water relations in Banksia woodlands (Dodd & Heddle, 1989). 

Environmental changes that affect water availability on the Swan Coastal Plain have important 

implications for Banksia woodlands. Altered rainfall regimes, limited groundwater recharge, and 

increased extraction of groundwater due to land use changes (e.g. urbanisation, agriculture, private 

bores/wells) has caused a substantial decline in water table levels in the region (Yesertener, 2005). 

For example, precipitation has declined up to 5% per decade over a c. 60-year period and such 

reduction is also associated with substantial shifts in both occurrence and intensity of rainfall events 

(Bates et al., 2010). The long-term reduction in precipitation (Bates et al., 2008; IPCC, 2014) and 

the consistent drawdown of groundwater ranging from 0.05 to 0.48 m year-1 (Yesertener, 2005; 

Froend and Sommer, 2010; Hughes et al., 2012) over several decades has led to significant changes 

in the vegetation of the Swan Coastal Plain, with studies reporting shifts in vegetation dominance 
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and composition and widespread mortality of large trees (Dodd & Griffin, 1989; Dodd & Heddle, 

1989; Dodd & Bell, 1993; Groom et al., 2000; Canham et al., 2009; Froend & Sommer, 2010; Challis 

et al., 2016). Highly relevant to this project is the work conducted by Crosti et al. (2007) in which 

they investigated vegetation changes in a remnant of Banksia woodlands within the metropolitan 

area of Perth, Western Australia. The authors found that over a 60-year period, the vegetation 

changed from a Banksia spp. dominated community to a mix of Eucalyptus spp. and Allocasuaria 

fraseriana. Although, during a survey in 1939, A. fraseriana was a co-dominant canopy species with 

B. attenuata and B. menziesii, with tall eucalyptus scattered through the system, the abundance of 

this species has increased substantially while that of Banksia spp decreased (Crosti et al., 2007). 

Although other factors might have contributed to the observed shift in species abundance, 

composition and physical structure (e.g. altered fire regimes, invasive species, etc.) the trend of 

declining rainfall and increasing atmospheric demand during the summer months are intrinsically 

linked to the vegetation changes in this Banksia woodland remnant (Challis et al., 2016). 

The following section presents an overview of the global change-type drought impacts on the 

SWAFR, focussing on Banksia woodlands, and how local factors might be exacerbating such stresses. 

I will also describe the study site (the Kings Park bushland) and establish the reasoning behind 

species selection for this work.   

 

1.7  Banksia woodland mortality events and the Kings Park bushland  

The SWAFR, where Banksia woodlands are located, is amongst the most sensitive and vulnerable 

regions to climate change (Sala, 2000; Klausmeyer & Shaw, 2009; Evans & Lyons, 2013). Model 

predictions estimate that temperatures will rise by 1-6 °C and annual precipitation is expected to 

further decline by up to 30% by 2070, threatening plant communities in the region (Hughes, 2003; 

Andrys et al., 2017). Land use changes since the mid 1970’s and its interaction with a highly variable 

rainfall has caused significant reductions in recharge of groundwater and altered the precipitation-

runoff relationships in regional catchments, further impacting on the already stressed environments 



Chapter 1 

18 
 

(Groom et al., 2000; Petrone et al., 2010; Kinal & Stoneman, 2011; Hughes et al., 2012). In 2010, 

these underlying trends were compounded by one of the driest and hottest years on record, with 

the region receiving less than 50% of the long-term average annual rainfall. This exposed forests 

and woodlands to a prolonged dry summer (BOM, 2011) and led to extensive declines in growth and 

tree health, with documented crown dieback and tree mortality events across the region (Matusick 

et al., 2012, 2013; Brouwers et al., 2013a,b). Recent SWAFR drought-related die-off events have 

occurred when air temperature was above the long-term mean and there were recurring heatwaves 

and high temperature extremes (Brouwers et al., 2013b; Matusick et al., 2013; Evans et al., 2013). 

Several studies have reported events of canopy decline and mortality of tree species that occur in 

Banksia woodlands, which are likely related to the long-term drying and warming trends observed 

for the region (Sommer & Froend, 2011; Brouwers et al., 2013a; Poot & Veneklaas, 2013; Matusick 

et al., 2013, 2018; Evans et al., 2013; Bader et al., 2014; Challis et al., 2016).  

Kings Park in Perth, Western Australia (31°57 S; 115°49 E), is a relatively large (400 ha) inner city 

park which comprises of a 267-ha bushland remnant and the Botanic Garden/parklands (Fig. 2). 

Kings Park is bounded by the Swan River to the south and east while the city development surrounds 

the western and northern sides (Crosti et al., 2007). The park is located centrally on the Swan 

Coastal Plain, mainly on the Spearwood Dune system, comprising deep nutrient-poor, well-drained 

soils, consisting of quartz sand interspersed with limestone rock/outcrops (McArthur & Bettenay, 

1960). The edaphic conditions of the bushland vary in soil depth, degree of leaching, sand grain size 

and pH, which varies from slightly acidic to neutral (Bessell-Browne, 1990). The greater geomorphic 

land system of the region, the Swan Coastal Plain, is underlain by an extensive fresh groundwater 

system (Kite & Webster, 1989), which at Kings Park flows from the north-east towards the Swan 

River, varying in depth from 8 to 56 m below the surface (Crosti et al. 2007). Mean annual rainfall 

in Perth c. 765.3 mm (1944-2019, Perth airport station) (BOM, 2019a), most of which falls between 

May and September (BOM, 2019b) and historically, a dry period extends from mid-October to late 

March (Beard, 1989). Mean maximum air temperatures in summer and winter are 31.4 C and 18.3 

C respectively. 
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Figure 2. Kings Park bushland and surrounding urban areas of Perth, Western Australia. Source: 

Google Earth. 

 

The bushland has undergone shifts in vegetation composition since European settlement, particularly 

in the dominant canopy species (Beard, 1967). For much of the period since European settlement, 

Banksia species with scattered Allocasuarina fraseriana and tall Eucalyptus species dominated the 

overstorey of the bushland (Beard, 1967; Bennett, 1988; Bessel-Browne, 1990). Currently, the native 

vegetation of Kings Park bushland is characterised by a low (5-8 m tall) mixed Banksia-Eucalyptus-

Allocasuarina open woodland. The dominant canopy species are Banksia attenuata, Banksia 

menziesii, Allocasuarina fraseriana, Corymbia calophylla, Eucalyptus marginata and Eucalyptus 

gomphocephala. The species-rich shrub and understorey is dominated by wattles (Acacia ssp.), 

Fabaceae (Bossiaea, Daviesia, Jacksonia), Myrtaceae (Melaleuca, Calitrix), Proteaceae (Hakea, 

Grevillea, Adenanthos), Dilleniaceae (Hibbertia) and Goodeniaceae (Scaevola) (Bennett, 1988). 

Mortality events of Banksia spp. within the Kings Park bushland were first reported by Beard (1967) 

followed by Baird (1977) and more recently by Crosti et al. (2007) and Challis et al. (2016). The 

mortality events were reported following a hot/dry spell and/or a prolonged seasonal drought in 

which trees succumbed during autumn just before or at the start of rainfall events that characterised 
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the break of season, whilst not showing any signs of health decline. As mentioned previously, Crosti 

et al. (2007) reported a substantial shift in vegetation structure of the bushland in the period 

between 1939 and 1990 with the abundance of A. fraseriana and C. calophylla increasing threefold 

and tenfold, respectively, while Banksia species generally declined by about a third. When combined 

with other reports of Banksia decline on the Swan Coastal Plain (Groom et al., 2000; Canham et al., 

2009; Challis et al., 2016) and the long-term reduction in precipitation and soil water availability, 

this observation raises the following questions: Are Banksias spp. more prone to mortality in drying 

ecosystems? How do species that co-occur with banksias cope with increasing soil and atmospheric 

drought?  

I selected a group of species which represent the current overstorey of the Kings Park bushland 

vegetation, with the aim to answer these questions and to understand the regional tree mortality 

events of Banksia species. I focus on the physiological basis for such decline, with emphasis on the 

role of stomatal control of water loss and plant water status. In the next section I will broadly 

characterise the water relations of the selected study species for this project followed by the aims 

of each experimental chapter. 

 

1.8  Ecology and water relations of the study species  

The five species selected to this projected, Allocasuarina fraseriana Miq. L.A.S Johnson, Banksia 

menziesii R.Br., Banksia attenuata R.Br., Corymbia calophylla Lindl. K.D. Hill & L.A.S. Johnson and 

Eucalyptus marginata Donn ex Sm., as discussed previously, are endemic and commonly found in 

the SWAFR. Although the geographical distributions partly overlap (Fig. 3), there are marked 

differences in their distribution ranges. Both Banksia species are widespread through the central and 

northern areas of the Swan Coastal Plain, declining towards the east and south where annual 

precipitation significantly increases, although B. attenuata extends further east and south (Dodd & 

Griffin, 1989). Allocasuarina fraseriana is co-dominant with Banksias spp. from sites north of Perth; 

however its distribution range extends more to the south where it occurs in the coastal and 
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hinterland regions largely with a mix of Eucalyptus spp. Here, open woodlands give way to low open 

forests (Beard, 1989). Soils towards the south of the Swan Coastal Plain and further inland are  
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Figure 3. Geographic distribution of Banksia attenuata (A), Banksia menziesii, (B) A. fraseriana 

(C), C. calophylla (D) and E. marginata (E) in the South-west of Western Australia. 

Source: https://florabase.dpaw.wa.gov.au/ 

 

increasingly heavier, ranging from lateritic sandy gravels to red loams, and may include deep clay 

deposits. These soils can store more water than equivalent profiles of sand and can sustain a greater 

https://florabase.dpaw.wa.gov.au/
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leaf area and larger tree size than northern parts of the Swan Coastal Plain (Boland et al., 2006). 

The vegetation in this region of the coastal plain forms open forests with a structured tall canopy 

dominated by E. marginata and C. calophylla, colloquially known as jarrah-marri forests (Boland et 

al., 2006). It is clear that from their distribution ranges and contrasting soil preferences, this group 

of co-occurring canopy tree species exhibit different physiological strategies to cope with the 

environmental constraints imposed by the regional climate, particularly the seasonality in water 

availability. 

All study species show marked seasonality in water use. During the wet winters, precipitation 

moistens the top layers of the soil allowing superficial lateral roots to extract enough water to meet 

transpirational demand during this period. With increased evapotranspiration in spring and summer, 

the upper layers of the soil progressively dry out and access to groundwater through unsaturated 

and saturated zones of the soil becomes proportionally more important in this region (Dawson & 

Pate, 1996). Deep roots which promote the access to such water sources may become crucial for 

the maintenance of hydraulic strategy and plant function. All study species exhibit extensive and 

deep root systems allowing the maintenance of water supply to canopy during the hot and dry 

summers (Doley, 1967; Dodd & Bell, 1993; Zencich et al., 2002; Poot & Veneklaas, 2013). The 

exception is A. fraseriana, which is thought to grow more shallow root systems than the former 

species. Banksia attenuata and B. menziesii dependency on groundwater is a function of the position 

of individuals in the landscape, i.e. the occurrence of individuals in relation to the depth to 

groundwater from the soil surface. In habitats where the water table is shallow, these facultative 

phreatophytes (opportunistic users of groundwater) use significant volumes of groundwater, 

whereas when depth to groundwater is greater than the maximum rooting depth, for example on 

dune crests, these Banksia species rely on winter stored water in the unsaturated zone of the soil 

profile to maintain plant function (Dodd & Bell, 1993; Zencich et al., 2002). Likewise, E. marginata 

and C. calophylla may also dependent on groundwater resources to meet transpiration demands of 

their relatively large crown during summer when it is within reach of roots (Dell et al., 1983; Crombie, 

1992; Farrington et al., 1996). The deep root system of these species was found to extract water 
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from up to c. 15 m in the unsaturated zones of the soil profile at equivalent sites in the region (Dell 

et al., 1983). Moreover, E. marginata and C. calophylla are especially dominant in the more mesic 

regions of the SWAFR (i.e. 800-1200 mm yr-1) and, as mentioned above, are associated with finer 

textured soils and deep clay deposits (Boland et al., 2006). Therefore, the differences in distribution 

ranges, soil features as well as the ability to extract water stored within deep layers in the soil profile 

are likely to translate into distinct water use strategies and physiological responses to environmental 

stresses.  

The study species are evergreens with relatively long-lived (greater than one year) leaves. Thus leaf 

area is relatively stable throughout the year. As such, increased soil and atmospheric drought during 

summer demands effective stomatal regulation of water loss to avoid loss of function and 

maintenance of hydraulic integrity (Sperry et al., 2002; Buckley, 2005). Stomatal conductance is 

expected to decline with more negative leaf water potentials, unless sufficient water is available in 

the soil to meet transpirational needs. Under drought, species might avoid the development of more 

negative leaf water potentials and consequently larger water potential gradients along the water 

transport system by strongly controlling stomata (Fu & Meinzer, 2019). Alternatively, species may 

sustain increasing tensions in the xylem, owing to more negative water potential thresholds for plant 

functioning, effectively allowing stomatal conductance to remain relatively high even when soil water 

availability is reduced (Bhaskar & Ackerly, 2006). Both Banksia species selected in this study are 

considered drought-avoiders that maintain a high plant water status as they have relatively high 

water potential thresholds for physiological failure (Canham et al., 2009; Bader et al., 2014). 

Eucalyptus marginata on the other hand, is regarded as being more tolerant of reduced water 

availability, allowing water potentials to reach significantly lower values than Banksia spp. while still 

maintaining function (Groom, 2004b; Canham et al., 2009; Poot & Veneklaas, 2013). This might 

have important implications for competition for water in the soil in environments where these species 

coexist. Additionally, C. calophylla exhibits an intermediate behaviour between Banksia species and 

E. marginata, with studies indicating they maintain higher leaf water potentials than E. marginata 

and other eucalypts throughout the year (Poot & Veneklaas, 2013). Lastly, water relations and water 
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potential limits are not known for A. fraseriana, and the increased dominance of this species in the 

bushland might be partly related to the hydraulic strategies of this species. It is worth noting that 

water potential limits and overall plant water status vary in all species and, as discussed above, are 

largely dependent on local soil properties and the position of individuals within the landscape. 

The research described in this thesis was part of a larger Australian Research Council (ARC) Linkage 

project (ARC, LP140100736) conducted in the Kings Park bushland. The overall project was entitled 

“Managing ecosystem change requires the integration of above and belowground hydrological 

processes at relevant scales”. This project had a multidisciplinary focus, aiming to assess the 

interactions among soil water dynamics, tree function, demography and ecosystem change by 

integrating historic surveys, remote sensing, spatial statistics, ecophysiology and geophysics 

approaches. My co-ordinating supervisor, A/Prof. Erik Veneklaas, and one of my co-supervisors, Dr. 

Paul Drake, were investigators in the ARC Linkage project, and the collaboration allowed for in-kind, 

technical and financial support to conduct the research activities described in this thesis. 

 

1.9  Thesis aims and framework 

The overall aim of this thesis was to contribute to the understanding of water relations, through 

investigation of the physiological responses of tree species increasingly exposed to drought and 

warming. This thesis tested the hypothesis that species-specific hydraulic strategies were a key 

determinant of the observed Banksia species decline and apparent health of other co-occurring tree 

species. A group of canopy tree species from a seasonally dry ecosystem was selected based on 

their occurrence and presumed differing responses to drought and increasing temperatures due to 

distinct water use strategies. The research reported here focusses on diurnal and seasonal water 

use strategies, and evaluation of the effect of exposure to a combination of drought and heat on 

gas exchange and water status in a controlled environment. This research was part of a larger 

project aiming to establish if the changes in vegetation structure observed at the study site could be 

explained by species-specific water use strategies. 
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In Chapter 2, I compare the seasonal water use and water status of A. fraseriana, B. menziesii, C. 

calophylla and E. marginata focussing on the role of stomatal regulation strategies during the 

transition from the wet winter to the dry hot summer. Based on reports of increased Banksia species 

mortality, changes in species composition/vegetation structure and insufficient replenishment of 

soil/groundwater, the aim of this field study was to determine (i) if Banksia species were particularly 

prone to mortality in these dry ecosystems, (ii) if the selected species differed in the stringency of 

control of transpiration rate and leaf water status and (iii) what the potential physiological limits 

associated with the control of leaf water status are which would enable prediction of critical species-

specific leaf hydraulic thresholds.  

The study site has a natural gradient in groundwater depth which allowed the selection of two 

locations with differing proximity to the water table, approximately 8 m and 30 m below the surface 

at the low terrain site and high terrain site, respectively. All species were expected to reduce water 

loss through decline in stomatal conductance during the transition from wet to dry conditions. 

However, more isohydric species were expected to reach less negative leaf water potentials, and 

the threshold for hydraulic dysfunction was expected to manifest earlier in the season in these 

species. I also anticipated that more anisohydric species would exhibit a higher stomatal 

conductance and lower predawn and minimum leaf water potentials over the season due to the 

greater capacity to withstand increasing tension. In contrast, more isohydric species would be at 

greater risk of mortality at the end of the dry and hot period as a consequence of earlier stomata 

closure and increased competition for soil water at more negative soil water potentials, which would 

further reduce soil water availability for these species. 

In Chapter 3, the variables studied in Chapter 2 are examined in greater detail by describing diurnal 

patterns of water use and control of plant water status. These observations focussed on the high 

terrain site described above, during late summer, as in these conditions soil water availability would 

be near its minimum and evaporative demand near its maximum, leading to marked differences in 

water relations dynamics between the study species. Thus, the aim of this field experiment was to 

investigate the dynamics of daily water use in A. fraseriana, B. menziesii, B. attenuata and E. 
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marginata focussing on (i) the role of stomata in limiting the development of critical tissue water 

potentials thresholds, and (ii) the reliance of the study species on soil versus plant-stored water to 

buffer daily fluctuations in leaf water potentials effectively reducing xylem tension. I measured sap 

flow rates and the swelling and shrinkage of tree stems, while concomitantly assessing leaf water 

status and gas exchange. I anticipated that, after the long dry hot summer, the more isohydric 

species (both Banksia species) would show stronger regulation of transpiration and water status 

than the more anisohydric species. I hypothesised, based on the safety-efficiency trade-off, that 

Banksia species would have a greater reliance on soil-stored water to withstand fluctuations in tissue 

water status. On the other hand, more anisohydric species would rely on an intrinsically higher 

resistance to cavitation, allowing the build-up of more negative water potentials. More negative leaf 

water potentials generate larger pressure gradients which in turn would allow A. fraseriana and E. 

marginata to extract water tightly bound to soil particles, allowing greater access to stored soil water 

than Banksia species. 

The last experimental chapter of this thesis, Chapter 4, is a glasshouse trial in which the objective 

was to investigate if the combination of drought and a heatwave would lead to greater impairment 

of physiological processes than either drought or heat stress alone in A. fraseriana, B. attenuata and 

C. calophylla. The experiment was set to simulate a 4-day heatwave 10 °C above the ambient 

temperature with half of the plants also exposed to a drought stress in a controlled environment. I 

anticipated that the three study species would respond differently to the combination of stresses, 

relating to the distinct stomatal control of plant water status and sensitivity of the photosynthetic 

apparatus to the heat. I anticipated that all species would exhibit increased leaf dark respiration 

when exposed to the combination of drought and the heatwave treatments. I hypothesised that B. 

attenuata would experience the greatest reductions in gas exchange and severe impairment of the 

photosynthetic machinery due to increased leaf temperatures compared to C. calophylla and 

particularly A. fraseriana.   
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Seasonal stomatal regulation and the persistence of woodland trees during drought 

Abstract 

• Drought-related mortality events have increased globally, and climate change models predict 

more frequent and severe drought events further threatening plant communities. Evergreen 

woody species from seasonally dry ecosystems, like the woodlands of south-western Australia, 

are of particular concern as plants in this region already experience a marked dry and hot period. 

Stomatal regulation plays a central role in reducing the risk of physiological failure, as operating 

beyond water potential thresholds can lead to tissue desiccation and mortality. Co-occurring 

species with contrasting stomatal control strategies provide an opportunity to evaluate if a given 

behaviour is more likely to enhance survival under future climate scenarios. 

• We monitored leaf water potentials (leaf) and stomatal conductance (gs), and determined leaf 

hydraulic traits (turgor loss point, πtlp; percentage loss of leaf hydraulic conductivity, PLC) to 

investigate the role of stomatal regulation of plant water status during a seasonal transition 

from the wet winter to the dry summer. We examined four co-occurring tree species responses 

which occupied different positions of the isohydric to anisohydric theoretical continuum, aiming 

to establish if a particular strategy could help explain the observed tree mortality events in the 

woodland. 

• Species strategies clearly separated into hydraulic systems that strongly regulate leaf (isohydric: 

Banksia menziesii and Corymbia calophylla) versus those that allow leaf to fall below apparently 

critical thresholds for physiological function (anisohydric: Allocasuarina fraseriana and 

Eucalyptus marginata). Isohydric species regulated gs such that predawn leaf never fell below 

the πtlp, whereas anisohydric species exhibited a narrower safety margin, operating at leaf 

beyond πtlp and leaf PLC50, consistent with anisohydry.  

• Species that tolerate lower tissue  and can maintain hydraulic gradients in drier soils are likely 

to have an advantage at the end of a Mediterranean summer. As soil-stored water is 

progressively depleted during this period, the need of isohydric species to maintain higher plant 

water status might lead to reduced or inexistent hydraulic gradients for soil water uptake which 

greatly increase the risk of hydraulic failure under drier and hotter climate scenarios. 

Key words: Anisohydry, isohydry, plant water status, leaf water potential, leaf osmotic potential, 

leaf turgor, seasonal responses 
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2.1   INTRODUCTION 

The extent to which stomata regulate leaf transpiration rate and water status has been posited as a 

theoretical continuum of isohydric to anisohydric behaviour (Larcher, 1980; Tardieu & Simonneau, 

1998). Interspecific variation in this ability to control water status has significant ecological 

implications. Exceeding water potential thresholds for physiological function may ultimately lead to 

complete desiccation and mortality (Tyree & Sperry, 1988; Choat et al., 2012), potentially resulting 

in a shift in community floristic composition. Although developmental adaptions in plant structure 

and function (e.g. changes in vein density, leave size/thickness, ABA signalling, rooting depth, leaf 

shedding) may reduce the risk of physiological failure across the lifetime of a plant, stomatal 

regulation of transpiration rate preserves water potentials within a functional range over short 

timescales and it is this trait which we focus on in this study. 

While co-occurring species often take different positions on the iso- to anisohydric spectrum, it has 

been proposed that anisohydric species are more likely to survive extreme droughts owing to their 

ability to resist xylem embolism formation (McDowell et al., 2008) and to operate with a higher 

stomatal conductance (gs) for a given leaf water potential (leaf). The ability to maintain a higher gs 

at a given leaf may be especially significant where droughts coincide with heat waves, since a 

greater gs (and transpiration rate) has the potential to reduce the risk of leaf overheating. The iso- 

to anisohydry concept has been widely included in drought-induced stress and mortality research, 

however there has been growing debate around these definitions (Martínez-Vilalta & Garcia-Forner, 

2017; Hochberg et al., 2018; Feng et al., 2019) and the effectiveness of classifying plant behaviour 

using this concept (Franks et al., 2007; Martínez-Vilalta et al., 2014; Meinzer et al., 2016). Regardless 

of the specific definition of isohydry and anisohydry, if anisohydric species are indeed better adapted 

to drier and hotter conditions, we may expect a shift in floristic composition towards species that 

utilise anisohydry in regions where droughts are becoming more prevalent. 

Most climate models predict that Earth’s air temperature will increase and prevailing precipitation 

patterns will shift, resulting in more severe droughts and heatwaves in many regions (Perkins et al., 

2012; Dai, 2013; IPCC, 2014), including the Mediterranean woodlands of south western Western 
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Australia (SWWA) (Timbal et al., 2006; Klausmeyer & Shaw, 2009; Jakob et al., 2012; Perkins et al., 

2015). Southwestern Australian ecosystems are dominated by genera of evergreen trees from the 

Myrtaceae, Casuarinaceae and Proteaceae families. Recent drought-related tree mortality events 

have been ascribed to the combination of prolonged drought and heat waves (Mitchell et al., 2014; 

Matusick et al., 2018; Hoffmann et al., 2019), which is consistent with worldwide observations of an 

increased frequency in tree mortality events in forest ecosystems (Allen et al., 2010). There have 

been recent advances in understanding the underlying physiological traits of species that determine 

the likelihood of survival during drought and heatwaves (e.g. leaf/stem hydraulic conductivity, 

percentage loss of conductivity, leaf at the leaf turgor loss point, leaf at 50% stomatal closure and 

maximum rooting depth) (Anderegg et al., 2016; Bartlett et al., 2016; Feng et al., 2017; Zhang et 

al., 2017), but most studies have focussed exclusively on the vulnerability of the xylem in stems (i.e. 

branches). As leaves are a major component of whole plant hydraulic resistance (Nardini et al., 

2001; Sack & Holbrook, 2006; Drake et al., 2015) and play a crucial role in maintaining carbon 

fixation and transpiration under current and future drought scenarios, there is growing interest in 

the hydraulic vulnerability of leaves and their role in maintaining plant physiological function 

(Blackman & Brodribb, 2011; Martorell et al., 2014; Zolfaghar et al., 2015; Brodribb et al., 2016b,a; 

Scoffoni & Sack, 2017; Skelton et al., 2018). The ability to maintain transpiration and carbon fixation 

under conditions of water stress is especially important for the survival of evergreen tree species 

with long-lived leaves, such as those within SWWA (Blackman et al., 2014; Skelton et al., 2017).  

Woodlands of SWWA exhibit an exceptional level of plant diversity (more than 8500 species) and 

endemism (Cowling & Lamont, 1998; Beard et al., 2000), and are amongst the most sensitive and 

vulnerable ecosystems to multiple drivers of climate change (Sala, 2000; Klausmeyer & Shaw, 2009). 

The region is considered a biodiversity hotspot and is highlighted as a global conservation priority 

ecosystem (Myers et al., 2000). However, the drivers and consequences of shifts in species 

composition and vegetation structure in the SWWA region have been poorly considered. Recent 

studies have improved our understanding of the effects of combined drought and heat stress on 

plants (Matusick et al., 2018; Hoffmann et al., 2019), but an advanced understanding of how these 
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stresses affect plant physiological function is needed. Even less attention has been given to how co-

occurring species cope with climatic extremes and whether particular physiological strategies will 

determine if a species survives under future climate scenarios. Crosti et al., (2007) investigated the 

Kings Park urban bushland in SWWA and reported a shift in dominance from Banksia species to 

Allocasuarina and Eucalyptus species during a 60-year period during which rainfall started to 

decrease (Timbal et al., 2006; Bates et al., 2008; IPCC, 2014). This observation suggests that 

Banksia species are especially prone to mortality in drying ecosystems. We hypothesise that Banksia 

species differ from co-occurring woodland species in their stomatal regulation and leaf water status 

regulation, and that without sufficient annual soil water replenishment, these differences lead to a 

greater risk of mortality. We aimed to test this hypothesis by comparing leaf water status regulation 

strategies in a dominant Banksia species (B. menziesii) with that of three co-occurring woodland 

species of different genera during the seasonal transition from the wet winter to the dry summer. 

 

2.2  MATERIAL AND METHODS 

2.2.1  Study site and plant material 

The study was conducted in the large 267 ha urban bushland remnant of Kings Park (31.96 S, 

115.83 E), which is located approximately 1 km from the Central Business District of the city of 

Perth, Western Australia. Kings Park is part of the Spearwood Dune system within the Swan Coastal 

Plain and is comprised of deep nutrient-poor soils interspersed with limestone fragments (McArthur 

& Bettenay, 1960). The soils are sandy and vary in depth, degree of leaching, sand grain size and 

pH, which varies from slightly acidic to neutral (Bessell-Browne, 1990). Situated within the SWWA, 

the region is characterised by a Mediterranean-type climate, with cool wet winters and hot dry 

summers. Mean annual rainfall for Kings Park is c. 730 mm (mean precipitation for the last 10 years), 

most of which falls between May and September (BOM, 2019) and historically, a dry period extends 

from mid-October to late March (Beard, 1989). Mean maximum air temperatures in summer and 

winter are 31.4 C and 18.3 C respectively (BOM, 2019). 
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The native vegetation of the Kings Park bushland is characterized as low (5-8 m tall) mixed Banksia-

Eucalyptus-Allocasuarina open woodland (Crosti et al., 2007). The dominant canopy species are 

Banksia attenuata, Banksia menziesii, Allocasuarina fraseriana, Eucalyptus gomphocephala, 

Corymbia calophylla and Eucalyptus marginata. The species-rich shrub and understorey are 

dominated by wattles (Acacia spp.), Fabaceae (Bossiaea, Daviesia, Jacksonia), Myrtaceae 

(Melaleuca, Calytrix), Proteaceae (Hakea, Grevillea, Adenanthos), Dilleniaceaea (Hibbertia) and 

Goodeniaceaea (Scaevola) (Bennett, 1988). For our study, four dominant tree species were selected: 

Allocasuarina fraseriana Miq. L.A.S Johnson, Banksia menziesii R.Br., Corymbia calophylla Lindl. K.D. 

Hill & L.A.S. Johnson and Eucalyptus marginata Donn ex Sm. A. fraseriana belongs to the 

Casuarinaceae family and B. menziesii belongs to the Proteaceae family, while C. calophylla and E. 

marginata are both Myrtaceae. The Swan Coastal Plain is underlain by an extensive fresh 

groundwater system (Kite & Webster, 1989) which in Kings Park varies in depth from 8 to 56 m 

below the surface, and is mainly dependent on height in the landscape. We took advantage of this 

natural gradient in groundwater depth and selected two sites that differed in their proximity to the 

underlying water table. The water table was approximately 8 m below the surface at the low terrain 

site and approximately 30 m below the surface at the high terrain site. The site selections thus 

offered an opportunity to compare the water relations of the study species where access to the 

groundwater was possible (low terrain site) and where groundwater access was unlikely (high terrain 

site) (Zencich et al., 2002).  

 

2.2.2  Leaf water potential and gas exchange 

At each site water relations of four individuals from each species were measured during the annual 

transition from the wet to the dry season. On clear sunny days at approximately monthly intervals, 

pre-dawn and midday leaf water potentials (pd; between 03:30 and 05:30 and md; between 11:30 

and 14:00, respectively) were measured for all four individuals from all species at both sites using a 

Scholander-type pressure chamber (PMS 1000, PMS Instruments, OR, USA). Two leaves were 
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sampled from each tree for leaf water potential measurements. Coincident with measurements of 

md, leaf gas exchange properties were determined with a portable photosynthesis system (Li-

6400XT, Li-Cor Biosciences, NE, USA). For each species, gas exchange was measured in three of the 

four trees sampled for leaf water potential measurements (n = 2 leaves per tree). For each 

measurement, a leaf (or, in the case of A. fraseriana, eight cladodes), was enclosed within the leaf 

chamber under the following conditions: ambient temperature and relative humidity, a CO2 

concentration of 400 µmol mol-1 and a Photosynthetic Photon Flux Density of 1500 µmol m-2 s-1. For 

A. fraseriana, we used the energy balance approach to estimate leaf temperature because of 

difficulties in obtaining good contact between the leaf thermocouple and the cladode surface. Thus, 

for these measurements the leaf thermocouple was lowered prior to enclosing the cladodes within 

the leaf chamber. To account for the curvature of the cylindrical cladodes of A. fraseriana, and 

therefore to better represent the area of light exposed leaf surface, leaf area was taken as L  (d)/2, 

where d is the diameter of the cladode and L is the length of the cladode enclosed within the leaf 

chamber. 

 

2.2.3  Pressure volume curves 

Pressure-volume curves were constructed for three leaves per tree from each tree used for seasonal 

water relations measurements. Pressure-volume curves were derived according to the general 

principles of Tyree and Hammel (1972). Terminal branches were collected in spring, prior to the 

transition to dry summer conditions. Branches were sealed in bags with moist paper towels for 

several hours before being transported to the lab. One leaf (or cladode) from each branch was then 

cut under water and transferred to beakers of deionized water so that the petioles were submerged. 

The beakers were sealed with Parafilm® (Bemis, WI, USA) and the leaves were allowed to rehydrate 

overnight. The leaf laminas were kept dry during rehydration to ensure that no water was taken up 

through stomata (Dichio et al., 2003). Leaves were then removed from the beakers, blotted dry with 

tissue paper and their fresh weight (FW, g) and leaf water potential (leaf, MPa) determined with an 
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analytical balance (Model 1602 MP, Sartorius, Göttingen, Germany) and Scholander-type pressure 

chamber (PMS 1000, PMS Instruments, OR, USA) respectively. The pressure chamber was lined with 

moist paper towel, and high purity dinitrogen gas was used as a pressure source. Leaves were then 

sealed in zip-lock bags for ten minutes, before remeasuring leaf fresh weight (FW, g) and leaf (Sack 

et al., 2011). The leaves were then allowed to bench-dry under laboratory conditions while FW and 

leaf were regularly recorded. 

Osmotic potential at full rehydration (πo, MPa), modulus of elasticity (ε, MPa), capacitance at full 

turgor (Cft, MPa-1), turgor loss point (πtlp, MPa), as well as the relative water content and capacitance 

at turgor loss point (RWCtlp, %, and Ctlp, MPa-1) (Table S1) were determined using the approach of 

Sack et al. (2011). Leaf water content was calculated as the difference between W and leaf dry 

weight (DW). DW was determined after leaf samples were oven dried for 3 days at 70°C. As a 

measure of stress, we estimated how close pre-dawn water potentials were to the turgor loss point, 

defined as 1 –pd/πtlp. 

 

2.2.4  Deriving traits of stomatal regulation of water potential 

The degree of stomatal regulation of water potential, the iso- to anisohydric spectrum, was inferred 

from correlations of traits pertaining to changes in leaf water potential which were measured during 

the transition to dry conditions (Meinzer et al., 2016). We adopted an approach similar to Skelton et 

al. (2015) to determine a proxy for the water potential at which stomata are largely closed during 

drought (12, see below for definition). For each tree, stomatal conductance to water vapour (gs, 

mol m-2 s-1) was scaled to a percentage of the maximum recorded value. This maximum value 

typically occurred in spring, prior to the annual transition to dry conditions. We verified that this was 

indeed a good estimate of the annual maximum gs by taking additional measurements after 

significant rainfall in winter. The values of gs at this time were not greater than those measured in 

spring. Like Skelton et al. (2015), we analysed the relationship between gs and leaf water potential. 

However, in contrast to Skelton et al. (2015) we used pd to represent the daily maximum leaf water 
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potential associated with the daily midday gs as this was a better predictor in our case. For each 

species and site, the relationships between gs and pd were described by Weibull models: 

 

𝑔𝑠(% of maximum value) = 100 −
100

1+𝑒
(𝑎(𝛹pd−𝑏))  (1) 

 

where a describes the slope of the relationship and b is the value for pd where gs is 50% (gs50). We 

then took the first derivative of this model to obtain the slope of the tangential line at gs50 

(dgs50/dpd): 

 

𝑑𝑔s50

𝑑𝛹pd
=

100×𝑎×𝑒(𝑎(𝑏+𝑔𝑠50))

(𝑒𝑎×𝑏+𝑒𝑎×𝑏)2
     (2) 

 

The x-intercept of this tangential line (referred to as 12, MPa) was then determined using: 

 

𝛹12 =
𝑑𝑔𝑠50/𝑑𝛹pd×−𝑏+50

𝑑𝑔𝑠50/𝑑𝛹pd
     (3) 

 

Therefore 12 refers to the leaf water potential at which gs is approximately 12% of the maximum 

observed gs value (Skelton et al., 2015). 

To obtain an estimate of pd on any day, we related the measured values to the day of year during 

the transition from wet to dry season (Fig. S1, Table S2). For B. menziesii at the low terrain site, 

this relationship was best described by a linear model, which was subsequently used to estimate the 
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day when 12 was reached (Day0). For the remaining species by site combinations an exponential 

decay function was used to estimate Day0: 

 

Day0 = 𝑡. 𝐿𝑛
(𝛹12−𝑦0)

𝐴
+ 𝑥0    (4) 

 

where y0 is the y offset, x0 is the x offset, A is the amplitude and t is the time constant. Each 

measurement day was then converted to the number of days since reaching 12 by subtracting Day0 

from the actual day of the year. 

 

2.2.5  Leaf hydraulic vulnerability to water stress 

Branches from the four trees of each species and site were collected prior to sunrise during a period 

without drought stress. The branches were allowed to slowly dehydrate under laboratory conditions 

(c. 1 week). During dehydration, branches were periodically sealed in opaque bags for approximately 

one hour to allow leaf to equilibrate across all leaves. Leaf water potential (leaf initial) was then 

measured from one leaf (referred to as leaf 1) with a Scholander-type pressure chamber and leaf 

hydraulic conductance (kleaf) determined by capacitive recharge according to Brodribb and Cochard 

(2009). A leaf adjacent to leaf 1 (referred to as leaf 2 thereafter) was excised under degassed KCl 

solution and immediately transferred to a flow meter (time of leaf excision is denoted as time 0). 

The flow meter comprised of a capillary tube, with a known relationship between flow rate (F, mmol 

s-1) and pressure drop P (MPa), and a pressure transducer (PX26, OMEGA Engineering, CT, USA) 

connected to a logger (CR1000, Campbell Scientific, UT, USA) which recorded data at 1 second 

intervals. The initial readings of F near time 0, where recharge into the leaf is assumed to be driven 

by leaf initial, are subject to considerable variation due to the act of sealing the petiole into the 

apparatus. We therefore modelled the recharge kinetics after this initial unstable phase as a 
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logarithmic function and, through extrapolation, determined F into leaf 2 at time 0. F was also 

recorded just prior to removing leaf 2 from the flow meter. After leaf 2 had been removed from the 

flow meter it was sealed in a bag for 10 minutes and then leaf was determined (designated leaf 

final). Following these measurements, the projected area (A, m2) of leaf 2 for all species except A. 

fraseriana was measured with a leaf area meter (Li-3100C, Li-Cor Biosciences, NA, USA). For A. 

fraseriana we measured the length and diameter of cladodes and estimated their area as their one-

sided (semi-cylinder) surface area as (L  (d)/2)  kleaf (mmol m-2 s-1 MPa-1) was estimated from: 

 

𝑘leaf = (𝐹/𝐴)/𝛥𝛹      (5) 

 

where F was taken at time 0 and  estimated as leaf initial. We also estimated kleaf from the F 

recorded just prior to removing leaf 2 from the flow meter, where  was taken as leaf final. Where 

the variation between these two estimates of kleaf exceeded 30% the data were discarded. Using the 

same approach as described for the relationship between gs and pd, the relationship between kleaf 

and leaf initial (referred to in subsequent sections as leaf) was described by Weibull models: 

 

𝑘leaf = 𝑘
𝑘leaf𝑚𝑎𝑥

1+𝑒(𝑎(𝛹leaf−𝑏))
leaf𝑚𝑎𝑥

     (6) 

 

where kleaf max is the mean value of kleaf where leaf > -1 MPa, a describes the slope of the relationship 

and b is the value for leaf where kleaf is 50% of kleaf max. From these models we calculated the value 

of leaf water potential corresponding to 12% and 50% losses of kleaf (referred to as P12 and P50 

respectively). 
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2.2.6  Statistical analyses 

Linear relationships were described by standardised major axis (SMA) regression using the R package 

SMATR-3 (Warton et al., 2012), with significance set at 0.05. Percentage loss of conductivity in 

leaves was analysed using the R package fitplc (Duursma & Choat, 2017). Non-linear least squared 

curve fitting was conducted in Origin Pro (OriginPro, 2018). Tests for differences between sites and 

species were made by analysis of variance (ANOVA) and t-tests using Origin Pro (OriginPro, 2018). 

Homogeneity of variance among groups was examined with Levene’s tests and residuals were 

analysed using Shapiro-Wilk tests to ensure normality. 

 

2.3  RESULTS 

From field-based observations, the positioning of species across the anisohydric to isohydric 

spectrum can be observed from the bivariate relationship between the annual drawdown in midday 

leaf water potential between wet and dry seasons (md max-md min) and the minimum pre-dawn 

water potential recorded in the dry season (pd min) (Fig. 1A). Here B. menziesii exhibited only a 

marginal draw-down in pd min between seasons and its pd min remained relatively high, sensu 

isohydry. At the other extreme md in A. fraseriana and E. marginata showed a large shift between 

seasons, which was associated with a more negative minimum pd in the dry season, consistent 

with anisohydry. 

 

2.3.1 Pressure volume curves and seasonal variation of leaf water potential 

Both πo and πTLP differed between species but not site, and there was no interaction between species 

and site (Table 1). In contrast, both md max-md min and pd min differed between species and site, 

and there was a significant interaction between species and site (Table 1). Whereas A. fraseriana 

and E. marginata had a significantly lower md max-md min and pd min at the high terrain site (Fig. 1B 
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and 1C), for B. menziesii and C. calophylla there was little difference between sites in md max-md 

min and pd min (Fig. 1B and 1C). 

 

 

Figure 1. The bivariate relationship between the annual drawdown in midday leaf water potential 

between wet and dry seasons (md min-md max) and the minimum pre-dawn water 

potential recorded in the dry season (pd min) (A); Differences between species and sites 

based on the annual drawdown in midday leaf water potential between wet and dry 
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seasons (md max - md min; B) and the minimum pre-dawn water potential in the dry 

season (pd min) (C). In A, points depict species and site means per individual tree (n = 

6), with open and closed symbols representing the low and high terrain sites, 

respectively. The large, semi-transparent points depict the mean for each species (n = 

4). In B and C, open and closed boxplots represent low and high terrain sites, 

respectively. Range within IRQ represents the whiskers of the boxplot and are calculated 

as Q1 - 1.5·IQR and Q3 + 1.5·IQR. NS, p > 0.05; *, 0.01 ≤ p ≤ 0.05; ***, p ≤ 0.001. 

 

 

Table 1. Analysis of variance for leaf physiological traits derived from pressure-volume curve 

analysis and field leaf water potential observations. Traits include: osmotic potential at full 

rehydration (πo, MPa) and at turgor loss point (πtlp, MPa), the annual drawdown in midday leaf water 

potential between wet and dry seasons (md max-md min, MPa) and the minimum pre-dawn water 

potential recorded in the dry season (pd min, MPa). 

 Site  Species  Site x Species 

 MS F MS F MS F 

π0 0.20 2.65 ns 0.28 3.70 * 0.09 1.15 ns 
πtlp 0.30 2.19 ns 0.63 4.65 * 0.06 0.46 ns 
md max-md min 3.96 67.50 *** 12.30  209.66 *** 2.18 37.19 *** 

pd min 1.13 7.73 * 18.08 124.25 *** 3.43 23.57 *** 
ns, p > 0.05; *, 0.01 < p ≤ 0.05; ** 0.01 ≤ p ≤ 0.001; ***, p < 0.001. 

 

2.3.2 Stomatal regulation of leaf water potential 

For each species and site, the relationship between gs as a percentage of its maximum value and 

pd was well described by Weibull models (Fig. 2A and 2B). Estimates of 12, the x-intercept of the 

tangent where gs equals 50% (represented by the dashed lines in Fig. 2A and 2B), for each species 

at the low terrain site were as follows: -2.63, -0.76, -1.24 and -1.39 MPa for A. fraseriana, B. 

menziesii, C. calophylla and E. marginata, respectively. At the high terrain site derived values of 12 

for each species were as follows: -1.89, -0.74, -0.98 and -1.47 MPa for A. fraseriana, B. menziesii, 

C. calophylla and E. marginata respectively. It is also instructive to view the species-level differences 

in the relationship between gs and pd on log-linear axes for the two sites combined (Fig. 2C). Here 

the distinct differences between species reflecting anisohydry (A. fraseriana and E. marginata) and 

isohydry (B. menziesii and C. calophylla) emerge. Anisohydric species maintained a higher gs at 
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lower pd than isohydric species. We evaluate the implications of these differences in the following 

section where the risks of stomatal behaviour are considered. 

For each species by site combination we assessed the effect of the annual dry season on traits 

pertaining to stomatal regulation by observing the relationships between the relative difference in 

pd from the πo and the number of days since each species reached 12 (denoted Day0, Fig. 3A and 

3B for the low and high terrain sites respectively). The x and y axes of Figure 3A and 3B therefore 

depict the increasing risk of reduced carbon uptake and dehydration respectively. Clear differences 

were evident between the species. Banksia menziesii and, to a lesser extent, C. calophylla regulated 

stomatal conductance such that pd never fell below the πo. Yet, compared to B. menziesii, the 

period of stomatal closure was longer in C. calophylla. At the low terrain site (Fig. 3A) both A. 

fraseriana and E. marginata entered the region characterised by an elevated risk of reduced carbon 

uptake and dehydration. At the high terrain site (Fig. 3B) only E. marginata was at risk of both 

reduced carbon uptake and dehydration. 
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Figure 2. The relationship between stomatal conductance (gs) as a percentage of its maximum 

seasonal value and the pre-dawn leaf water potential (pd) for the low terrain site (A), 

the high terrain site (B) and combined for both sites (C). Note that the y-axis on panel 

C is log-transformed. The dashed lines on panels A and B intercept the x-axis at the 

point where gs equals 50%, providing the estimate 12 which stems from observations 

that gs is approximately 12% of the maximum observed value at this water potential 

(see Skelton et al., 2015).  
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Figure 3. The relative difference between pd and πtlp (top panels; A and B, low and high terrain 

site, respectively) and percentage loss of leaf hydraulic conductivity PLC (lower panels; 

C and D, low and high terrain site, respectively) against the estimated day in the season 

(Day0) in which each study species reached the stomatal closure point of reference (12). 

The x-axis depicts the increasing risk of reduced carbon uptake due to species reaching 

(12) and consequently limiting photosynthetic rates over the season. The top y-axis 

represents an index of hydraulic safety by depicting the risk of exhibiting a pd equal to 

the πTLP. The lower y-axis represents a risk of hydraulic failure by relating seasonal pd 

to the leaf vulnerability curves (Figure S2).  
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2.3.3 Leaf percentage loss of hydraulic conductivity 

We applied the same approach to assess the combined risks of reduced carbon uptake and hydraulic 

failure during seasonal drought (Fig. 3C and 3D for the low and high terrain sites respectively). Here 

the risk of hydraulic failure is presented as the percentage loss of hydraulic conductivity in leaves 

(PLC) which is estimated from the measured pd and leaf vulnerability curves (Fig. S2, Table 3). At 

the low terrain site it appears that the combined risks of reduced carbon uptake and hydraulic failure 

are restricted to A. fraseriana and E. marginata (Fig. 3C). At the high terrain site no species appeared 

to risk both hydraulic failure and reduced carbon uptake but E. marginata and C. calophylla operated 

at a PLC of more than 50%. 

 

Table 3. Parameters derived from leaf vulnerability curves for the study species. Kleaf-max, maximum 

leaf hydraulic conductivity (mmol m-2 s-1 MPa-1); P12, leaf water potential at 12% loss of hydraulic 

conductivity (MPa); P50 leaf water potential at 50% loss of hydraulic conductivity (MPa); a is the 

slope of the Kleaf - leaf curve at P50 (MPa-1), 12, proxy of the water potential at incipient stomata 

closure (MPa). Data for the leaf vulnerability curve was only estimated for species at the high terrain 

site. 

 A. fraseriana B. menziesii C. calophylla E. marginata 

Kleaf-max 11.15 5.83 6.25 3.77 

P12 -0.10 -0.23 -0.32 -1.53 

P50 -2.05 -1.44 -1.76 -3.21 

a 9.61 22.37 19.78 24.71 

12 -1.89 -0.74 -0.98 -1.47 

 

 

At the high terrain site, Day0 appeared to mark a transition point for three of the four species, with 

declines in pd following this day. In other words, upon reaching 12, leaf rapidly declined toward 

or beyond πo, or toward or above a PLC of 50%. At the low terrain site Day0 was less significant, 

only reflecting a transition point for E. marginata. Data from both sites indicated that 12 had no 

bearing on the regulation of leaf in A. fraseriana. In broad terms, Figure 3 illustrates the contrasting 

stomatal control strategies of the four species. Banksia menziesii and C. calophylla are characterised 

by strong stomatal regulation, whereby stomatal closure maintains cell turgidity and might reduce 



Chapter 2 

54 
 

embolisms during seasonal drought. In contrast, stomatal regulation in A. fraseriana and E. 

marginata was insufficient to prevent the loss of cell turgor or the formation of embolisms during 

seasonal drought. 

 

2.4  DISCUSSION 

Water lost through transpiration must be replenished for tissues to remain hydrated and for stomata 

to open so that photosynthesis can proceed. The stomatal control strategies of species in this study 

are clearly separated into those that strongly regulate leaf (isohydric: B. menziesii and C. calophylla) 

versus those that allow leaf to fall below apparently critical thresholds for physiological function 

(anisohydric: A. fraseriana and E. marginata). Tightly regulating leaf within specific boundaries 

optimises physiological systems and plant structures for performance within a specific range of water 

potentials at which the risk of hydraulic failure is minimised (Sperry et al., 2002). However, water 

uptake in species employing isohydry is likely constrained to soils with a relatively high water 

potential or where access to soil water is reliable, for example at depth (Zencich et al., 2002; Canham 

et al., 2009). In contrast, species which allow leaf to fall to more negative values can access water 

from a broader range of soil and for a longer period during drought. This increased flexibility may 

allow them to routinely operate closer to the point of physiological failure thereby maximising carbon 

intake. If isohydric species rely on soils with a high water potential or tap/sinker roots in constant 

contact with soil-stored water, it may partly explain why they are more susceptible to mortality in 

drying ecosystems, where soils with a relatively high soil will become increasingly scarce (Canham 

et al., 2009; Parolari et al., 2014). These findings demonstrate that predicting species mortality in 

drying environments requires not only the identification of a particular stomatal control strategy, but 

also the hydraulic vulnerability, the range and reliability of water sources available during drought 

and the environmental conditions (e.g. soil properties, atmospheric water demand, seasonal 

conditions) to which the vegetation is exposed (Buckley, 2005; Klein, 2014; Martínez-Vilalta & Garcia-

Forner, 2017). 



Chapter 2 

55 
 

Our analysis of the seasonal changes in leaf reveals distinct differences in the response of species 

to the progressive depletion of stored soil water. Across-site differences in pd min and md min – md 

max were confined to anisohydric species (A. fraseriana and E. marginata). These results are 

consistent with other studies which have demonstrated that anisohydric species allow their leaf water 

status to fluctuate in parallel with soil moisture (Tardieu & Simonneau, 1998; Martínez-Vilalta et al., 

2014). Of specific interest in this study is the tendency for anisohydric species to operate with a less 

negative pd min at the high terrain site, where presumably groundwater is inaccessible to roots. This 

counterintuitive observation may relate to the soil characteristics and differences in competition for 

water between the sites. At the high terrain site, a larger volume of soil, which is highly 

heterogeneous in its composition, is available to plant roots at this site due to the greater distance 

between the groundwater and the soil surface (McArthur & Bettenay, 1960; Bessell-Browne, 1990). 

Moreover, vegetation is open and sparse at the high terrain site, while at the low terrain site the 

plant community is denser. Challis et al. (2016), investigating the same system, reported that the 

tree density at the low terrain site was almost twice that observed for the high terrain site, 870 tree 

ha-1 and 516 trees ha-1, respectively. Additionally, species occurring at the high terrain site rely more 

heavily on winter precipitation to maintain plant water status as the depth to the water table is >30 

m, likely beyond the maximum rooting depth of the study species (Crombie, 1992; Zencich et al., 

2002; Crosti et al., 2007; Challis et al., 2016). We suggest that the less dense vegetation at the high 

terrain site (i.e. less competition in upper soil layers) and the observed occurrence of pockets of 

finer-textured soil through the profile (M. Leopold, pers. comm.) may explain the less negative pd 

min at the high terrain site in anisohydric species. During progressive soil drying at the high terrain 

site the anisohydric species would have a greater ability to access more tightly bound water, and for 

a longer period. Together with the larger available soil volume and the potentially reduced 

competition this could lead to an improved leaf water status in comparison to the low terrain site 

which supports denser vegetation, suggesting increased competition for soil-stored water (Challis et 

al., 2016). Additionally or alternatively, deep rooted species (i.e. all study species except A. 

fraseriana) could also redistribute water to upper soil horizons (Burgess et al., 1998; Bleby et al., 
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2010), effectively reducing soil closer to the surface and thus, pd min. Such a proposition would 

explain E. marginata pd min results, and also A. fraseriana, assuming that its shallower root system 

could benefit from water redistributed by other species. 

By combining the risks of mortality arising from turgor loss, reduced carbon uptake and hydraulic 

dysfunction, we compared the mechanistic outcomes of exposure to prolonged drought and their 

importance to plant survival. Within this study, differences in physiological responses to water stress 

not only emerge between species, but also on the basis of stomatal control strategy (Fig. 3). In our 

study, the turgor loss point (πtlp) was not a physiological regulatory barrier for anisohydric species. 

leaf in these species fell well below πtlp despite stomatal closure, defined here as 12. However, πtlp 

was determined for leaves sampled in the wet season (Table S2), and thus may be an overestimate 

since many species in seasonally dry environments rely on osmotic adjustment and can increase the 

symplastic solute concentration of their leaves in response to seasonal drought, a process that may 

reduce πtlp by more than 0.5 MPa (Bartlett et al., 2014). Additionally, species may actively modify 

their cell wall elasticity during the season which is a common feature in environments with marked 

seasonality. Studies have reported the employment of seasonal adjustment in osmotic potential or 

cell wall elasticity in tree species in this region, indicating that this may partially explain how these 

species maintain their leaves during drought (Mitchell et al., 2008; Szota et al., 2011; Poot & 

Veneklaas, 2013). Based on our results, the risk of dehydration is certainly greater in the leaves of 

A. fraseriana and E. marginata and yet, these species routinely endure seasonal cycles of drought 

without shedding large volumes of leaves or whole shoots. Alternatively, πtlp may not reflect 

dehydration in cells that are critical for carbon and water exchange, such as epidermal, mesophyll 

and guard cells (Bartlett et al., 2012). 

Our study supports the findings of Martínez-Vilalta et al., (2017), in that the positioning of species 

on the iso- to anisohydric spectrum did not correspond with a heightened risk of reduced carbon 

intake or hydraulic dysfunction. Both isohydric and anisohydric species experienced a prolonged 

period of stomatal closure, indicative of a greater dependency on carbon reserves.. Anisohydric 

species generally operated with a higher gs at more negative leaf than isohydric species, as expected 
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in species where stomata are less sensitive to fluctuations in water status. Interestingly, A. 

fraseriana, E. marginata and, to a lesser extent, C. calophylla continued to exhibit declining pd 

(relative to πtlp) even after reaching the point of stomatal closure, as approximated by 12. For B. 

menziesii, reductions in pd plateaued after a period of partial or complete stomatal closure, but this 

did not occur in the anisohydric species. Our measurements of gs were taken at midday and it is 

likely that there was some stomatal opening early in the morning (Chapter 3). Stomatal opening 

early in the morning would enable carbon capture outside periods when evaporative demand is high 

(Goldstein et al., 1998; Brodribb et al., 2003). The reductions observed in leaf beyond 12 may also 

have been the result of water lost through the leaf cuticle and leaking stomata (Kerstiens, 1996; 

Drake et al., 2013). A greater understanding of water loss following stomatal closure combined with 

an understanding of hydraulic capacitance would help determine lethal water potentials during 

prolonged drought (Blackman et al., 2016).  

Broadly speaking, it appeared that the risk of hydraulic failure in leaves occurred at higher water 

potentials in isohydric (B. menziesii and C. calophylla) compared to anisohydric (A. fraseriana and 

E. marginata) species, as represented by PLC50. Yet the differences in vulnerability to hydraulic 

failure detected did not translate to differences in the physiological performance of these species in 

a typical dry season. No species exhibited a PLC greater than 80%, a loss of hydraulic conductivity 

associated with mortality in a variety of angiosperms (Urli et al., 2013), even after pd had reached 

a value marking the point of stomatal closure (12). Indeed, the greatest risk of hydraulic failure 

seemed to occur in the anisohydric species (A. fraseriana and E. marginata), as evident by the higher 

PLC than that of isohydric species, which is conceptually equivalent to a lower hydraulic safety 

margin in these species (Choat et al., 2012).  

Our results comparing the risks of physiological failure in relation to stomatal control strategies are 

somewhat paradoxical. Isohydric species appear to be more susceptible to loss of physiological 

function in response to drought and heat waves, and yet their safety margin is greater than that of 

co-occurring anisohydric species. In seasonally variable environments it is often apparent that a 

more extensive root system enables a high and relatively stable min, or more specifically a high and 
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relatively stable pd during seasonal drought (Zencich et al., 2002; Drake et al., 2011), and this is 

often associated with greater hydraulic vulnerability (Canham et al., 2009; Zolfaghar et al., 2015). 

However, vulnerability to embolism formation will not directly translate to increased risk of hydraulic 

failure if roots can maintain contact with a suitable water source during drought. A suitable water 

source need not be groundwater located at depth. Concentrating roots within specific regions that 

offer reliable water uptake due to the physical properties of the soil, such as clay deposits in sandy 

soil, can also provide a seasonally stable water source. Regardless of where roots are positioned in 

the soil profile, if formerly reliable water sources do not recharge sufficiently during rewetting, 

isohydric species may rapidly exceed thresholds for physiological function during drought. Moreover, 

if anisohydric species can position roots in the same regions of the soil profile as isohydric species, 

they may continue to use these partially depleted water sources for a longer period during drought. 

 

2.5  CONCLUSIONS 

During a typical wet-dry seasonal transition, anisohydric species developed lower water potentials 

and had narrower safety margins than isohydric species, and therefore were more at risk of hydraulic 

failure and dehydration. Despite operating in a manner consistent with a narrow margin for safety 

(for both hydraulic continuity and cell turgor), these anisohydric species have the benefit of accessing 

water in soil at relatively low water potentials. For isohydric species, the risk of hydraulic failure or 

dehydration appeared lower, with strong stomatal regulation offering an effective means of halting 

the decline in leaf during seasonal drought. Dependence on stomatal regulation, in combination with 

a high turgor loss point as was detected in the isohydric species, may present a risk when (1) leaves 

lose water despite good stomatal control, e.g. via the cuticula or damaged stomata in extreme hot 

and dry weather; (2) bulk water potential approaches or falls beyond the turgor loss point, reducing 

the hydraulic gradient for water uptake to zero; (3) leaf temperatures rise to lethal levels under high 

temperature, large leaf-to-air vapour gradients, and limited transpirational cooling (Chapter 4). In 

such circumstances, species that have physiological tolerance to lower tissue water potentials and 
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can maintain hydraulic gradients in drier soils have an advantage. The evidence presented here 

supports the proposition that the change in vegetation structure (i.e. increased dominance of 

anisohydric species) observed in the Kings Park bushland over the last 60 years are closely linked to 

long-term reductions in precipitation and thus reduced soil water availability/recharge, coupled with 

species-specific hydraulic architecture and plant water status regulation during drought.  
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SUPPLEMENTARY MATERIAL 

Table S1. Parameters derived from the pressure-volume curves for the study species and sites. π0, 
osmotic potential at full turgor (MPa); ε, modulus of elasticity (MPa); CFT, capacitance at full turgor 

(mol m-2 MPa-1); πTLP, leaf water potential at turgor loss point (MPa); RWCTLP, relative water content 

at turgor loss point (%) and CTLP, capacitance at turgor loss point (mol m-2 MPa-1). Values are means 
± standard errors, n = 4. 

Site Species π0 ε CFT πTLP RWCTLP CTLP 

High A. fraseriana -2.87 ± 0.25 19.77 ± 1.49 0.55 ± 0.04 -3.61 ± 0.35 85.65 ± 1.90 0.11 ± 0.01 

 B. menziesii -2.27 ± 0.08 17.89 ± 1.40 0.77 ± 0.01 -2.80 ± 0.07 87.71 ± 1.19 0.18 ± 0.03 

 C. calophylla -2.40 ± 0.13 17.59 ± 1.26 0.65 ± 0.05 -2.98 ± 0.20 86.64 ± 0.76 0.16 ± 0.03 

 E. marginata -2.29 ± 0.11 15.83 ± 1.84 0.62 ± 0.01 -2.84 ± 0.18 85.51 ± 1.67 0.16 ± 0.02 

Low A. fraseriana -2.47 ± 0.12 9.78 ± 1.77 0.82 ± 0.01 -3.56 ± 0.13 77.53 ± 0.76 0.10 ± 0.01 

 B. menziesii -2.14 ± 0.07 16.54 ± 1.31 0.77 ± 0.02 -2.63 ± 0.13 87.89 ± 1.25 0.18 ± 0.05 

 C. calophylla -2.32 ± 0.11 10.33 ± 1.69 0.56 ± 0.01 -3.15 ± 0.08 78.73 ± 1.55 0.12 ± 0.01 

 E. marginata -2.39 ± 0.11 11.43 ± 1.74 0.73 ± 0.01 -3.08 ± 0.13 80.95 ± 1.38 0.16 ± 0.01 

 

 

 

 
 

 

Figure S1.  Relationship between pre-dawn water potential (pd) against day of the year (left 

panel). Rainfall (mm) events along the experimental period by day of the year (right 

panel). We used this relationship to estimate the pd on any day relating the measured 

values to the day of year during the transition from wet to dry season. We fitted 

exponential decay curves for all species and site combinations except for B. menziesii 

at the low terrain site which followed a linear trend. 
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Table S2. Parameters of the exponential fitted curves used to estimate the pre-dawn water potential 

on any day of the measurement year and on the calculation of Day0. Parameters: y0 is the y offset, 

x0 is the x offset, A is the amplitude and t is the time constant. Relationships were represented as 

exponential decay curves for all species and site combinations except for B. menziesii at the low 

terrain site which had a linear model as a fit. 

Species Site y0 x0 A t Adj. R2 Equation 

A. fraseriana High -0.965 2.46E+06 -0.032 46.91 0.65 y = y0 + A *exp((x- x0)/t) 

E. marginata 1.171  -1.687 122.42 0.93  

C. calophylla  -4.005  2.103 227.77 0.83 y = y0 + A *exp(-(x- x0)/t) 

B. menziesii  -0.706  0.355 24.84 0.58  

 
 

      

A. fraseriana Low 5.911 2.46E+06 -0.716 231.31 0.96 y = y0 + A *exp((x- x0)/t) 

E. marginata 16.380  -3.366 531.89 0.94  

C. calophylla  -3.461  1.980 242.74 0.88 y = y0 + A *exp(-(x- x0)/t) 
 

 b a   
  

B. menziesii  9234.23 -0.00376   0.39 y = a + bx 

 

 

Figure S2.  Percentage loss of leaf hydraulic conductivity (PLC) as a function of leaf water potential 

(leaf) for the four study species. The vertical dashed lines indicate the 95% confidence 

interval for P50 and the grey shaded are represent 95% confidence interval of the 

Weibull modelled fitted curves (estimated via bootstrap). Note the confidence intervals 

are not symmetric. PLC was only estimated for species at the high terrain site. 
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Figure S3. Variation in leaf water potential over the transition from wet winter to dry summer for 

species and study sites combination. Coloured lines show the linear regression between 

the midday and pre-dawn water potentials (md and pd, respectively) for each species 

when relationships are statistically significant (p < 0.05). The dashed black line 

represents the 1:1 line. The grey line represents the slope (σ) of the relationship 

between md and pd for all species within each site. σ high terrain site = 0.74 and σ 

low terrain site = 0.91. σ values range from 0 (strictly isohydric) to 0 < σ < 1 (partial 

isohydric) to σ > 1 (extreme anisohydric). σ represents a measure of isohydricity at 

the seasonal scale (Martínez-Vilalta et al., 2014). 
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Diurnal dynamics of water relations of tree species with different hydraulic strategies in 

a seasonally dry woodland 

ABSTRACT 

• At short time scales, daily patterns of water use and stomatal regulation of plant water status 

can be informative about key adaptive properties, particularly when investigating co-occurring 

species. Mediterranean regions have a marked dry and hot season, with long rain-less periods 

which are often coupled with high solar radiation and air temperatures. Woody species in these 

ecosystems are mainly evergreen, sustaining long-lived leaves all-year-around. Consequently, 

diurnal regulation of water loss and plant water status during such demanding periods is highly 

relevant for species in seasonally dry regions, like Banksia woodlands of south-western Australia.  

• We monitored diurnal patterns of leaf water status, gas exchange, sap flow and stem diameter 

change of four co-occurring tree species with known contrasting stomatal control strategies (i.e. 

isohydry and anisohydry) at the end of a dry Mediterranean summer.  

• Over the day, more anisohydric species showed more negative leaf water potentials and lower 

leaf-level gas exchange rates. More isohydric species exhibited a marked decline in stomatal 

conductance around midday, reducing water loss and the preventing development of large 

water potential gradients. Higher sap flow velocities and a larger amplitude in stem diameter 

displacement in more anisohydric species suggest greater reliance on plant-stored water than 

isohydric species at the end of the summer. 

• Diurnal tree water use and plant water status control differed between the study species and 

our results support the broad view that co-occurring species exhibit overlapping operational 

ranges along a continuum of physiological responses. Our results also suggest that the isohydric 

species have a stronger dependence on soil-stored water, and that differences in plant-stored 

water (capacitance) should be considered in future studies comparing hydraulic strategies. 

Key words: leaf water potential, stomatal conductance, tree water use, leaf gas exchange, 

drought, hydraulic capacitance, sap flow  
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3.1  INTRODUCTION 

In Mediterranean regions, precipitation is concentrated during the cool winter, while greatly reduced 

during summer. Forest/woodlands in these regions can experience several months without rainfall 

during summer droughts (Archibold, 1995), an environmental constraint that is often accentuated 

by concomitant high solar irradiance and air temperatures. Moreover, woody species in 

Mediterranean regions are mostly evergreen, maintaining their leaves all-year-around (Mooney & 

Dunn, 1970) unlike many deciduous species in other seasonally dry climates (Borchert, 1994; Bullock 

et al., 1995). Under such circumstances of summer droughts, evergreen tree species are expected 

to show morphological and physiological adaptations to maintain tissue water potential within 

operational thresholds (Veneklaas & Poot, 2003; Bhaskar & Ackerly, 2006; Quero et al., 2011). 

Therefore, strategies concerning the control of water loss by leaves and the use of stored soil water 

are highly relevant to ecosystems dominated by evergreen tree species with long-lived leaves and 

with a marked dry and hot season, like in woodlands of the Southwest Australian Floristic Region 

(SWAFR).  

Seasonal differences in tree water use patterns and tree water status provide useful insights into 

intra-annual variation in water availability and the associated physiological responses of different 

species (e.g. Chapter 2; Veneklaas & Poot, 2003; Bhaskar & Ackerly, 2006; Franks et al., 2007; 

Mitchell et al., 2008; Quero et al., 2011; Nolan et al., 2017; Pivovaroff et al., 2018). At shorter 

temporal scales, diurnal patterns can reveal details of tree hydraulic behaviour that are not obvious 

from seasonal monitoring (Eamus & Cole, 1997; Andrade et al., 1998; Pfautsch et al., 2011; Chapter 

2). From pre-sunrise, when hydraulic gradients between plants and soil are minimal, water loss from 

leaves during daylight hours causes water potentials throughout the plant to decrease, which in turn 

drives water transport. Since the rates of change in flow and water status depend on stomatal 

regulation and several hydraulic properties of the transport system and tissues involved, diurnal 

patterns in water relations can be informative about key adaptive properties, especially when 

different species are compared in the same environment. Examination of diurnal patterns in 

transpiration and trunk sap flow, for example, has revealed lags of different magnitudes due to 
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capacitance (Sevanto et al., 2002; Čermák et al., 2007), and comparison of patterns in transpiration 

and hydraulic gradients suggest diurnal changes in hydraulic conductances of the transport system 

(Tyree & Yang, 1990; Andrade et al., 1998; Meinzer et al., 2004). 

Soil water availability and transpiration are major drivers of plant water status. Additionally, plants 

can rely on internal water storage to meet daily and seasonal water needs. Stored water in plant 

tissues (e.g. stems, branches, roots) plays an important role in meeting plants’ daily water 

requirements (Kozlowski, 1972; Holbrook, 1995, p. 995; Goldstein et al., 1998) by acting as a 

transient water source for transpiring leaves (Stratton et al., 2000; Meinzer et al., 2001; Čermák et 

al., 2007). The contribution of internal water storage varies widely, ranging from c. 10 to 50% of 

total daily transpiration (Waring & Running, 1978a,b; Schulze et al., 1985; Tyree & Yang, 1990; 

Goldstein et al., 1998; Čermák et al., 2007), whilst correlating positively with tree size traits, e.g. 

greater girth and height, more sapwood (Andrade et al., 1998; Verbeeck et al., 2007; Scholz et al., 

2011). Furthermore, the volume of stored water and the dependence on such sources to meet 

transpirational demands also varies with species-specific hydraulic traits and strategies, such as 

wood density, xylem anatomy, rooting depth and, particularly relevant to this study, the stringency 

of stomatal control (Köcher et al., 2013; Matheny et al., 2015). Over the course of the day, stomata 

are largely responsible for controlling plants’ transpiration rate and water status (Meinzer et al., 

2004; Buckley, 2005). Thus, water use from internal storages and soil sources as well as the relative 

importance of such water sources are likely to differ in species with contrasting stomatal regulation 

strategies. 

Woodlands in the SWAFR are dominated by evergreen tree species from Myrtaceae, Casuarinaceae 

and Proteaceae families. Strong environmental constraints, e.g. reduced soil water availability over 

summer, high irradiance, recurrent fire events, ancient leached nutrient-poor sandy soils, irregular 

rainfall events (Cowling & Lamont, 1998; Lambers et al., 2008) allowed for co-occurring species in 

the region to develop a range of strategies to cope with the physiological stress imposed by summer 

droughts (Dell et al., 1986; Pate & Bell, 1999; Veneklaas & Poot, 2003). For example, some Banksia 

species tightly regulate leaf water potentials via stomatal closure in order to maintain high plant 
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water status (Chapter 2). The long tap roots of its dimorphic root system promote water uptake 

from saturated zones when the upper soil profile is dry during summer (Burgess et al., 2000; Zencich 

et al., 2002). Eucalyptus species are also known to exhibit extensive root systems and have hydraulic 

strategies that allow large water potential gradients within the water transport system (Crombie, 

1992; Chapter 2). Such features contribute to the ability to extract water strongly bound to soil 

particles, particularly when roots reach deep clay horizons, as well as to cope with the marked 

seasonality of the SWAFR (Dell et al., 1983, p. 83).  

The resilience of the contrasting hydraulic systems of species in this region is usually most strongly 

tested at the end of the dry summer, when temperatures and vapour pressure deficits are typically 

at the highest levels, and soil-stored water is at a minimum. In such conditions, diurnal patterns of 

water use and water status are expected to reveal how species with different hydraulic strategies 

regulate stomatal conductance to avoid excessive stress. For example, co-occurring species might 

have distinct daily patterns of water use and regulation, e.g. midday stomatal depression to reduce 

water loss when evaporative demand is high versus midday water loss peaks or relatively unchanged 

water loss through the day. Observations of daily water use control are also expected to provide 

insight in the potential role of internally stored water (capacitance) and how that relates to the 

isohydry-anisohydry spectrum (Tardieu & Simonneau, 1998; Martínez-Vilalta et al., 2014; Meinzer 

et al., 2016). Moreover, more frequent/severe warming and drought might reduce the daily ‘window’ 

for carbon uptake in isohydric species, and altered seasonal growth patterns and health decline 

might be a result of the cumulative daily exposure to water stress. Despite the importance of such 

plant communities as well as the pivotal role of stomatal regulation in maintaining water potentials 

within functional range at short timescales, further understanding of the diurnal patterns of tree 

water use in co-occurring species in this seasonally dry ecosystem is required. Here, we investigate 

daily responses of leaf water status, gas exchange, sap flow and stem diameter change of four co-

occurring species with known contrasting stomatal control behaviours at the end of a dry 

Mediterranean summer. We hypothesise that isohydric species in this woodland (Banksia spp.) show 

early stomatal closure, leading to the maintenance of high water potentials, but causing decreased 
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sap flow and reduced stem shrinkage compared to anisohydric species. Such strategy is achieved 

through high hydraulic conductance and greater reliance on soil-stored water in isohydric species.  

 

3.2  MATERIAL AND METHODS 

3.2.1  Study site and plant material 

The study was conducted in the 267-ha native urban bushland remnant of Kings Park (31.96 S, 

115.83 E), approximately 1 km from the Central Business District of the city of Perth, Western 

Australia. Kings Park is part of the Spearwood Dune system, comprising deep nutrient-poor soils 

interspersed with limestone fragment (McArthur & Bettenay, 1960). The soils are sandy and vary in 

depth, degree of leaching, grain size and pH, which is slightly acidic to neutral (Bessell-Browne, 

1990). The geomorphic land system of the region, the Swan Coastal Plain, is underlain by an 

extensive fresh groundwater system (Kite & Webster, 1989) which at Kings Park, flows from the 

north-east towards the Swan River, varying in depth from 8 to 56 m below surface (Crosti et al., 

2007). At the study site, groundwater lies approximately 30 m below the surface and access to this 

water source is unlikely (Zencich et al., 2002). The region is characterised by a Mediterranean-type 

climate, with cool wet winters and hot dry summers. Mean annual rainfall for Kings Park is c. 730 

mm (2008-2018 average), most of which falls between May and September (BOM, 2019) and 

historically, a dry period extends from mid-October to late March (Beard, 1989, p. 89). Mean 

maximum air temperatures in summer and winter are 31.4 C and 18.3 C respectively.  

The native vegetation of the Kings Park bushland is characterized as a low (5-8 m tall) mixed 

Banksia-Eucalyptus-Allocasuarina open woodland. The dominant canopy species are Banksia 

attenuata R.Br., and Banksia menziesi R.Br. (Proteaceae), Allocasuarina fraseriana (Miq.) L.A.S 

Johnson (Casuarinaceae), and Eucalyptus marginata Sm., Corymbia calophylla (Lindl.) K.D.Hill & 

L.A.S. Johnson and Eucalyptus gomphocephala DC (Myrtaceae). The species-rich understorey is 

dominated by Fabaceae (Acacia, Bossiaea, Daviesia, Jacksonia), Myrtaceae (Melaleuca, Calytrix), 

Proteaceae (Hakea, Grevillea, Adenanthos), Dilleniaceae (Hibbertia) and Goodeniaceaea (Scaevola) 



Chapter 3 

74 
 

(Bennett, 1988). For our study, four dominant tree species were selected: Allocasuarina fraseriana; 

Banksia attenuata and Banksia menziesii; and Eucalyptus marginata. All selected individuals had 

similar diameter at breast height (DBH) as well as sapwood depth (Table S1).  

 

3.2.2  Leaf water potential and gas exchange 

On a clear sunny day, the 28th of March 2018, leaf water potentials (leaf, or pd for the pre-dawn 

measurement) were determined on four trees per species (n = 2 leaves per tree) using a Scholander-

type pressure chamber (PMS 1000, PMS Instruments, OR, USA). Coincident with measurements of 

leaf, leaf gas exchange properties were determined with a portable photosynthesis system (Li-

6400XT, Li-Cor Biosciences, NE, USA) (n = 2 branches per tree). For each measurement, a leaf (or, 

in the case of A. fraseriana, eight cladodes), was enclosed in the leaf chamber under the following 

conditions: ambient temperature and relative humidity, a CO2 concentration of 400 µmol mol-1 and 

a Photosynthetic Photon Flux Density of 1500 µmol m-2 s-1. For A. fraseriana, we used the energy 

balance approach to estimate leaf temperature because good contact between the leaf thermocouple 

and the cladode surface could not be ensured. Thus, for these measurements the leaf thermocouple 

was positioned just below the cladodes. Gas exchange was expressed per one-sided leaf area for 

the flat leaves of B. attenuata, B. menziesii and E. marginata. For A. fraseriana, which has cylindrical 

cladodes, gas exchange was expressed per light-exposed leaf surface area, which was taken as L  

(d)/2, where d is the diameter of the cladode and L is the length of the cladode enclosed within 

the leaf chamber. 

 

3.2.3  Estimation of whole plant hydraulic conductance  

Whole plant hydraulic conductance, expressed on a leaf area basis, was estimated from transpiration 

rates and the inferred hydraulic gradient at the time: Kplant. Transpiration is assumed to be 

proportional to the water potential gradient as: 
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Kplant = E / (pd − leaf) 

where Kplant is the apparent whole plant hydraulic conductance, E  is the transpiration rate determined 

with the gas exchange system, and (pd − leaf) is the inferred hydraulic gradient throughout the 

plant, assuming that pd represents the water potential at the root surfaces. The term apparent 

whole-plant conductance is used to acknowledge that this estimate is based on a number of 

assumptions, particularly that: (i) pd is a reasonably estimate of water potential experienced by the 

root systems and (ii) the water flow through the plant water transport system is in a steady state. 

Moreover, we acknowledge that time lags and hysteresis can cause deviations from linearity in the 

relationship between E and the hydraulic gradient, hence caution is needed when interpreting such 

estimates. Lastly, as described above, the estimates of Kplant were based on E obtained from the gas 

exchange analyser and caution need to be exercised as the conditions inside the measurement 

chamber are not equal to conditions in the open air. 

 

3.2.4  Sap flow measurements and estimation of stem diameter displacement  

We used the heat-ratio method (HRM) (Burgess et al., 2001) to determine sap flow rates. Trees 

were instrumented with two sap flow sensors each (SFM1, ICT International, Armidale, NSW, 

Australia) positioned under bark on opposite sides (east and west) at the base of the stems. Briefly, 

the HRM uses two probes containing temperature sensors which are aligned with the axis of the 

plant stem and inserted radially to equal depths in the xylem. The heater element is similarly inserted 

equidistantly (6 mm) from the upstream and downstream temperature probes (Burgess et al., 2001). 

Measurements take place following the release of a pulse of heat and are used to calculate the time 

taken for the heat pulse to move the distance between the temperature probes, considering the 

thermal resistivity of the sapwood of each individual tree. The sensors and heater element were 

covered with thermally conductive silicon grease prior to insertion. Sensors acquired data at 15 

minute intervals  
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Automatic point dendrometers (Model ZN11-T-IP, Natkon.ch, Oetwil am See, Switzerland) measured 

the variation in stem diameter, assumed to be due to fluctuations in the water stored and released 

in the stem (Simonneau et al., 1993). Before installing the dendrometer we verified the relationship 

between voltage output (mV) from the potentiometer and displacement in µm by manually adjusting 

displacement and recording the change in distance using a dissecting microscope (Model SMZ800, 

Nikon Instruments). Potentiometers were mounted on a carbon frame and fixed in place in the 

heartwood with the support of screws. A small window of bark was removed to reveal the outer 

parenchymatous layer of the sapwood. The end of the transducer was placed on the cleared section 

of the stem in contact with the outer sapwood tissue. This ensured that changes in displacement 

were not influenced by the shrinking and swelling of the bark. The surface of the exposed tissue 

was coated with a small amount of silicon grease to ensure that the sapwood did not desiccate due 

to the removal of the bark. The dendrometer was connected to a logger (CR1000 Campbell Scientific, 

Logan, UT, USA) and set to record displacement at 10 min intervals in two individuals for three of 

the four study species. Due to limited availability of potentiometers and the similarity between 

Banksia species, only Banksia menziesii individuals were instrumented with dendrometers. 

Measurements of displacement were averaged hourly.  

 

3.2.5  Statistical analyses 

Tests for differences between species where made by analysis of variance (ANOVA) and t-tests. 

Homogeneity of variance among groups was examined with Levene’s tests and residuals were 

analysed using Shapiro-Wilk tests to ensure normality. Results were considered significant if P ≤ 

0.05 and statistical analyses were performed using OriginPro (OriginPro, 2018) and R (R Core Team, 

2018). 
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3.3  RESULTS 

Overall, the two Banksia species showed similar diurnal patterns of gas exchange rates and changes 

in leaf water potential. At the leaf-level, Banksia species showed higher gs throughout the day which, 

in turn, led to higher Asat and E when compared to A. fraseriana and E. marginata, especially in the 

early morning. The two Banksia species also showed higher Kplant than the other two study species, 

but A. fraseriana and E. marginata exhibited the highest sap flow velocities. Diurnal stem swelling 

and shrinking dynamics were similar for A. fraseriana and E. marginata, but much smaller for B. 

menziesii. Trees instrumented in this experiment did not experience extreme late summer conditions 

due to an anomalous rainfall event of c. 100 mm 6 weeks before the measurement campaign, and 

temperature and vapour pressure deficit were moderately high. Nevertheless, these were still fairly 

challenging summer conditions. Further details of the daily patterns of water use and movement for 

each study species are summarised in the following paragraphs. 

 

3.3.1  Leaf water potential 

Weather conditions during measurements were sunny but relatively cool for a late summer day. 

Between the start and end of the gas exchange measurements (c. 7:30 to 18:00, local time) air 

temperature varied between 11.7 and 23.8 °C, VPD from 0.30 to 1.65 kPa and solar radiation from 

about 150 to 900 W m-2 (Fig. 1A and 1B). The study species exhibited similar pd and also leaf 

variation over the course of the day, except for E. marginata (Fig. 2A, 2B, Table S2). Species pd 

were: -0.56 ± 0.13, -0.43 ± 0.02, -0.35 ± 0.14 and -1.40 ± 0.09 MPa for A. fraseriana, B. attenuata, 

B. menziesii and E. marginata, respectively. With the exception of B. menziesii, species’  leaf 

continued to decline even after temperature and VPD peaked, reaching minima shortly after 14:00 

(Fig. 2A and 2B). In contrast, the leaf of Banksia menziesii did not significantly decrease after 10:00. 

(Fig. 3A). E. marginata showed the lowest pd (Fig. 2A) and the greatest reduction in leaf over the 

course of the day (Fig. 2B), thus reaching the lowest daily minimum leaf water potential (leaf min). 

Values of leaf min were: -1.95 ± 0.16, -1.56 ± 0.26, -1.48 ± 0.14 and -3.27 ± 0.14 MPa for A. 
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fraseriana, B. attenuata, B. menziesii and E. marginata, respectively. In the late afternoon, all species 

showed recovery of leaf, reaching leaf values comparable to those observed at 8:00 (Fig. 2A and 

2B).  

A

 

B

 

Figure 1.  Diurnal course of mean air temperature (dashed line) and vapour pressure deficit (solid 

line; A) and solar radiation (B) on 28th March 2018 at the Kings Park bushland. The grey 

bar represents the diurnal measurement interval. Weather data was obtained from the 

nearby Department of Agriculture and Food weather station (ID: BG001 - 

ASWWSTNBG001) at the Kings Park grounds. Observations were logged at 1 min 

intervals and data was averaged to 10 min intervals. 

A

 

B

  

Figure 2.  Diurnal course of leaf water potential (leaf), A; the difference between pre-dawn and 

leaf water potential (pd – leaf); B. In A the measurement at the first time point (no 

grey bar) represents the pre-dawn water potential (06:00, local time). Grey bars 

represent each measurement round (1 - 5 rounds). Points represent means, bars are 

standard errors (n = 4).  
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3.3.2  Gas exchange and apparent whole-plant hydraulic conductance 

All species showed the highest gs during the first measurement round (Fig. 3B, Table S3). At round 

one (c. 8:00 local time), B. attenuata and B. menziesii exhibited the highest gs among the study 

species (161 ± 39 and 212 ± 35 mmol m-2 s-1, respectively) followed by E. marginata (70 ± 14 mmol 

m-2 s-1), and A. fraseriana (37 ± 11 mmol m-2 s-1). Asat and E were closely coupled with gs as expected 

(Fig. 3A, 3C). As such, all species showed higher Asat and E also at the first round of measurements, 

mirroring gs results. Banksia species, and to some extent E. marginata, also exhibited a clear decline 

in Asat and E as the day progressed while A. fraseriana showed no significant difference in gas 

exchange rates over the course of the diurnal measurements (Fig. 3, Table S3). Due to a relatively 

high transpiration rate combined with a modest hydraulic gradient (leaf - pd), estimates of whole-

plant hydraulic conductance, Kplant, were highest for the two Banksia species (Fig. 3D). Maximum 

Kplant were: 0.53 ± 0.11, 2.72 ± 0.75, 2.80 ± 0.69 and 0.60 ± 0.16 mmol m-2 s-1 MPa-1 for A. 

fraseriana, B. attenuata, B. menziesii and E. marginata, respectively. Kplant declined towards midday, 

especially for the Banksia species, and then increased again for the Banksia species but not for A. 

fraseriana and E. marginata (Fig. 3D, Table S3).  
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A

 

B

 

C

 

D

 

Figure 3. Diurnal course of net photosynthesis at saturating light intensity (Asat; A), stomatal 
conductance (gs; B), transpiration rate (E; C), and apparent whole plant hydraulic 
conductance (Kplant; D) of the study species in the Kings Park bushland. Grey bars 
represent each measurement round (1 - 5 rounds). Points represent means, bars are 
standard errors (n = 4). Apparent whole plant hydraulic conductance was estimated 
from E / (pd – leaf) for each measurement round. Transpiration rates (E) used to 

estimate Kplant were obtained from the gas exchange system.  

 

 

3.3.3  Sap flow and stem diameter change  

Diurnal sap flow velocities followed the daily course of solar radiation, temperature and VPD, but 

interestingly, did not correspond well with leaf-level transpiration rates. After sap movement peaked 
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in the morning, Banksia species exhibited significantly lower sap flow velocities than A. fraseriana 

and E. marginata whilst B. attenuata had the lowest sap velocities among the study species (Fig. 

4A). E. marginata and A. fraseriana had higher maximum sap flow velocities than the two Banksia 

species (Fig. 4A). Moreover, A. fraseriana was the species in which sap flow peaked the latest during 

the day and was somewhat slower in returning to baseline sap flow velocities at the end of the day 

(Fig. 4A, 4B). Although sap flow movement was reduced as the day progressed and, after the sunset, 

sap flow velocities continued to decline with Banksia species showing a faster reduction in sap 

movement than A. fraseriana and E. marginata which, in turn, sustained slightly higher sap velocities 

after 19:00 (Fig. 4A and 4B). 

The changes in the diameter of stems were appreciably larger in A. fraseriana (16.8 µm) and E. 

marginata (17.1 µm) than in B. menziesii (4.5 µm; Fig. 4C, 4D). Stem diameters peaked at c. 8:00 

in all three species. Interestingly, these peak values were reached well after sap flow accelerated, 

roughly coinciding with the moment that sap flow velocities had reached half of their peak values. 

The dynamic relationship between stem diameter and sap flow is shown in Fig. 4D. In all three 

species, stem diameter decreased most rapidly during the morning hours when sap flow rates were 

highest, then stabilised during late afternoon when sap flow rates decreased, followed by a gradual 

recovery. Interestingly, most of the decreases in stem diameter, in all three species, happened after 

leaf water potentials had experienced their greatest drop; stem diameters did not start increasing 

again during the light period, even though transpiration rates were low and water potentials 

recovered in the late afternoon (Fig. 4E).  
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Figure 4.  Diurnal course of sap flow velocity (A), the sap flow velocity as a proportion of the daily 

maximum (B), the daily stem diameter displacement (C), the relationship between 

diurnal stem diameter displacement and sap flow velocities (D) and the relationship 

between stem diameter displacement and the respective change in leaf water potential 

over the diurnal course of measurements (E) for the study species in the Kings Park 

bushland. In A, solid lines represent hourly mean sap flow velocities and the shaded 

area standard errors (n = 4). In E, the circles represent pd with the arrows indicating 

the changes in leaf and corresponding stem diameter displacement over the course of 

the day. The colour gradient of the arrows depicts transpiration rates (E, mmol m-2 s-1) 

for each measurement round, relative to the daily maximum for each study species. Note 

that in the in C, D and E there is no data for Banksia attenuata as the individuals of this 

species were not instrumented with linear transducer dendrometers (see methods 

section). 

 

3.4  DISCUSSION 

All study species showed significantly higher gas exchange rates during early morning, c. 7:30, with 

the exception of A. fraseriana which did not exhibit a marked diurnal variation. This early water loss 

caused leaf water potentials to decline and thus water potential gradients to develop within the 

water transport system. The tension generated through increasing water potential gradients was 

then transmitted along the hydraulic pathway generating shrinkage of plant stems. As the day 

progressed and temperature and VPD increased, transpiration decreased but water potentials and 

stem diameter did not show evidence of recovery until late in the afternoon, particularly for 

anisohydric species. Banksia stems shrank less than A. fraseriana and E. marginata, presumably 

because their drop in water potential was smaller and possibly also due to their higher Kplant which 

allowed sustained water flow through the tree despite the small hydraulic gradient.  

 

3.4.1  Diurnal patterns of water use: isohydric x anisohydric strategies 

While all four tree species were still able to take up water and achieve significant gas exchange, 

there were clear differences in the dynamics of water relations throughout the day. The build-up of 

water potential gradients between plant tissues owing to transpiration promotes the movement of 

water up to the leaves as well as radially through plant stems (Zweifel et al., 2001; Sevanto et al., 
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2002; Hölttä et al., 2006). It is well established that variation in stem diameter is a consequence of 

(1) irreversible expansion (i.e. growth), (2) reversible shrinkage and swelling owing to changes in 

internal water status of elastic and non-elastic tissues and (3) thermal expansion (Klepper et al., 

1971; Kozlowski, 1972; Simonneau et al., 1993). Due to the short timeframe of this study, we argue 

that growth (1) is negligible and thermal expansion (3) would be too similar for the three species to 

account for the large differences observed. Consequently, the use of internally stored water 

(capacitance) is likely responsible for a marked diurnal pattern of stem diameter shrinkage/swelling 

in the study species (Simonneau et al., 1993; Irvine & Grace, 1997). Indeed, the use of transient 

water sources within the plant water transport pathway would help the study species maintain leaf, 

 gradients, and presumably xylem within physiologically operational thresholds (Oliveras et al., 

2003; Meinzer et al., 2010). Accordingly, we anticipated a degree of daily variation in stem diameter 

for all study species and hypothesised that more anisohydric species (i.e. A. fraseriana and E. 

marginata) would show higher reliance on plant-stored water than more isohydric species (i.e. B. 

attenuata and B. menziesii) which are known to exhibit higher dependence on soil-stored water 

(Chapter 2). Aligned with our expectations, A. fraseriana and E. marginata displayed larger daily 

stem diameter changes and would therefore appear to have used a larger volume of plant-stored 

water than B. menziesii (Fig. 4).  

It seems likely that the reversible diurnal expansion and contraction of stem diameter observed here 

can be largely attributed to changes in hydration of living/elastic and dead/non-elastic plant tissues 

(Simonneau et al., 1993; Herzog et al., 1995; Zweifel et al., 2001). We suggest that the results 

observed for B. menziesii may relate to the ability of its deep roots to sustain uptake of water from 

a greater depth in the vadose zone (Burgess et al., 2000; Zencich et al., 2002; Canham et al., 2009, 

2012). Moreover, access to soil-stored water in deeper soil layers could also support a higher plant 

water status during such conditions. Such behaviour has been previously reported for Banksia 

species (Zencich et al., 2002). Unlike roots occupying upper soil horizons, deep tap roots and sinker 

roots are buffered from evaporation during summer. Moreover, an unusual large rainfall event 6 

weeks before this study might have allowed for the recharge of soil-stored water at greater depths. 
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A significant volume of water infiltrated the soil profile as more than 100 mm of rainfall fell during 

two days in mid-February (BOM, 2019). Therefore, species with long tap roots, like B. menziesii, 

likely benefited from the infiltration of water to deeper layers of the soil. E. marginata has also been 

reported to have deep root systems (Dell et al., 1983; Crombie, 1992), but these findings are for 

lateritic soils; it is possible that its root system is less deep in the sandy soils of the study site. 

Shallower roots at lower soil water content would explain the lower water potentials of this species, 

however water uptake can be sustained due to the ability of the species to operate at low leaf water 

potentials (Chapter 2). Moreover, the larger stem diameter variation observed for E. marginata and 

also A. fraseriana, suggest that these species might use internal capacitances to prevent water 

potentials from exceeding thresholds, and this might also relate to the narrow safety margins 

observed in these species (Chapter 2). 

An alternative explanation for the species contrasts in stem diameter displacement observed could 

arise from differences in anatomy and the position of the displacement transducer on plant stems. 

For our measurements, bark and living tissues outside the xylem were removed, and the 

dendrometer was touching the outmost parenchymatous layer of the xylem. Due to equipment 

constraints, over-bark diameter changes could not be monitored and thus, this dimension of the 

stem variation was not considered in this study. However, Sevanto et al. (2011) highlighted that 

water flow between xylem and phloem should be considered when determining daily patterns of 

stem diameter change, as tissues’ specific elasticity and thickness as well as the conductance 

between xylem and phloem can lead to substantial variations in the amplitude of stem 

expansion/contraction. As such, if B. menziesii has a thicker and more elastic bark/phloem and the 

movement of water between these tissues has a relative higher importance to the daily variation in 

shrinkage and swelling of the stem, the results presented here might have underestimated the role 

of internal capacitances in B. menziesii. In fact, species-specific features of sapwood anatomy and 

hence intrinsic sapwood elasticity could also help explain the patterns of daily stem diameter 

displacement in the study species. Moreover, contrasts in the hydraulic architecture (e.g. 

sapwood:leaf area ratio, root/shoot biomass allocation) must also be considered; for example, the 
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higher Kplant for B. menziesii may be due to a larger sapwood to leaf area ratio which could mean 

that leaf demand for sapwood-stored water would be relatively smaller. Lastly, capacitance may 

reside in tissues that have little effect on stem diameter, e.g. radially oriented Banksia wood rays or 

even belowground, e.g. large lateral roots, taproot. Therefore, we propose that future research 

should investigate the role of above- and belowground capacitance whilst considering under and 

over-bark stem diameter measurements. 

Another key point relevant to the diurnal differences in water relations observed here is the link 

between anisohydric and isohydric hydraulic strategies and the safety-efficiency trade-off (Vogt, 

2001; Oliveras et al., 2003; Meinzer et al., 2010; Köcher et al., 2013). Plant species that can maintain 

physiological function at more negative  thresholds (e.g. less cavitation, lower turgor loss point) 

must invest in a resistant/safe hydraulic system (xylem) or might utilise stored water (capacitance, 

mostly in stem/roots) to avoid damaging tension to develop within the water transport system 

(Hacke et al., 2006; Loepfe et al., 2007; Scholz et al., 2011). On the other hand, plant species that 

experience rapid loss of physiological function at less negative  thresholds might rely on soils with 

relatively high water potential and/or access to soil water stored at depth and exhibiting relatively 

less reliance on plant-stored water, arguably due to a more efficient hydraulic system e.g. higher 

hydraulic conductance, wider conduits (Scholz et al., 2011). There is evidence that Banksia species 

show a more isohydric behaviour whereas A. fraseriana and E. marginata are more anisohydric 

(Chapter 2) and hence the results obtained here also appear to reflect the safety-efficiency trade-

off. In this study, more anisohydric species exhibit a safer hydraulic system, withstanding greater 

tensions and utilising internal capacitances to buffer large water potential drops, while more 

isohydric species seem to maintain higher plant water status through rapid/strong stomatal 

regulation and access to water at deeper soil layers. Thus, we suggest that A. fraseriana and E. 

marginata invest more in the structural attributes of the water transport system, tolerating a greater 

degree of tension and consequently allowing larger  gradients which can be buffered with their 

higher capacitance. In contrast, B. attenuata and B. menziesii might exhibit a more efficient 

conducting system that constrains water loss via stomatal control and make use of soil-stored water 
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at greater soil depth allowing for the maintenance of a higher plant water status. Although stem 

diameter variation did not indicate greater capacitance in more isohydric species, water stored in 

roots and redistribution of water from deeper soil layers (Dawson & Pate, 1996) might also play a 

significant role for the maintenance of plant water status at the end of summer, and future research 

should consider such mechanisms. 

 

3.4.2  Diurnal patterns of gas exchange 

Gas exchange, leaf, and Kplant results indicate that B. attenuata and B. menziesii limited the build-

up of large  gradients and thus, prevented the development of potentially damaging tensions in 

the water transport system. Under reduced water availability and high evaporative demand, as is 

the case in this study, species with more conservative water use strategies are likely to exhibit high 

morning and afternoon rates of gas exchange with marked midday depression (Eamus & Cole, 1997; 

Prior et al., 1997). This observation agrees with our leaf-level gas exchange results for both Banksia 

species (Fig. 3). Stomatal conductance and thus Asat and E vary diurnally with environmental 

pressures (e.g. solar radiation, VPD), and the decline in plant water status from the pre-dawn 

maximum to the midday/afternoon minimum reduce gas exchanges rates more strongly in water 

conserving species. Here, the significant decline in gs, Asat, and E with declining leaf in more isohydric 

species clearly exemplified this mechanism when comparing gas exchange rates and the diurnal 

course of leaf with the more drought tolerant species, A. fraseriana and E. marginata.  

E. marginata showed a substantial reduction in gs towards midday but leaf continued to decline as 

the day progressed. A. fraseriana in turn, exhibited the lowest but constant leaf-level gs throughout 

the day whilst allowing leaf to also decline. In contrast, the Banksia species prevented reductions 

in leaf by strongly reducing gs and thus E at midday, consequently reducing excessive water loss 

during the most water-demanding period of the day (e.g. higher solar irradiance and VPD). The 

midday reduction of E is much greater than that of the sap flow velocities in theBanksia species, 

suggesting that the water potential gradients developed during the morning were being relieved by 
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the sustained sap flow. This is consistent with the relatively small shrinkage of B. menziesii stem 

diameter between 10:00 - 12:00 which coincided with peak sap flow velocities and leaf min and also 

evident by the diurnal pattern of leaf. Furthermore, higher morning and afternoon Kplant observed 

for both Banksia species support the proposition that this species exhibit a more efficient hydraulic 

systems, seen in the framework of the safety-efficiency trade-off. As such, it seems likely that 

isohydric species can sustain relatively high sap flow movement while reducing water loss and  

gradients/tension within the water transport pathway. The large drop and recovery of Kplant in the 

Banksia species, before and after midday respectively, suggests a temporary loss of xylem 

functionality somewhere in the plant. Considering, however, that leaf-level transpiration and plant-

level sap flow show different diurnal patterns, the dynamics of Kplant should be interpreted with 

caution. Further research on flow patterns and hydraulic gradients within trees, including tissues 

that store water, are recommended to elucidate Banksia water relations. 

 

3.5  CONCLUSION 

This study contributes to observations that more isohydric species have higher gas exchange in the 

early morning and late afternoon while reducing water loss by controlling stomatal conductance and 

hence plant water status during the more water demanding period of the day. Specifically, the two 

Banksia species showed higher plant water status than E. marginata and A. fraseriana, represented 

here by leaf min and the daily pattern of leaf, whilst exhibiting higher leaf-level gas exchange 

throughout the day. In contrast, anisohydric species showed a less strict control of plant water status 

which in turn led to more negative pd and leaf min. Daily stem diameter change combined with sap 

flow velocities and the diurnal course of leaf were not conclusive regarding the use of stored water 

in anisohydric versus isohydric species, even with clearly distinct diurnal patterns. A. fraseriana and 

E. marginata exhibited the largest daily variation in diameter at the base of the stem when compared 

to the more conservative species, B. menziesii. Our results suggest greater reliance of B. menziesii 

on its deep tap roots which could supply enough water to its transpiring canopy, particularly after 
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an unusual rainfall event early in the dry season. Moreover, B. menziesii reliance on its root system 

might include aspects like a greater belowground capacitance and hydraulic lift. 

This study improves the understanding of daily patterns of tree water use in seasonally dry 

ecosystems. The results presented here support the view that the continuum of plant water status 

regulation strategies can be seen in the framework of a safety-efficiency trade-off. Furthermore, in 

co-occurring species that evolved in a climate with marked seasonality, distinct hydraulic strategies 

lead to contrasting diurnal patterns of water use. To complement our measurements of diurnal 

changes in stem diameter under bark, future research should consider root hydraulic architecture, 

time lags and the simultaneous observation of swelling/shrinkage in upper branches and woody 

roots to improve our understanding of whole-tree hydraulic architecture and its implications for the 

dynamics of water flow and water status in water limited environments. Lastly, this study provides 

the first report of daily water use patterns in tree canopy species of Banksia woodlands, a threatened 

plant community in the SWAFR.  
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SUPPLEMENTARY MATERIAL 

Table S1. Average stem diameter at breast height (DBH, cm), sapwood depth (SD, cm), sapwood 

cross sectional area (SA, cm2) and proportion of sapwood to total stem cross sectional area (SA:Stotal) 

of the study the study trees (mean ± SE, n = 2-4). 

Species DBH (cm) SD (cm) SA (cm2) SA:Stotal 

A. fraseriana 14.70 ± 1.41 1.69 ± 0.05 68.31 ± 6.36 0.41 ± 0.07 

B. menziesii 16.15 ± 1.71 1.80 ± 0.09 72.20 ± 5.96 0.38 ± 0.06 

E. marginata 19.10 ± 1.09 1.54 ± 0.04 80.94 ± 3.34 0.28 ± 0.03 

 

Table S2. Pre-dawn leaf water potential (pd), daily minimum leaf water potential (leaf min) and the 

difference between pre-dawn and the minimum leaf water potential (pd - leaf min) of the four study 

species (mean ± SE, n = 4).  

 pd leaf min pd - leaf min 

A. fraseriana -0.56 ± 0.13 -1.95 ± 0.16 1.41 ± 0.12 

B. attenuata -0.43 ± 0.02 -1.56 ± 0.26 1.13 ± 0.25 

B. menziesii -0.35 ± 0.14 -1.48 ± 0.14  1.13 ± 0.27 

E. marginata -1.40 ± 0.09  -3.27 ± 0.14  1.86 ± 0.16 
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Table S1. Results from general linear models testing for differences the measurement rounds along the diurnal course of the day for each species. 

Leaf water potential (leaf; MPa), net photosynthesis at saturating light intensity (Asat; mol CO2 m-2 s-1), stomatal conductance (gs; mmol H2O m-2 s-

1), transpiration rate (E; mmol H2O m-2 s-1) and whole plant hydraulic conductance (Kplant; mmol H2O m-2 s-1 MPa-1). Significant values (p ≤ 0.05) are 

given in bold. 

Species 
leaf Asat gs E Kplant 

  value t-value    value   t-value value t-value value t-value value t-value 

A. fraseriana           

intercept -1.23±0.12 9.91 2.75±0.86 3.17 37.78±12.28 3.07 0.40±0.09 4.37 0.61±0.14 6.02 

8:00-10:00  -0.46±0.15 2.96 0.19±1.52 0.12 -0.17±15.48 -0.01 0.13±0.12 -1.08 -0.13±0.19 -0.70 

10:00-12:00 -0.50±0.17 2.87 -0.34±1.02 -0.33 -18.71±12.45 -1.50 -0.04±0.12 -0.38 -0.30±0.14 -2.07 

12:00-14:00 -0.73±0.17 4.11 -0.25±1.12 -0.22 -15.32±12.82 -1.19 0.07±0.13 -0.52 -0.27±0.15 -1.81 

14:00-17:00  -0.24±0.17 1.37 -0.50±1.01 -0.50 -18.32±12.58 -1.45 -0.05±0.12 -0.42 -0.23±0.15 -1.53 

B. attenuata           

intercept -0.87±0.18 4.83 12.00±1.66 7.22 161.91±49.39 3.27 1.43±0.31 4.52 3.93±0.74 5.27 

8:00-10:00  -0.58±0.22 2.59 -2.67±1.50 -1.77 -74.06±44.40 -1.66 -0.33±0.32 -1.04 -2.50±1.26 -1.97 

10:00-12:00 -0.63±0.25 2.47 -6.00±1.68 -3.55 -119.37±48.47 -2.46 -0.70±0.33 -2.08 -3.27±0.94 -3.45 

12:00-14:00 -0.68±0.26 2.61 -5.55±1.83 -3.02 -114.20±49.64 -2.30 -0.44±0.37 -1.17 -2.91±1.09 -2.70 

14:00-17:00  0.06±0.25 -0.24 -7.75±1.78 -4.34 -127.72±49.63 -2.57 -0.85±0.33 -2.51 -0.83±1.03 -0.80 

B. menziesii           

intercept -0.87±0.16 5.28 13.61±2.03 6.67 212.00±54.3 3.85 1.55±0.25 6.11 4.07±0.75 5.42 

8:00-10:00  -0.61±0.22 2.70 -2.70±2.61 -1.15 -93.43±51.37 -1.81 -0.30±0.30 -1.01 -2.85±0.86 -3.30 

10:00-12:00 -0.58±0.25 2.28 -5.56±3.58 -1.55 -109.30±61.79 -1.76 -0.56±0.46 -1.20 -3.35±0.75 -4.46 

12:00-14:00 -0.38±0.25 1.52 -4.65±3.51 -1.32 -123.82±64.63 -1.88 -0.28±0.39 -0.73 -2.61±0.81 -3.21 

14:00-17:00  0.03±0.23 -0.13 -5.33±3.85 -1.38 -124.51±67.83 -1.83 -0.50±0.48 -1.04 -1.22±0.92 -1.32 

E. marginata           

intercept -2.46±0.11 20.52 7.43±1.37 5.42 70.97±15.29 4.98 0.73±0.13 5.55 0.74±0.19 3.91 

8:00-10:00  -0.35±0.14 2.37 -3.99±1.45 -2.74 -44.04±15.09 -2.60 -0.34±0.14 -2.39 -0.45±0.18 -2.49 

10:00-12:00 -0.48±0.16 2.98 -5.09±1.43 -3.55 -52.75±15.48 -3.60 -0.41±0.14 -2.86 -0.51±0.19 -2.67 

12:00-14:00 -0.81±0.16 4.88 -4.62±1.46 -3.16 -49.40±15.72 -3.36 -0.29±0.15 -1.89 -0.48±0.19 -2.45 

14:00-17:00  -0.10±0.16 0.59 -5.71±1.40 -4.06 -58.71±15.41 -3.93 -0.51±0.13 -3.69 -0.52±0.19 -2.68 
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Contrasting physiological responses to combined heat and drought stress in three co-

occurring tree species from a Mediterranean-type climate 

ABSTRACT 

• Widespread tree mortality events have affected plant communities from boreal to tropical 

ecosystems. The increasing combination of more frequent and extreme droughts with acute high 

temperature periods (i.e. heatwaves) is often linked to such tree die-off events. Woodlands of 

south-western Australia are predicted to increasingly experience severe rainfall deficit and 

recurring periods of temperature extremes, posing a great threat to the vulnerable highly diverse 

plant communities in the region. 

• We monitored leaf gas exchange, dark-adapted respiration (RD) and the integrity of photosystem 

II (PSII) in three tree species exposed to combined drought and a four-day heatwave treatment 

(an increase from 30 to 40 °C) in a pot experiment in a controlled environment. We investigated 

if species with distinct hydraulic strategies would respond differently to either stress alone (i.e. 

drought or heat) and their combination, providing further information on the strategies of plant 

species to survive under hotter and drier climates.   

• Drought stress affected leaf gas exchange negatively in all three species, mainly through reduced 

stomatal conductance (gs) whilst heat reduced photosynthesis (Asat) in Banksia attenuata and 

Corymbia calophylla but increased that of Allocasuariana fraseriana. Under drought, tighter 

control of gs in B. attenuata and C. calophylla reduced the evaporative cooling effect of 

transpiration in heat exposed leaves, which led to leaf temperatures increasing well above air 

temperatures. All species showed increased RD under heat and reversible damage to the PSII but 

no marked differences due to drought. 

• The responses to drought, heat and their combination differed between our study species. The 

results obtained here indicate that A. fraseriana was most tolerant to high temperatures, while 

B. attenuata and C. calophylla were greatly affected by the drought treatment via partial stomatal 

closure. When also exposed to heat, these species exhibited further physiological impairment and 

increasing damage to the photosynthetic apparatus. Plants recovered well from the relatively 

moderate stress levels in this experiment, but more intense and/or more prolonged stress is likely 

to cause severe and lasting impacts on B. attenuata and C. calophylla. 

Key words: photosynthesis, heatwave, stomatal conductance, leaf gas exchange, dark respiration, 

stomatal limitation, climate change  
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4.1  INTRODUCTION 

Globally, the combination of drought and heatwave events is increasingly recognized as an important 

driver of widespread forest decline and tree mortality events (Breshears et al., 2013; Eamus et al., 

2013; Mitchell et al., 2014a; Ruehr et al., 2014). Observations and model predictions also suggest 

that drought and atmospheric warming events will increase in frequency, duration and severity 

(Perkins et al., 2012; Dai, 2013), likely amplifying the current reported impacts on forests. Forests, 

here defined to include woodlands and savannas (as in Allen et al., 2015), cover approximately 30% 

of the global land surface (Food and Agriculture Organization of the United Nations, 2017), capture 

over 25% of the anthropogenic emitted CO2 (Pan et al., 2011; Quéré et al., 2016) every year, and 

provide essential ecosystem services to the human population (e.g. wood/timber, soil/watershed 

protection, bio-energy production, tourism, etc) (Bonan, 2008). Thus, understanding the 

consequences of these extreme, and potentially compounding, climate events (i.e. drought and heat 

in combination) and the mechanisms behind widespread tree mortality in terrestrial ecosystems is 

imperative. 

Global analyses of forest decline suggest that a wide range of forests types are susceptible to periods 

of acute temperature increase and severe water deficit (Allen et al., 2010, 2015; Choat et al., 2012; 

Mitchell et al., 2013). Widespread mortality events have been reported across several biomes, from 

tropical to boreal forests (Mantgem et al., 2009; Phillips et al., 2010; Peng et al., 2011). In Australia, 

the structure and floristic composition of forest ecosystems are strongly influenced by large climatic 

variability and recurring drought and heatwave events (Mitchell et al., 2014b; Perkins et al., 2015). 

For example, recent drought-related forest die-off events observed in south-western Western 

Australia (SWWA) occurred when air temperature was above the long-term mean and there were 

recurring heatwaves (Matusick et al., 2013; Evans et al., 2013; Bader et al., 2014; Challis et al., 

2016). Further declines in precipitation (Bates et al., 2008) and more frequent and extreme 

atmosphere warming (Andrys et al., 2017) are predicted for SWWA which may increase the risk of 

further tree mortality events and forest decline in the region. 
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Observational and experimental studies, supported by model predictions, indicate that mortality rates 

vary among species and/or plant functional types (PFTs) (Pook et al., 1966; Breshears et al., 2005; 

Fensham & Fairfax, 2007; Lin et al., 2015), pointing to significant differences in drought and heat 

stress avoidance/mitigation strategies among co-occurring species. As such, species-specific health 

decline and mortality events must mean that certain strategies are linked to enhanced susceptibility 

to drought stress and consequently to mortality.  The diversity of strategies is related to intrinsic 

species-specific characteristics to withstand such stresses, as well as environmental attributes such 

as soil hydraulic properties, soil moisture and solar radiation. In SWWA, plant species have a wide 

range of adaptations, including sclerophyllous leaves, sunken/cryptic stomata, dimorphic root 

systems, and resprouting ability, to cope with environmental/climatic pressures (Lambers et al., 

2008). Despite these adaptations, plant communities of SWWA are threatened by climate change. 

For example, widespread tree decline has been observed in eucalypt-dominated forest (Matusick et 

al., 2012; Brouwers et al., 2013; Poot & Veneklaas, 2013; Evans et al., 2013) and a substantial change 

in the vegetation structure of a Banksia woodland community in SWWA has been reported between 

1939 to 1999 (Crosti et al., 2007). The causes of those changes are not well known, but extreme 

climatic events and variability are consistent with recent tree decline and mortality events in the 

region (Evans & Lyons, 2013; Hoffmann et al., 2019). Additionally, SWWA is a fire prone region and 

thus, altered fire regimes can also cause plant community changes (Fisher et al., 2009), and can 

interact in complex ways with climate change. 

Photosynthesis (A) is highly sensitive to temperature (Berry & Bjorkman, 1980). High temperatures 

can lead to direct and indirect impairment of photosynthetic processes. Indirectly, high temperatures 

can increase transpiration rates as a result of larger leaf-to-air vapour pressure deficits (VPDs) (Drake 

et al., 2018). Large VPDs and greater water loss can induce stomatal closure, directly or as a result 

of poor water status (Buckley, 2005). Reduced stomatal conductance, in turn, leads to a reduction in 

leaf internal [CO2] and, consequently, lower A (Flexas et al., 2002, 2008). Direct impairment of A is 

related to negative effects of the heat on the photochemistry of A due to the particularly high 
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sensitivity of thylakoid membranes and the electron transport chain (mostly photosystem II; PSII), 

to increased temperatures (O’sullivan et al., 2013). Heat stress leads to a reduction in the capacity of 

the chloroplasts to carry out electron transport at efficient rates, quickly down-regulating the content 

of ribulose 1,5-biphosphate (RuBP) and consequently deactivating Rubisco, ribulose 1,5-biphosphate 

carboxylase/oxygenase (Rennenberg et al., 2006). High temperatures also favour O2 over CO2 as a 

substrate for Rubisco leading to increased rates of photorespiration and decreased CO2 fixation 

(Spreitzer & Salvucci, 2002; Rennenberg et al., 2006).  

Similarly to A, leaf dark respiration (RD) is also sensitive to changes in temperature (Clark & Menary, 

1980; Heskel et al., 2016). RD shows markedly different responses to short and long-term changes in 

temperature (Atkin & Tjoelker, 2003). Over the short-term (i.e. minutes-hours), exposure to high 

temperatures leads to increased RD (Teskey et al., 2015). Long-term exposure to high temperatures 

frequently leads to identical RD if increased temperatures are sustained at the new growth condition 

(Atkin & Tjoelker, 2003; Zaragoza-Castells et al., 2007). Wright et al. (2006) reported a wide variation 

in RD spanning 208 woody species from 20 distinct sites. Broadly, species from higher-irradiance, 

drier and warmer sites showed higher mean RD, when measured at their habitat’s ambient 

temperature, than species from more mesic, colder sites (Wright et al., 2006). Moreover, RD is known 

to scale with temperature with a Q10 (i.e. the proportional change in respiration per 10 °C temperature 

rise) ranging between 2.0-2.3 (Tjoelker et al., 2001). However, this range of Q10 is limited to 

temperatures between 15 and 25 °C (Atkin et al., 2005b) and is known to deviate from 2.0-2.3 

depending on measurement temperature conditions, within and between species/PFTs and 

environmental conditions (Tjoelker et al., 2001; Atkin, 2005; Slot & Kitajima, 2015; Atkin et al., 2015). 

For example, Q10 can decline with increasing temperatures, and was reported to be higher in winter 

and autumn than in summer as well as higher in species from temperate/arctic climates than those 

from tropical and arid systems (Atkin et al., 2000, 2015). Besides responding to the period of exposure 

to heat, RD is also affected by the degree of exposure to high temperatures. As temperature increases, 

faster protein turnover and higher enzymatic activity increase respiration rates (Sharkey, 2005; 
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O’sullivan et al., 2017), however with longer exposure and/or further temperature increase, 

respiratory processes are impaired due to substrate limitation (e.g. ATP concentration, ubiquinone, 

ADP, adenylates), protein denaturisation and leakier, more fluid cell membranes (Hazel, 1995; Atkin 

et al., 2005a; Slot & Kitajima, 2015).  

Drought is another important factor driving changes in A and RD. While there is consensus on the 

effects of drought on A, responses of RD to water-stress are variable (Flexas et al., 2006; Atkin & 

Macherel, 2009). Drought decreases A as stomata close and this reduction is largely attributed to 

reduced CO2 availability in the leaf mesophyll as diffusion resistance to CO2 increases. Stomatal 

closure is one of the first physiological responses to drought (Chaves, 1991; Cornic, 2000; Flexas et 

al., 2006). A impairment under drought can also result from the inhibition of CO2 metabolism (e.g. 

decreased ATP synthesis, reduced Rubisco activity/content) via non-stomatal limitations (Keck & 

Boyer, 1974; Tezara et al., 1999; Parry et al., 2002; Galmés et al., 2007; Varone et al., 2012; Feller, 

2016). For example, reduced mesophyll conductance owing to drought will decrease the availability 

of CO2 for A in the chloroplasts further enhancing the limitation of the reduced CO2 diffusivity through 

the stomata (Flexas et al., 2008). In contrast, the effects of water limitation on RD are not conclusive 

(Atkin et al., 2015). Most studies indicate that during drought RD is reduced (Flexas et al., 2005, 2006; 

Atkin & Macherel, 2009; Crous et al., 2011) which could be a consequence of decreased substrate 

supply to mitochondria due to reduced A, decreased demand for respiratory energy to support cellular 

metabolism and/or reduced mitochondrial abundance, composition and structure (Flexas et al., 2005; 

Atkin & Macherel, 2009; Ayub et al., 2011). However, increased RD due to drought (Bartoli et al., 

2005; Slot et al., 2008) or unchanged RD but higher RD/A ratios have also been reported (Gimeno et 

al., 2010). Thus, while there is general agreement of the effects of reduced water availability on A, it 

remains unclear how drought affects RD, and when combined with the exposure to high temperatures, 

RD responses are yet to be fully realised.  



Chapter 4 

102 
 

Recent research has identified the important interaction between drought and heat stress as one of 

the drivers of forest change (Breshears et al., 2013; Eamus et al., 2013; Allen et al., 2015; Hoffmann 

et al., 2019). Such findings are particularly pertinent in climates like the Mediterranean climate of 

SWWA, where soil water deficits coincide with high summer maximum temperatures, and where 

endemic trees present a wide range of hydraulic strategies (Mitchell et al., 2008; Canham et al., 2009; 

Poot & Veneklaas, 2013). In this study, we aimed to investigate if the combination of drought and a 

4-day heatwave (10 °C warmer than the control conditions) would lead to greater impairment of 

physiological processes than either drought or heat stress by itself. We selected three co-occurring 

tree species with different mechanisms to cope with drought stress (as seen in Chapter 2 and Chapter 

3) and hypothesised that they would respond differently to the combined stress, relating to the 

distinct sensitivity of the photosynthetic apparatus and stomatal control to leaf water status. More 

specifically, we hypothesised that (i) more isohydric species exposed to drought and combined 

drought-heat will show higher leaf temperatures as a consequence of earlier/stronger stomatal 

closure and declining transpiration rates; (ii) species with stricter stomatal control (i.e. more isohydric) 

would experience the greatest reductions in photosynthetic rates and impairment of the 

photosynthetic apparatus from the combination of drought and heatwave as a result of their higher 

leaf temperatures; and (iii) the 4-day heatwave exposure will lead to higher leaf dark respiration in 

all study species. We tested these hypotheses by examining gas exchange, chlorophyll fluorescence 

and leaf temperatures in both drought-stressed and well-watered plants exposed to ambient and 

heatwave temperatures in controlled environments. 

 

4.2  MATERIAL AND METHODS 

4.2.1  Plant material and experimental design 

The experiment was conducted between May and September 2015. Plants of Allocasuarina fraseriana 

(Miq.) L.A.S. Johnson (Casuarinaceae), Banksia attenuata R.Br. (Proteaceae) and Corymbia calophylla 
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(Lindl.) K.D. Hill & L.A.S. Johnson (Myrtaceae) were obtained from the Natural Area Nursery 

(Whiteman, WA, Australia). The seedlings were transplanted into free-draining PVC cylinders (150 

mm diameter x 300 mm height) filled with 4.0 kg of soil mix (river sand 1:2 loamy sand). At the 

bottom of the pots, 1 mm nylon mesh prevented soil loss and 0.7 kg of gravel ensured proper 

drainage. The loamy sand was collected from the University of Western Australia Ridgefield farm 

(West Pingelly, WA, Australia) and both sand and loamy sand were dried and sieved (2 mm mesh 

size) before mixing. The top of the pots was covered with a layer of white plastic beads to reduce soil 

evaporation. After transplanting, seedlings were placed in a glasshouse and watered to field capacity 

for 30 days to facilitate establishment. Several days after being transplanted, each plant was fertilized 

with 200 mg of fertilizer (Poly-Feed GG, Haifa Group, Israel) dissolved in 50 mL of water. During 

establishment, glasshouse temperatures were moderated by automated shade screen on the top of 

the glasshouse and temperature-dependent evaporative cooling. During this period, mean glasshouse 

air temperature was 22 °C, with minimum and maximum 12 °C and 34 °C, respectively.  

Following the establishment period, plants were evaluated for size and visually assessed for vigour 

and leaf colour to ensure even distribution of plant size and health across all treatment groups. 

Treatments were arranged in a complete factorial design with two levels of water availability (well-

watered and drought) versus two levels of heat exposure (ambient and heatwave) versus three plant 

species. The experimental period, summarised in Figure 1C, was carried out in temperature-controlled 

growth chambers. After an acclimation period of 21 days at moderate temperature, during which the 

watering treatments started, half of the plants experienced a 4-day heatwave, with a subsequent 10-

day recovery phase (Fig. 1C). The 30-year montly mean maximum temperature for February (i.e. 

31.9 °C), the hottest month of the year, was used as a baseline to establish the conditions of the 

heatwave treatment. This definition of heatwave in this study is consistent with that of the Bureau of 

Meteorology, namely three or more sequential days of higher maximum and minimum temperatures 

than the long-term average (i.e. 30-year) for this location (BOM, 2014; BOM, 2019). During the 

recovery phase plants were relieved from the heat stress but the watering treatments were sustained 
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over the 10 days. By the end of the recovery period, seedlings were harvested for determination of 

aboveground biomass (leaves and stems) after oven drying for four days at 70 °C. In summary, there 

were four treatments combinations: well-watered at ambient temperature; drought at ambient 

temperature; well-watered subject to a heatwave; drought and subject to a heatwave. There were 

4-6 replicate plants per treatment per species. 

 

4.2.2  Details of treatment conditions 

Ambient temperature in this experiment was defined as a 20/30 °C night/day temperature regime, 

and the heatwave was defined as a 30/40 °C night/day temperature regime. In both cases, 

temperature control was set to automatically increase and decrease temperature at a rate of 1 to 1.5 

°C/hour, until maximum (30 or 40 °C) or minimum (20 or 30 °C) target temperature was achieved 

(see Fig. 1A). These diurnal courses mimic outside patterns of temperature variation and are based 

on long-term averages over 30 years for this location (BOM, 2014; BOM, 2019). Diurnal relative 

humidity and air temperature were continuously monitored during the experiment in both chambers 

using a data logger (QP-6014, Electus, Sydney, Australia). Rising temperature caused increased VPD 

(Fig. 1B) with maximum values of c. 6.2 kPa at 40 °C and c. 4.8 kPa at 30 °C. Well-watered and 

drought treatments were maintained at 13% and 7% volumetric soil water content (SWC), 

respectively. PVC pots were rewatered between 13:00 to 16:00 daily or every second day with the 

amount of water lost via transpiration and evaporation between measurement intervals, as 

determined by pot weighing. During the heatwave, plants were watered every evening between 17:00 

and 19:00.  
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4.2.3 Daytime gas exchange and timing of measurement campaigns 

To determine the effect of the drought and heatwave treatments on leaf level gas exchange, 

physiological measurements were carried out at three times (Fig. 1C): (i) just before transfer to the 

heatwave and ambient treatments; (ii) on day 4 of the heatwave treatment and (iii) 10 days after 

heatwave exposure (recovery). Prior to (i) the heatwave treatment, plants of each species were 

measured to determine stomatal conductance (gs), transpiration (E) and net photosynthesis at 

saturating light intensity (Asat). Mature, undamaged, and sun-exposed leaves were measured using a 

portable infrared photosynthesis system (LI-6400XT, LiCor Biosciences, Lincoln, NE, USA) equipped 

with an LED light source (model 6400-02B) with the leaf cuvette set to the following conditions: 

reference [CO2] of 400 µmol mol-1; photosynthetic photon flux density (PPFD) of 1500 µmol m-2 s-1 

and chamber temperature of 25 °C. Leaf temperatures were also obtained from the gas exchange 

system. With the exception of A. fraseriana, leaf temperatures were obtained from direct 

measurements with the leaf thermocouple in the chamber of the gas exchange system. For A. 

fraseriana, we used the energy balance approach to estimate leaf temperature because good contact 

between the leaf thermocouple and the cladode surface could not be ensured. Thus, for these 

measurements the leaf thermocouple was positioned just below the cladodes. Gas exchange was 

expressed per one-sided leaf area for the flat leaves of B. attenuata, B. menziesii and E. marginata. 

For A. fraseriana, which has cylindrical cladodes, gas exchange was expressed per light-exposed leaf 

surface area, which was taken as L  (d)/2, where d is the diameter of the cladode and L is the 

length of the cladode enclosed within the leaf chamber. 

On the fourth (last) day of the heatwave treatment and at the end of the recovery phase, gas 

exchange measurements were taken between 08:00 and 14:00 at each step increase in temperature, 

i.e. at 20, 22, 25, 28 and 30 °C for plants in ambient temperature and at 30, 32, 35, 38 and 40 °C 

for plants in the heatwave treatment. Gas exchange during the heatwave period was measured as 

described above but the portable infrared photosynthesis system was equipped with a fluorescence 

head (model 6400-40 Leaf Chamber Fluorometer, LiCor Biosciences, Lincoln, NE, USA) instead of the 
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LED source. Chamber temperature was set to match the temperature of the growth chamber at all 

measurement times. Relative humidity was maintained at 50 ± 10%.  

 

4.2.4  Leaf dark respiration and chlorophyll fluorescence 

In addition to the gas exchange measurements described above, leaf dark respiration (RD) and the 

maximum efficiency of photosystem II (chlorophyll fluorescence; Fv/Fm) were also measured on day 

4 of the heatwave and at the end of the recovery phase. At pre-dawn (05:00 to ~06:30) and before 

the onset of the increase in temperature (08:00; at 20 °C and 30 °C in the ambient and heatwave 

treatment, respectively) RD and Fv/Fm were measured on one mature, fully-expanded leaf (or eight 

cladodes in the case of A. fraseriana) in three to four individuals per treatment combination. Similarly, 

after the last light gas exchange measurement (13-14:00; at 30 °C and 40 °C in the ambient and 

heatwave treatment, respectively), the same leaves selected for pre-dawn measurements were re-

measured for RD and Fv/Fm after 30 min of dark-adaptation. RD and Fv/Fm were also determined in 

plants allowed to recover for 10 days, following the same procedure. The values of five readings for 

each leaf were averaged for both RD and Fv/Fm. For the RD measurements, the flow rate was set to 

between 100 and 150 µmol s-1. Lastly, the dark-adaptation period of 30 min was established by 

measuring non-stressed plants at 5 min intervals until Fv/Fm values >0.80 were reached.  

 

4.2.5  Statistical analysis 

Tests for differences between the watering levels, heatwave exposure, periods of stress and recovery 

where done by analysis of variance (ANOVA and t-tests) using R (R Core Team, 2018) and results 

were considered significant if P ≤ 0.05. Gas exchange measurements taken on day 4 of the heatwave 

treatment were analysed as repeated measures with individuals and time of measurement forming 

the error correlation structure using generalised least squares (GLS) models (analysis conducted using 
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the gls function of the nlme R package). Subsequently, we used the Tukey-Kramer post hoc test to 

compare watering levels and heatwave exposure for each species. Data were tested for normality 

(Shapiro-Wilk tests) and homogeneity of variance (Levene’s tests) and log-transformed when 

necessary. Linear relationships between variables were described by standardised major axis (SMA) 

regression using the R package SMATR-3 (Warton et al., 2012).  

 

4.3  RESULTS 

The high temperature and drought stress treatments in this experiment caused significant 

physiological responses in the three species, but A. fraseriana was less affected than B. attenuata 

and C. calophylla. Stomatal responses had an impact on photosynthetic rates, but the heatwave 

treatment also had an impact on photosystem integrity and respiration rates. Moreover, drought 

decreased transpiration, causing increased leaf temperatures. Details of these effects are summarised 

in the following paragraphs. 

 

4.3.1  Photosynthesis (Asat) and stomatal conductance (gs) 

The effects of the experimental drought and heat treatments on gas exchange rates at the end of 

the 4-day heat treatment period varied between species. There was an interaction between the 

watering and heatwave treatments for A. fraseriana (t = 9.33, p < 0.001) and C. calophylla (t = -

3.13, p = 0.002) but only main effects of drought and heat for B. attenuata. For A. fraseriana, the 

interaction was evident as much higher Asat in heatwave plants that were well-watered compared to 

plants in any of the other treatment combinations (Fig. 2A, Table 1). Conversely, the highest Asat for 

C. calophylla were observed in well-watered seedlings at ambient temperature, with no differences 

amongst the other treatments (Fig. 2C, Table 1). In B. attenuata plants exposure to both the 

heatwave treatment and the drought treatment reduced Asat to a similar extent (Fig. 2B, Table 1) 
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with no significant differences amongst the other three treatment combinations. A. fraseriana was 

the exception as the well-watered and heatwave treatment led to the highest Asat. Responses in gs 

were largely similar to those in Asat (Fig. 2D, 2E, 2F). However, only A. fraseriana showed a significant 

interaction between watering levels and heatwave exposure (t = 9.17, p = 0.0014). For C. calophylla 

and B. attenuata only the drought treatment significantly decreased gs (t = 4.68, p < 0.001 and F = 

3.16, p = 0.002, respectively). In A. fraseriana, only heatwave-exposed well-watered plants managed 

to maintain high gs during the measurement period (Fig. 2D) supporting the high Asat observed for 

this treatment combination (Fig. 2A). Overall, gs and Asat were closely correlated in each species, 

supporting a strong influence of gs on Asat in both watering and temperature treatments (Fig. S1). 

Standardised major axis regression analysis revealed that treatments caused significant differences 

between the slopes of the relationship between Asat and gs for B. attenuata and C. calophylla but not 

for A. fraseriana (Fig. S1). 
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A 

 

B 

 
C 

 

 

Figure 1. Diurnal patterns of temperature (A) and vapour pressure deficit (B) in the climate-

controlled growth chambers (ambient: control chamber; heatwave: heatwave 

chamber) and the experimental design (C). Lines represent the average diurnal courses 

for the duration of the heatwave experiment. Grey areas depict the time of the gas 

exchange measurements. Sunrise at the time of the experiment was c. 07:10 local time 

(Australian Western Standard Time, AWST). In C, M represents the timing of gas 

exchange and fluorescence measurements; WW, well-watered plants (blue pots); DT, 

droughted plants (grey pots) and the red and blue contours/shades depict heatwave and 

ambient temperatures respectively. 
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Table 1. Results from general linear models (GLS), testing for treatment effects on gas exchange parameters on the fourth day of heat exposure 

for the study species. Net photosynthesis (A; mol CO2 m-2 s-1), stomatal conductance (gs; mmol H2O m-2 s-1), transpiration (E, mol H2O m-2 s-1), 

the temperature difference between leaf and air (Tleaf – Tair; °C) and the internal CO2 concentration (Ci). Significant values (p ≤ 0.05) are given 

in bold. When the interaction between watering and heat was not significant (p ≥ 0.05), the interaction was removed from the model for further 

analysis. 

 Asat gs E  Tleaf - Tair Ci 

 value±SE t-value value±SE t-value value±SE t-value value±SE t-value value±SE t-value 

A. fraseriana           

Intercept 3.39±0.19 17.00 67.05±7.30 9.17 1.66±0.22 7.25 1.50±0.09 15.68 275.76±5.97 46.11 

Watering  0.35±0.29 1.23 18.05±11.13 1.62 0.38±0.37 1.03 -0.15±0.13 -1.15 5.62±6.79 0.82 

Heatwave  0.54±0.33 1.62 -2.26±9.57 -0.23 0.88±0.34 2.53 -0.44±0.13 -3.29  -5.11±6.81 -0.74 
Watering x Heat 3.99±0.42 9.34 48.82±14.78 3.30 1.61±0.61 2.61     

B. attenuata           

Intercept 6.91±0.63 10.91 91.86±13.54 6.78 1.95±0.31 6.17 2.24±0.25 8.72 236.85±8.65 27.38 
Watering  2.44±0.66 3.39 44.70±14.14 3.16 1.14±0.33 3.45 -0.78±0.24 -3.25 17.01±9.03 1.88 

Heatwave  -2.28±0.68 -3.36 -18.76±14.54 -1.29 0.80±0.33 2.35 -0.37±0.25 -1.50 14.25±9.28 1.53 

Watering x Heat           

C. calophylla           

Intercept 9.37±0.10 12.02 106.89±10.27 10.40 2.13±0.24 8.81 3.11±0.18 16.83 201.37±6.10 32.98 

Watering  7.14±0.19 5.77 58.03±12.39 4.68 1.68±0.40 4.16 -0.77±0.22 -3.45 14.96±7.50 1.99 
Heatwave  -0.65±0.19 -0.55 -18.28±12.61 -1.44 1.81±0.40 4.48 -0.70±0.23 -3.06 13.11±7.46 1.75 

Watering x Heat -5.05±0.19 -3.14         
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Figure 2. Net photosynthetic rate at saturating light intensity (Asat; A, B, C) and stomatal 

conductance (gs; D, E, F) for each study species, along the experimental step increases 

in temperature and time of the day. A and gs data depicted here were obtained on the 

last day (fourth day) of heatwave exposure. In the legend, control represents well-
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watered seedlings; drought, water stressed seedlings; ambient, seedlings exposed to 

ambient temperatures and heat, heatwave exposed seedlings. Points represent means 

and bars standard errors (n = 4-6). In the inset graphs data from all measurement periods 

were pooled together for each experimental treatment for subsequent analysis. The bars 

represent model estimates and error bars confidence intervals (95%). Different letters 

show significant treatment (p ≤ 0.05) effect on Asat and gs (n = 15-31). 

 

 

4.3.2  Transpiration rate (E) and leaf-air temperature difference (Tleaf – Tair) 

Transpiration rates also differed between species and were distinctly influenced by the experimental 

treatments. There was no interaction effect between watering levels and heatwave treatments for B. 

attenuata and C. calophylla but effects of both heat and drought were significant for E (Table 1). For 

B. attenuata and C. calophylla, drought decreased E while the heatwave treatment led to increased 

E (Fig. 3B, 3C, Table 1). In contrast, A. fraseriana showed increased E only in well-watered and heat 

exposed plants (t = 2.61, p = 0.0103, Fig. 3A). As with Asat, a higher E in A. fraseriana was associated 

with a higher gs in plants of the well-watered and heatwave treatment combination. The results seen 

for E have direct implications for the leaf energy balance, due to the cooling effect of transpiration. 

Tleaf – Tair differed between species and treatment combinations (Fig. 3D, 3E, 3F). Leaf temperatures 

were overall lowest in A. fraseriana and highest in C. calophylla. There was no interaction between 

watering levels and heatwave treatments in any of the study species (Table 1). C. calophylla was the 

only species in which Tleaf – Tair was affected by both drought and the heatwave treatment (t = -3.45, 

p < 0.001 and t = -3.06, p < 0.0028, respectively), with drought increasing the leaf to air temperature 

difference and heat decreasing it (Table 1). Conversely, in B. attenuata only the effect of drought 

was significant (t = -3.25, p < 0.0017), whereas in A. fraseriana drought did not affect Tleaf – Tair but 

the heatwave conditions decreased the leaf to air temperature difference (t = -3.29, p < 0.0014).



 

 

  

  

  
 

Figure 3. Transpiration rates (E; A, B, C) and the difference in leaf and air temperatures (Tleaf-

Tair; D, E, F) for each study species, along the experimental step increases in 

temperature and time of the day. E and Tleaf-Tair data depicted here were obtained on 

the last day (fourth day) of heatwave exposure. In the legend, control represents 

well-watered seedlings; drought, water stressed seedlings; ambient, seedlings 

exposed to ambient temperatures and heat, heatwave exposed seedlings. Points 

represent means and bars standard errors (n = 4-10). In the inset graphs data from 
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all measurement periods were pooled together for each experimental treatment for 

subsequent analysis. The bars represent model estimates and error bars confidence 

intervals (95%). Different letters show significant treatment (p ≤ 0.05) effect on E and 

Tleaf-Tair (n = 15-31). 

 

 

4.3.3  Leaf dark-adapted respiration (RD) and chlorophyll fluorescence (Fv/Fm) 

The effects of the experimental drought and heat treatments on RD, measured at the end of the 4-

day heat treatment period, also varied between the study species. Overall, species showed higher 

RD in the heatwave when compared to the ambient treatment but there was no consistent response 

to the drought treatment. At midday, RD was higher for plants exposed to the heatwave treatment 

regardless of the watering levels, with the smallest non-significant increase observed for A. 

fraseriana (Fig. 4A, 4B, 4C). As was found for Asat and gs, there was a significant interaction between 

watering and temperature treatments in A. fraseriana (t = 2.07, p = 0.043), with the highest RD in 

well-watered plants during the heatwave. In both B. attenuata and C. calophylla, RD was higher at 

midday than at pre-dawn, and RD increased ~2-fold in the heatwave treatment compared to the 

ambient temperature treatment (Fig. 2B, 4C, Table 2). As observed previously, A. fraseriana 

seedlings showed clearly distinct results from the other study species (Fig. 4A, Table 2). Unlike B. 

attenuata and C. calophylla, there were no clear effects of measurement time alone nor an 

interaction between time and temperature or drought for A. fraseriana seedlings (Table 2).  

As observed for RD, there was an effect of measurement time on Fv/Fm. Pre-dawn measurements for 

all three species were above 0.8, suggesting full over-night recovery of photosynthetic systems. 

Midday Fv/Fm was lower than the pre-dawn measurement (Fig. 4D, Table 2). Heatwave-exposed 

plants of all species showed the greatest reductions of Fv/Fm at midday (Fig. 4D, 4E, 4F) with no 

significant differences between watering levels (Table 2) although well-watered B. attenuata plants 

exhibited greater variation in Fv/Fm than the other species. The species least affected by heat was 

A. fraseriana, while C. calophylla showed larger reductions in Fv/Fm values in response to the 

heatwave. 
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Figure 4. Dark-adapted respiration (RD; A, B, C) and maximum quantum efficiency of PSII (Fv/Fm; 

D, E, F) of the study species at each measurement time: Dawn, overnight dark-adapted; 

Midday, c. 30 min of dark-adaptation after the final gas exchange measurement. RD 

and Fv/Fm data depicted here were obtained on the last day (fourth day) of heatwave 

exposure. The number in parentheses shows the temperature to which seedlings were 

exposed in the ambient and heatwave chambers during the measurements. In the 

legend, control represents well-watered seedlings; drought, water stressed seedlings; 
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ambient, seedlings exposed to ambient temperatures and heat, heatwave exposed 

seedlings. Points represent means and bars standard errors (n = 4-10). 

4.3.4  Recovery 

All three species recovered well from the heatwave. Ten days after the heatwave treatment, drought-

stressed plants that had experienced the heatwave treatment had rates of A and RD that were not 

significantly different from plants that had not experienced the heatwave (Fig. 5 and 6). For well-

watered plants, rates of RD were similar to pre-heatwave values, but A varied somewhat: A. 

fraseriana seedlings showed no difference anymore between heatwave-exposed and non-exposed 

plants, B. attenuata heatwave-exposed plants recovered to values somewhat greater than non-

exposed plants, whereas in C. calophylla values of recovered plants were only slightly lower than 

that of drought and heat control plants. Ten days after the heat treatment, all three species from all 

treatments had Fv/Fm values indicative of negligible stress (>0.75 at midday).    

Table 2. Results from general linear models (GLS), testing for treatment effects on dark-adapted 

respiration (RD; mol CO2 m-2 s-1), maximum quantum efficiency of PSII (Fv/Fm) on the fourth day of 

heat exposure. Significant values (p ≤ 0.05) are given in bold. When the interactions between 

watering, heat and time were not significant (p ≥ 0.05), the interaction term was removed from the 

model for further analysis. 

 RD Fv/Fm 

 value±SE t-value value±SE t-value 

A. fraseriana     

Intercept 1.28±0.23 5.37 0.82±0.003 214.29 
Watering  -0.28±0.33 -0.85 0.001±0.003 -0.50 

Heatwave  0.17±0.31 0.54 -0.006±0.005 -1.01 
Watering x Heat 0.99±0.47 2.07   

Time 0.38±0.19 1.98 -0.03±0.004 -7.86 

Time x Watering     
Time x Heat   -0.01±0.006 -2.62 

B. attenuata     

Intercept 0.24±0.08 2.77 0.83±0.004 177.82 
Watering  0.41±0.13 3.13 -0.002±0.004 -0.48 

Heatwave  0.56±0.126 4.55 -0.004±0.04 -1.03 
Watering x Heat     

Time  0.45±0.12 3.75 -0.06±0.01 -6.30 

Time x Watering     
Time x Heat 0.85±0.17 4.91   

C. calophylla     

Intercept 0.76±0.13 5.55 0.82±0.006 129.43 
Watering  -0.11±0.12 -0.92 0.001±0.006 0.25 

Heatwave  1.12±0.21 5.32 -0.01±0.009 -1.53 
Watering x Heat     

Time   -0.01±0.01 -1.09 

Time x Watering     
Time x Heat 1.42±0.36 3.86 -0.03±0.01 -2.53 
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Figure 5. Recovery phase dark-adapted respiration (RD; A, B, C) and maximum quantum 

efficiency of PSII (Fv/Fm; D, E, F) of the study species at each measurement period: 

Dawn, overnight dark-adapted; Midday, c. 30 min of dark-adaptation after the final 

gas exchange measurement. The number in parentheses shows the temperature to 

which seedlings were exposed in the ambient and heatwave chambers during the 

measurements. In the legend, control represents well-watered seedlings; drought, 
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water stressed seedlings; ambient, seedlings exposed to ambient temperatures and 

heat, heatwave exposed seedlings. Points represent means and bars standard errors 

(n = 3-8). During the 10 days of the recovery phase plants were only exposed to the 

watering treatment. 

 

  

  

  

Figure 6. Recovery phase net and fourth day heatwave photosynthetic rate at saturating light 

intensity (Asat; A, B, C) and stomatal conductance (gs; D, E, F) for each study species. 
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Coloured horizontal lines represent model estimates and the grey bars 95% 

confidence intervals (n = 3-9). Different letters show significant treatment effects on 

Asat and gs after the Tukey-Kramer post hoc test (95% confidence level). In the top 

panels heatwave exposure depicts rates measured at the last day of the heatwave 

treatment and recovery; measurements conducted 10 days after heat stress relief. 

During the 10 days of the recovery phase plants were only exposed to the watering 

treatment. In the legend, control represents well-watered plants; drought, water 

stressed plants; ambient, plants exposed to ambient temperatures and heat, 

heatwave exposed plants.  

 

4.4  DISCUSSION 

Overall, drought stress had a negative effect on leaf gas exchange in all three species, mainly 

through partial stomatal closure, whereas heat tended to reduce photosynthesis in both B. attenuata 

and C. calophylla but not in A. fraseriana. These trends roughly corresponded with observed patterns 

in chlorophyll fluorescence, which indicated reversible damage to photosystem II under drought and 

heat stress. Dark respiration increased with heat but was not significantly affected by drought stress. 

The partial stomatal closure caused by drought stress (and also during the day with increasing 

temperatures and VPD) was effective in reducing transpiration rates, but this in turn increased leaf 

temperatures further above the ambient. In contrast, heat stress alone resulted in increased 

transpiration rates due to an increase in VPD, but, through evaporative cooling, these elevated 

transpiration rates helped plants keep their leaf temperature closer to air temperature. A. fraseriana 

was overall most tolerant of high temperatures, showing increased photosynthesis, only minor 

damage to photosystems during the day, and leaf temperatures closest to ambient air temperature. 

 

4.4.1  The effect of drought and heatwave on gas exchange rates 

In this study, heat and drought stress combined did not always have a larger effect on 

photosynthesis than heat or drought stress alone. In fact, only in B. attenuata did the combination 

of drought and heat result in a lower photosynthetic rate than exposure to these stresses in isolation 

(Fig. 2B, inset). Our second hypothesis was partially confirmed because species with stricter stomatal 
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control (more isohydric), that is, B. attenuata and C. calophylla, showed the greatest reductions in 

Asat due to drought and heat stress, although these stresses in combination were additive rather 

than compounding. For all study species, drought was largely responsible for the observed reduction 

of Asat. It is known that drought reduces photosynthetic assimilation in plants (Chaves, 1991). 

Stomatal and non-stomatal limitations are the mechanisms of such observed reductions in 

photosynthetic rates (Cornic, 2000; Flexas et al., 2004). Under conditions of soil water deficit and/or 

increased transpiratory demand (i.e. high VPD), stomatal limitation is initially the main driver of 

reduced Asat, largely driven by the leaf-to-air vapour pressure gradient. By reducing stomatal 

conductance, CO2 diffusion into the leaf mesophyll is limited, as plants tend to control water loss 

more tightly than carbon diffusion when under drought (Wong et al., 1979; Farquhar & Sharkey, 

1982). Reduced Asat and the ensuing reduction in substrate supply reduces carboxylation 

(Vanlerberghe et al., 2016). There is no strong evidence for non-stomatal limitation of Asat in this 

study, as the drought and stress treatments did not cause Asat to decrease more than expected on 

the basis of decreased gs (Fig. S1). This may indicate that the stress levels were relatively moderate, 

or the species relatively resilient. Flexas et al., (2006) suggested that biochemical limitations (e.g. 

inactivation of Rubisco, decreased regeneration of RuBP) generally arise at gs < 100 mmol H2O m-2 

s-1, which did occur in this experiment towards midday. It is also worth noting that increased RD 

could be partly responsible for the decline in Asat (Crous et al., 2011; Teskey et al., 2015) which will 

be discussed in detail in the next discussion section. 

Well-watered A. fraseriana plants exposed to the heatwave treatment showed a c. two-fold increase 

in Asat (Fig. 2A, inset). In contrast, the same treatment combination resulted in a decline of c. 50% 

and 30% in Asat for B. attenuata and C. calophylla, respectively. The increase in Asat in response to 

the heatwave treatment in A. fraseriana is indicative of a greater thermal tolerance in this species, 

provided that adequate water is available in the soil. Several plant features specific to A. fraseriana 

could have contributed to the observed increase in Asat seen under the heatwave treatment. A. 

fraseriana has narrow, cylindrical modified branchlets (cladodes) containing photosynthetic 

mesophyll cells, with stomata positioned inside furrows on all surfaces. Relative to the larger planar 
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B. attenuata and C. calophylla leaves, the radiation interception is low in the narrow vertically 

oriented and close spaced cladodes in A. fraseriana branches. Narrow structures also have high 

boundary layer conductance (Grace, 1983), which favour coupling with the atmosphere and help 

reduce leaf temperatures by convection (Schymanski et al., 2013), as seen by low Tleaf – Tair for A. 

fraseriana (Fig. 3D). These factors contributed to the ability of well-watered and heatwave exposed 

A. fraseriana plants to maintain high gs even at the highest temperatures (40 °C) which consequently 

led to higher Asat and E. 

 

4.4.2  Control of leaf temperatures and implications from stomatal control strategies 

Temperatures in the heatwave treatment did not exceed 45 °C, but VPD was relatively high (Fig. 1A 

and 1B). Plants in the ambient temperature treatment experienced VPD c. 2 kPa lower than those 

under the heatwave treatment, which were exposed to VPD values over 6 kPa at midday (Fig. 1B). 

Indeed, higher VPD in the heatwave treatment resulted in increased transpiration rates for well-

watered heat-exposed A. fraseriana plants. Similarly, well-watered C. calophylla of both temperature 

treatments exhibited higher E than droughted plants which also increased as the day progressed 

(Fig. 3C). This behaviour is also closely related to gs, as well-watered plants from the heatwave 

treatment maintained or increased gs and, consequently, had higher transpiration rates. Evaporative 

cooling, owing to elevated rates of transpiration, in the heat treatment was evident in A. fraseriana 

and C. calophylla but was less apparent in B. attenuata. In the former two species, lower Tleaf – Tair 

values (Fig. 3D, 3E, 3F) were largely driven by higher transpiration in well-watered and heatwave 

exposed plants (Fig. 3A, 3B, 3C). Drake et al. (2017) recently highlighted the importance of 

evaporative cooling of foliage for Eucalyptus parramattensis in a heatwave experiment. Our data 

indicate that the role of this process varies with species and is highly dependent on water availability.  

The experimental results are in agreement with our first hypothesis (i), that is, under drought stress, 

B. attenuata, and C. calophylla (i.e. isohydric to near-isohydric species), had hotter leaves owing to 

tight stomatal control of transpiration rate. As drought progresses and/or as temperatures increase, 
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isohydric species will try to avoid excessive rates of water loss, and therefore maintain a relative 

stable water status, by reducing stomatal conductance (Tardieu & Simonneau, 1998; Martínez-Vilalta 

& Garcia-Forner, 2017; Chapter 2). In Mediterranean environments such as in SWWA, where the 

summer is often dry and coincides with increased air temperatures, this strategy might lead to 

excessive leaf temperatures and a risk of damage to the photosynthetic apparatus. Additionally, the 

future climate of SWWA is predicted to become drier (Bates et al., 2008) and hotter, with more 

frequent and severe heatwave events (Perkins et al., 2015). If this forecast is realised, B. attenuata, 

which in this system relies on groundwater access or soil water sources at relatively high water 

potentials, will invariably be at increased risk of mortality (Canham et al., 2009; Challis et al., 2016). 

In Mediterranean environments, and also in this experiment, high air temperatures lead to large 

VPDs. Impacts on plant water status are largely due to the effect of VPD on stomatal conductance 

and transpiration, whereby the latter may increase or decrease depending on the relative 

magnitudes of change in stomatal conductance and leaf-to-air VPD. In climates with higher 

atmospheric humidity, elevated temperatures will have smaller effects on plant water status. Future 

research should attempt to separate the effects of increasing temperatures from those of increasing 

VPD.  

 

4.4.3  Increased RD under heat stress, reversible damage to PSII 

Overall, the study species showed increased RD in plants exposed to the heatwave treatment. 

Moreover, all species showed reduced chlorophyll fluorescence (Fv/Fm) and increased RD during the 

measurements conducted at midday, irrespective of the watering level (Fig. 4A, 4B, 4C), which is in 

agreement with our third hypothesis. It is known that RD increases quickly with a short-term increase 

in temperature (Tjoelker et al., 2001; Atkin & Tjoelker, 2003) and that for every 10 °C rise in 

temperature, RD can increase by 50% to 200% (Teskey et al., 2015). Respiratory maintenance costs 

increase with temperature as tissues exhibit higher enzymatic activity and protein turnover (Sharkey, 

2005; O’sullivan et al., 2017) and production of carbon precursors (De Vries et al., 1974; Saxe et 
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al., 2001). The importance of these factors is unknown in our species. Evidence for acclimation to 

higher temperature within the 4 days of heatwave conditions is very limited: RD of B. attenuata and 

C. calophylla were still approximately double the rates observed at ambient temperature (10 °C 

lower). The lower RD in drought-stressed A. fraseriana at high temperature may be an indication of 

acclimation, perhaps down-regulation of certain metabolic processes. In B. attenuata and C. 

calophylla, however, RD did not show a significant response to drought stress. Although the drought 

stress reduced gs in all species, the level of water limitation and/or period of exposure to the drought 

might not have been sufficient to drive RD changes as seen elsewhere (Flexas et al., 2005; Slot et 

al., 2008; Ayub et al., 2011). 

 

4.4.4  Recovery from the heatwave exposure 

We found that gas exchange rates and RD did not control well-watered plants after the recovery 

phase, indicating that species did not sustain damage to the photosynthetic apparatus and/or the 

length and intensity of the heatwave did not promote irreversible impairment of plant function. 

Recovery of plant function following exposure to drought and heat stress vary broadly in the 

literature. Much of the variability can be attributed to the species-specific mechanisms to cope with 

the stresses and the methods in which the treatments were applied (e.g. duration and intensity, 

multiples cycles of stress), how plants were released from the stresses i.e. both stresses were 

removed, and drought and/or heat was removed and for how long plants were allowed to recover 

(Ameye et al., 2012; Bauweraerts et al., 2013; Ruehr et al., 2016; Duarte et al., 2016). In this study, 

plants were withdrawn from the heat stress whilst the drought treatment was sustained during the 

10 days in which plants were allowed to recover. Our results agree with other studies, for example, 

Ameye et al. (2012) applied consecutive heatwaves combined with elevated [CO2], where the highest 

increase in temperature experienced was 12 °C. They found that the 12 °C heatwave reduced net 

photosynthesis and Fv/Fm in Pines taeda and Quercus rubra but after the recovery, P. taeda showed 

recovery of photosynthetic capacity while results for Q. rubra suggested sustained damage to the 
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photosynthetic machinery (Ameye et al., 2012). These results corroborate the observed responses 

in A. fraseriana which might indicate a higher tolerance to warming in needle-like than broadleaf 

tree species.  

 

4.5  CONCLUSION 

The combination of drought and heat stress produced additive effects on some but not all 

physiological variables in the study species. There was no evidence of multiplicative effects. Drought 

led to a reduction in photosynthetic rates for all species, mostly due to the strong coupling between 

stomatal conductance and photosynthesis. Also consistent across all species was an increase in dark 

respiration and evidence of reversible photosystem damage following the 4-day exposure to the 

heatwave. Partial stomatal closure led to higher leaf temperatures as transpiration in drought 

exposed plants was reduced. Increased VPD at high temperatures resulted in higher transpiration 

which moderated leaf temperatures, but only in well-watered plants. Also, the heatwave treatment 

resulted in overall impairment of B. attenuata and C. calophylla gas exchange rates regardless of 

the watering treatment, whereas A. fraseriana plants were more tolerant of heat stress. In fact, the 

high rates of photosynthesis for well-watered A. fraseriana plants suggest that, if water is available, 

high temperatures may favour carbon fixation in this species. All species showed recovered gas 

exchange to rates slight lower or equivalent to those of non-heat exposed plants indicating that, 

after 10 days from the exposure to the heatwave, these species had no sustained damaged to the 

photosynthetic apparatus and could recover to pre-heat stress levels. However, more intense and/or 

more prolonged stress are likely to cause severe and lasting impacts on especially B. attenuata and 

C. calophylla. 
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SUPPLEMENTARY MATERIAL 

  

 

Figure S1.  The relationship between log-transformed net photosynthetic rate at saturating light 

intensity (Log Asat) and log-transformed stomatal conductance (Log gs) for the 

measurement at the fourth day of the heatwave treatment of the three study species. 

(A, A. fraserina, B, B. attenuata and C, C. calophylla). LR represents the likelihood 

ratio statistic of the standardized major axis regression testing for differences in slope 

between treatment combinations. Control represents well-watered seedlings; 

drought, water stressed seedlings; ambient, seedlings exposed to ambient 

temperatures and heat, heatwave exposed seedlings. The solid and dashed lines depict 

the drought and control treatments, and the red and blue points/lines represent the 

heatwave and ambient temperature treatments, respectively. 
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5.1  INTRODUCTION 

This research project focussed on improving our understanding of the regional tree mortality events 

of Banksia species leading to changes in the dominance of the overstorey of a local SWAFR 

(Southwest Australian Floristic Region) open woodland. In the context of a long-term decline in 

winter precipitation, increasingly dry and hot summers, and the likelihood of this trend to continue 

into the future (Bates et al., 2008; Andrys et al., 2017), I hypothesised that species-specific hydraulic 

strategies were a key determinant of the observed Banksia decline and apparent health of other 

species in this local bushland. The main objective of this study was to investigate plant water 

relations dynamics of co-occurring canopy tree species within this unique Mediterranean-type 

environment, by focussing on the role of stomatal control of water loss and hence plant water status. 

The general aims were: to characterise and compare the (i) seasonal and (ii) daily patterns of plant 

water relations while also elucidating the role of the stomata in controlling tree water use; and (iii) 

to investigate if the combined exposure to drought and high temperatures would lead to greater 

impairment of plant function than either drought or heat stress alone (Chapter 2, 3 and 4, 

respectively).  

In this final chapter, I summarise the main findings of each of my experimental chapters while 

discussing and relating those findings to the other thesis chapters and the broader literature. I also 

highlight the significance of this work in the context of the current knowledge of plant water use 

strategies, and suggest future research based on the findings presented here. 

 

5.2  FINDINGS AND IMPLICATIONS 

5.2.1  Stomatal regulation strategies: isohydry and anisohydry 

Isohydric and anisohydric strategies have important ecological implications as they represent 

different water use patterns and therefore, different potential exposure to drought stress. Exceeding 

water potential thresholds for normal physiological process causes loss of function, tissue desiccation 
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and ultimately, mortality (Bhaskar & Ackerly, 2006; Choat et al., 2012; Anderegg et al., 2015). Plant 

water use and the maintenance of hydraulic integrity are largely determined by the interaction 

between plant hydraulic architecture, species environment and plant physiological behaviour (e.g. 

stomatal regulation of transpiration rate) (Drake et al., 2015; Brum et al., 2017; Anderegg et al., 

2018; Scharwies & Dinneny, 2019). The maintenance of a functional water transport system relies 

on the capacity of plant species to balance water demand and supply. Broadly, atmospheric 

evaporative demand and availability of water in the soil drive the demand and supply, respectively. 

The hydraulic system of plants must operate to balance the uptake of water from the soil and the 

loss of water to the atmosphere whilst maintaining the integrity of the water transport system. 

Stomatal control of water loss is the main regulatory mechanism of plant water status over short 

and medium timeframes (Buckley, 2005; Drake et al., 2013; Martin-StPaul et al., 2017). Under 

favourable conditions, stomata operate such as to achieve the highest rates of gas exchange, and 

the hydraulic conductance of each component of the soil-to-leaf path is then the limiting factor to 

water transport (Sperry, 2000). When exposed to soil and/or atmospheric drought, plants can avoid 

damaging tensions within the hydraulic system by regulating stomatal conductance. If the supply-

demand imbalance is prolonged, increasingly negative water potentials will manifest within the 

hydraulic system, which will cause loss of physiological function owing to increased water transport 

resistance and embolism formation (Pockman et al., 1995; Sperry, 2011; Anderegg et al., 2015). 

Therefore, vascular plant species rely on stomata to control plant water status to stay within water 

potential thresholds for physiological function. 

In Chapter 2, I monitored four of the selected species for this thesis, Allocasuarina fraseriana, 

Eucalyptus marginata, Corymbia calophylla and Banksia menziesii, in two sites within the Kings Park 

bushland. The species of this study were selected based on their co-dominance in the overstorey of 

the woodland and expected differences in hydraulic strategies. Banksia menziesii (and its ecologically 

similar close relative Banksia attenuata) has suffered recent mortality and A. fraseriana has increased 

in abundance (Crosti et al., 2007; Challis et al., 2016). Also, co-occurring C. calophylla and E. 

marginata are ecologically significant in this system and are well-studied tree species enabling 
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comparison to previous studies on ecophysiological performance (Grigg et al., 2009; Szota et al., 

2011; Poot & Veneklaas, 2013; Matusick et al., 2013). Chapter 2 confirmed that the study species 

do indeed differ in the stringency of stomatal control of water loss (Fig. 2) while also revealing the 

importance of maintaining water potentials above operating physiological thresholds (Figs. 2 and 3). 

Based on the results of Chapter 2, the species could be allocated to different positions of the isohydric 

to anisohydric continuum described by Tardieu and Simonneau (1998). Both Banksia species’ 

hydraulic strategies can be classified as isohydric whilst A. fraseriana and E. marginata are best 

described as anisohydric and C. calophylla is more aligned with isohydry (Fig. 1). 

Plant water use and thus plant water status can vary widely between and within seasons, sites and 

species (Franks et al., 2007; Quero et al., 2011; Martínez-Vilalta et al., 2014; Pivovaroff et al., 2016). 

In regions with marked seasonality, like the SWAFR, plant species must balance demand and supply, 

particularly during the summer, when soil-stored water is at its lowest and atmospheric demand at 

its highest. Accordingly, the transition from winter to summer in this system offered an excellent 

opportunity to (i) investigate the role of stomatal control strategies over tree water use and (ii) to 

determine water potential limitations to plant function. The two study sites differ in the depth of the 

groundwater, which at the low terrain site is 8 m and at the high terrain site >30 m (Challis et al., 

2016). Although the initial rationale behind the two sites was that higher groundwater levels would 

mean greater water availability, and that this would help differentiate the distinct hydraulic strategies 

of the co-occurring species (Fig. 2; Chapter 2), it is now clear that the implications of landscape 

position for tree water use are complex in this system, and that the depth to groundwater can only 

partially explain the different plant responses observed between species and sites (Chapter 2, 

Chapter 3).  

Winter precipitation moistens the soil surface and recharges the soil profile. Plant species in this 

system rely largely on this winter recharge of the unsaturated zone as a source of water for the dry 

summer (Dodd et al., 1984; Eamus et al., 2006). Shallow rooted species show high levels of drought 

stress during the dry and hot months as water availability is greatly reduced, and at times it may be 

completely depleted in the top layers of the soil (Havel, 1968; Dodd & Heddle, 1989; Veneklaas & 
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Poot, 2003). Deep rooted species also rely on water stored in the unsaturated zones but, depending 

on the depth to the water table, these plant species might also access water in saturated zones of 

the soil (i.e. the capillary fringe) (Dell et al., 1983; Dodd & Bell, 1993; Zencich et al., 2002; Veneklaas 

& Poot, 2003). Water use in the capillary fringe is a dynamic process as tap/sinker roots follow 

seasonal fluctuations of the water table by cycles of elongation/growth and die-off (Canham et al., 

2012). As such, processes that impact groundwater recharge and drive decline in the water table 

depth are highly relevant to this system. The long-term decline in rainfall observed in the region 

causing severe drought stress, coupled with the increased atmospheric evaporative demand, pose 

a great threat to the trees in this seasonally dry system, particularly if water sources in the 

unsaturated zones are depleted and roots lose contact with the saturated zones in the soil during 

summer (Groom et al., 2000; Bates et al., 2008; Hughes et al., 2012; Evans et al., 2013; Andrys et 

al., 2017). These conditions are accentuated by changes in land use (e.g. urbanisation) and 

increased extraction of groundwater for commercial and urban use (e.g. private wells/bores, 

agriculture) which can cause rapid groundwater drawdown and effectively disconnect tap/sinker 

roots from the saturated zone (Groom et al., 2000; Yesertener, 2005; Froend & Sommer, 2010).  

In addition to soil-stored water dynamics mentioned above, other components determining plant 

water use should be considered to better understand the interaction between water use strategies 

of the study species and the water availability in the selected sites. For example, vegetation is open 

and sparse at the high terrain site, while at the low terrain site the plant community is denser. Challis 

et al. (2016), investigating the same system, reported that the tree density at the low terrain site 

was almost twice that observed for the high terrain site, 870 tree ha-1 and 516 trees ha-1, 

respectively. The greater average distance between neighbours means a greater openness at the 

high terrain site (Challis et al., 2016), which also has patches of bare soil during summer increasing 

its surface albedo (Liu et al., 2008). Moreover, the differences in depth to groundwater between the 

sites also mean that the depth of the unsaturated zone and, consequently, the volume of soil-stored 

water is significantly different between the high and low terrain sites. When combined, such 

differences have important implications for tree water use in this system. Denser sites show higher 
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leaf area index (LAI) and consequently increased transpirational demand and increased competition 

for water in the soil profile (Veneklaas & Poot, 2003). As such, water availability in the top soil layers 

is rapidly depleted during summer. Moreover, decline of the water table during summer might be 

too rapid for tree species to respond properly at the low terrain site, for example grow/elongate 

roots (Zencich et al., 2002; Canham et al., 2012, 2015). At the high terrain site, considerations of 

the water table are irrelevant, as it is too deep for roots to access, so water availability is more 

directly dependent on winter recharge and summer use. As soil-stored water is progressively 

depleted during the hot and dry months, soil water potentials (soil) will become increasingly more 

negative, restricting water access to trees.  

Despite the complex interactions between factors determining water availability to trees at the two 

sites, I found that regardless of the site, B. menziesii showed the most tight control of plant water 

status through stomatal regulation, while A. fraseriana and E. marginata allowed relatively high 

transpiration rates to continue for longer, withstanding lower leaf and larger water potential 

gradients (Fig. 2 and 3; Chapter 2). C. calophylla exhibited an intermediate behaviour, as its plant 

water status declined more than in B. menziesii but less than in A. fraseriana and E. marginata. Plant 

water status differences between sites, as determined by leaf, were confined to anisohydric species 

towards late summer as soil-stored water was progressively depleted. Allocasuarina fraseriana and 

E. marginata showed a more negative pd min during the monitoring period and a larger variation in 

md between the wet and dry seasons (md min-md max), compared to the isohydric species (Fig. 2; 

Chapter 2). These results, when combined with the differences in seasonal control of transpiration 

rate by stomata, are consistent with the reported responses for anisohydric species (Quero et al., 

2011; Klein, 2014; Martínez-Vilalta & Garcia-Forner, 2017). Interestingly, and contrary to what I 

anticipated, anisohydric species at the high terrain site showed higher (less negative) pd min and 

smaller md min-md max than those at the low terrain site (Fig. 2; Chapter 2). One would expect that, 

due to the characteristics mentioned previously, trees at the high terrain site would experience more 

intense drought stress as soil water availability declines and atmospheric demand increases, 

compared to trees at the low terrain site. However, the greater depth of the unsaturated zone and 
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the reduced competition for water due to the reduced plant density at the high terrain site may 

partly explain such results, even if water at the capillary fringe (below 30 m) is inaccessible to the 

roots. Accordingly, I hypothesise that A. fraseriana and E. marginata exhibited more negative pd 

min and larger md min-md max at the low terrain site due to having root systems that occupy a smaller 

soil volume, as a result of limited depth of the saturated zone and strong competition for water 

owing to the higher vegetation density. High transpiration rates caused rapid depletion of soil-stored 

water in the unsaturated zone at the low terrain site which would inevitably drive more negative 

leaf in trees that have their roots in this soil (Chapter 2).   

The progressive decline in water availability and the marked differences between species behaviour 

also allowed for a thorough comparison of the dynamics of stomatal control over water loss and the 

determination of physiological operating points during a typical wet-dry seasonal cycle in relation to 

thresholds for plant function. I found that over the seasons (1) anisohydric species generally 

operated with a higher gs at more negative leaf than isohydric species; (2) A. fraseriana, E. 

marginata and to a lesser extent C. calophylla continued to exhibit declining pd (relative to their 

turgor loss point, πtlp) even after reaching the point of stomatal closure, 12 (similarly defined here 

as did Skelton et al. (2015)); (3) reductions in pd in B. menziesii plateaued after a period of partial 

or complete stomatal closure which did not occur in the anisohydric species; (4) broadly, critical 

water potentials for turgor loss and leaf hydraulic failure (PLC50 and  πtlp) were less negative in 

isohydric species, but anisohydric species had narrower safety margins, i.e. operated closer to their 

respective PLC50 and  πtlp. Moreover, such observations were also evident when water relations of 

the study species were determined over a diurnal timeframe (Figs. 2, 3 and 4; Chapter 3). I found 

that over the day (1) isohydric species (B. attenuata and B. menziesii) exhibited a higher plant water 

status than anisohydric species (A. fraseriana and E. marginata), defined as the daily minimum leaf 

(leaf min) and difference between pd and md; (2) Banksia attenuata and B. menziesii decreased 

their leaf-level gas exchange rates during the hotter and drier period of the day and (3) the amplitude 

of variation in stem diameter was higher in A. fraseriana and E. marginata than in the isohydric 

species, suggesting that indeed B. attenuata and B. menziesii have greater reliance on their deep 
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root system and thus, on soil water available at the unsaturated and saturated zones if the depth to 

the capillary fringe does not exceed maximum rooting depth. Overall, my results agree with the 

proposition that plants that require higher plant water status, show less negative water potential 

thresholds and/or have greater reliance on soil-stored water are more likely to be threatened by 

more severe and frequent soil and atmospheric droughts (Chapter 2, Chapter 3) as predicted in a 

range of future climate change scenarios (IPCC, 2014; Lin et al., 2015; Zhang et al., 2017; 

McLaughlin et al., 2017; Hoffmann et al., 2019; Miralles et al., 2019). 

 

5.2.2  Stomatal regulation strategies and the exposure to combined drought and heat stress 

The combination of drought and heatwave events is recognized as an important driver of widespread 

tree mortality in a range of ecosystems (Breshears et al., 2013; Eamus et al., 2013; Mitchell et al., 

2014; Ruehr et al., 2014; Allen et al., 2015). Vegetation exposed to seasonally dry periods is likely 

to be highly vulnerable to this stress combination. Moreover, Banksia woodlands in this region 

already experience a significant decline in soil water availability which, coupled with increased 

transpirational demand, can be particularly detrimental to plant survival in this system. Indeed 

reports of tree mortality in the region are linked to short periods of exceptionally high temperatures 

coupled with severe and/or prolonged drought stress (BOM, 2011; Matusick et al., 2012, 2013, 2018; 

Evans et al., 2013; Challis et al., 2016; Hoffmann et al., 2019). Considering that our study species 

have different mechanisms to cope with drought stress, including different stomatal control of water 

loss (Chapter 2, Chapter 3), and stomatal behaviour influences leaf thermal balance (Chapter 4), 

these strategies may have implications for heat stress effects. Three of the study species, A. 

fraseriana, B. attenuata and C. calophylla, were selected to investigate if the combination of drought 

and a heatwave would lead to greater impairment of physiological processes than either drought or 

heat stress alone in a controlled environment setting (Chapter 4).  

I found that A. fraseriana was overall most tolerant to high temperatures and the consequent 

increase in vapour pressure deficit (VPD) showing increased photosynthetic rates, only minor 
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damage to photosystems (quantified as Fv/Fm) during the day, and leaf temperatures closest to 

ambient air temperature. For all species, reductions in stomatal conductance (gs) owing to the 

drought treatment were responsible for declines in photosynthesis, whereas heat led to increased 

leaf dark respiration (RD) and transient damage to the photosystem II. An undesirable impact of 

reduced gs under heat exposure conditions, is the reduction of transpiration rates and, consequently, 

of its evaporative cooling effect. While well-watered plants exposed to the +10 °C heatwave could 

control leaf temperatures maintaining them close to that of the air, droughted plants exhibited 

increasingly high leaf temperatures, particularly B. attenuata and C. calophylla, the more isohydric 

species in this study.  

Such results have important implications for plant species that rely on stomatal control to maintain 

high plant water status. The additive effects of heat and drought stress might be dangerous for 

species that employ isohydric strategies, particularly for Banksia species owing to their lower gs and 

thus, reduced transpiration rates. If the long-term decline in rainfall continues as predicted, and 

more severe and frequent heatwaves become more common (Perkins et al., 2012, 2015; Eamus et 

al., 2013; Andrys et al., 2017), a shift towards vegetations dominated by anisohydric species might 

happen in this region. Allocasuarina fraseriana, which was shown to withstand more negative water 

potentials and to tolerate and, in fact, to benefit from high temperatures when water was available, 

might continue to increase its population and dominate areas where Banksias spp. once extensively 

dominated the tree layer (Crosti et al., 2007; Challis et al., 2016).  

In the next section I will explore factors that may contribute to the observed species responses to 

heat and drought. 

 

5.2.3  Implications arising from the ecological niches of the study species  

The study species selected for this project have overlapping distributions within the SWAFR and as 

such, are subjected to the same environmental stresses (Pate & Beard, 1984; Dodd & Griffin, 1989). 
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However, their geographical distribution ranges differ (Chapter 1), mainly towards the warmer and 

drier north, and differences in soil preferences are also evident. Banksia menziesii and B. attenuata 

are dominant on deep sandy soils, especially the Bassendean and Spearwood dune systems of the 

Swan Coastal Plain, with a geographic optimum just north of Perth, extending considerably further 

north than the other study species, into warmer drier areas (Beard, 1989; Dodd & Griffin, 1989; 

FloraBase, 2019). Banksia attenuata extends south, roughly overlapping with the other study 

species, but is restricted to sandy soils. Banksia menziesii has a more limited southern extension, on 

the coastal plain only. A. fraseriana often occurs with the Banksia species, especially B. attenuata 

(Beard, 1989) as it has a more southern distribution, and it overlaps with B. menziesii in the Perth 

region only. E. marginata and C. calophylla have very similar geographic distributions, not unlike B. 

attenuata, but are more prominent beyond the sandy coastal plains. On the coastal plain, they do 

occur in deep sands, but are never dominant. South and east of Perth, with rainfall similar or higher 

than Perth, they form forests, usually on lateritic soils. These soils are sandy but also have fine 

particles, as well as gravel and rock, and often clay in the subsurface. Thus, it is likely that different 

strategies and features evolved in these co-occurring species to cope with the environmental 

pressures within their distribution ranges. For example, fine-textured soils contain more water at 

low water potentials, so plants that can operate at lower water potentials are able to take up more 

water from such soils (Noy-Meir, 1973). 

The distribution ranges of the study species do not correlate with the responses to high temperatures 

observed in Chapter 2: the heat-tolerant A. fraseriana has a more southern distribution than the 

more sensitive Banksia species. It is possible, however, that northern populations are more heat-

tolerant than southern populations. Alternatively, Banksia populations in warmer climates may be 

limited to habitats with greater water availability, e.g. groundwater or perched water relatively close 

to the surface.  

The pattern of widespread mortality and continuous decline of Banksia species within these 

woodlands seems to be intrinsically linked to the increased vulnerability of these species to increased 



Chapter 5 

142 
 

drought stress, often coupled with high temperatures. For example, Banksia spp. have evolved 

greater reliance on the extensive groundwater system underlying the dune systems of the Swan 

Coastal Plain (Kite & Webster, 1989; Eamus et al., 2006). Changes in this easily available water 

source, be it in the unsaturated or saturated zone, directly impact the hydraulic system of these 

species. Banksia spp. do not have the adaptations to cope with increased drought stress caused by 

reduced soil water recharge and/or rapid loss of contact with the saturated zones of the soil (Groom 

et al., 2000; Froend & Sommer, 2010), nor can they rapidly migrate to new locations (Fitzpatrick et 

al., 2008; Cochrane et al., 2015; Holloway-Phillips et al., 2016). On the other hand, E. marginata 

and C. calophylla species are already restricted to areas with higher annual rainfall and relatively 

heavier soils, and exhibit an adaptative advantage in that they can operate at more negative plant 

water potentials, effectively taking up water at lower soil. In areas where the distribution range of 

these species overlap, B. attenuata and B. menziesii might be under greater threat than in regions 

where they do not co-occur with E. marginata and C. calophylla (i.e. drier and hotter areas). In 

addition, the results obtained here suggest that A. fraseriana might benefit from the niche space 

opening up if Banksia spp. continue to decline in the region. I hypothesise that species-specific 

features of A. fraseriana, such as stomata positioned within furrows; narrow vertically oriented and 

closely spaced cylindrical cladodes (modified leaves), which reduce radiation interception and allow 

for a higher boundary layer conductance (Grace, 1983; Schymanski et al., 2013), contribute to the 

increased dominance of this species in sites previously dominated by B. attenuata and B. menziesii 

(Crosti et al., 2007; Challis et al., 2016).  

Banksia spp. (B. attenuata and B. menziesii) are well-adapted to the edaphic and climatic conditions 

in the region. They are, however, not particularly tolerant to tissue water deficits, and therefore 

depend on a reliable source of water during the dry season, and efficient stomatal regulation. It is 

these factors that appear to make them vulnerable in dry and hot conditions, which occur during 

heat waves in years that have had limited recharge of soils. Such events are likely to become more 

frequent under more variable and extreme climate scenarios. The past decades have already 

experienced a decline in rainfall and increase in temperature, contributing to higher 
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evapotranspiration rates during spring/summer. The interaction between altered environmental 

pressures and Banksia species’ hydraulic strategy appear to explain the greater risk of exceeding 

physiological thresholds. 

 

5.3  FUTURE RESEARCH 

This thesis provides valuable insights into the physiology of plants under increasing drought and 

heat stress, stressing the importance of understanding the interaction between various plant traits 

and changing environmental pressures. The increasing frequency and severity of drought and 

warming events in seasonally dry and hot ecosystems will continue to drive tree decline, leading to 

significant shifts in vegetation composition and structure. Large trees in regions where soil water 

storage is reduced (i.e. reduced unsaturated zones), and where the climate is becoming 

progressively drier, are particularly vulnerable and thus, these regions are likely to experience more 

severe and rapid shifts in vegetation composition if stress conditions persist (Pate & Beard, 1984). 

Further research should identify other species that are at risk of increased mortality to determine 

likely changes in the biodiversity hotspot of the SWAFR due to climate change.  

Most of the assessments of plant water relations in this project were based on aboveground 

processes, particularly leaf physiological monitoring. Accordingly, I propose that future research 

should focus on belowground processes influencing tree water transport, primarily those related to 

root architecture (e.g. rooting depth, root distribution, hydraulic lift, etc.) and function (e.g. root 

conductance, osmoregulation of root tissues, root growth/elongation dynamics, etc.). For example, 

to what extent can plants regulate root if they are exposed to a more negative soil - potentially 

more negative than root – under future climate scenarios? How important is the osmoregulation of 

root for the maintenance of hydraulic integrity under drought? What is the quantitative importance 

of hydraulic redistribution during the dry season? Such questions are highly valuable and can offer 
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important insight into the observed changes in this system. In addition, questions arise from the 

outcomes of this work which could help direct research efforts in the future: 

• What is the importance of water loss following stomatal closure to plant survival in seasonally 

dry environments?  

• Where the major bottleneck to water transport within the plant hydraulic system is: in the 

leaves, stem, branches, roots? And at which point is the vulnerability greatest? 

• Where plants do not have access to groundwater, will anisohydric species outcompete 

isohydric species when exploring the same water source (e.g. similar depths, root, soil 

structure, etc.) in the soil profile? 

• What is the capacity of plant species to adjust leaf thermal tolerance? Will species with 

smaller narrower leaves, like A. fraseriana, benefit from warmer climates? 

The insights presented here are limited to the species and sites investigated in this study. As such, 

further research is needed at other sites and with additional tree species in order to better 

understand the increased tree mortality events in the SWAFR. Long-term monitoring of plant water 

use, soil water availability and climatic conditions in a range of sites would offer representative data 

to model tree mortality and the impacts of changes in vegetation composition and structure, 

contributing to the conservation of this vulnerable and highly diverse ecosystem.  

 

5.4  CONCLUSIONS 

Climate change and associated extreme events (e.g. prolonged droughts, heatwaves, fires) are 

important drivers of forest/woodland tree mortality events in several ecosystems. Understanding the 

diversity of drought-induced responses and the mechanisms responsible for tree mortality is of 

considerable importance, particularly in regions where plant species experience marked seasonality 

in water availability. Even in regions where rainfall is not predicted to decrease in the future, higher 

temperatures will negatively influence the balance between water supply and demand. This study 
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adds new insight into the susceptibility of Mediterranean tree species to increased drought-induced 

stress by considering the hydraulic features, water relations properties and plant water sources in 

functionally distinct tree species that occur in the same environment.  

This project has contributed significantly to the understanding of tree water use in seasonal water 

limited environments. Moreover, this study has also demonstrated that co-occurring species respond 

differently to drought and heat stress, as reported for other Western Australian systems and 

elsewhere (Breshears et al., 2005; Szota et al., 2011; Mitchell et al., 2013; Poot & Veneklaas, 2013; 

Anderegg et al., 2013, 2016; Matusick et al., 2018). The results highlight that different combinations 

of plant traits can make different species suitable to a specific ecological niche. When environments 

change, some of these trait combinations are more vulnerable than others. Environmental change 

can be particularly harmful when it is rapid and severe, as is the case of the climate in this region, 

causing a significant decline in the levels of seasonal soil water recharge and elevating the maximum 

temperature/VPD. At the study site, such changing conditions appear to have resulted in distinct 

levels of impact in co-occurring species due to a particular combination of traits that evolved to suit 

a niche that is now transient or no longer exists. The results presented here show that Banksia spp. 

have different water potential thresholds limits and ability to extract water from progressively drier 

soils when compared to E. marginata, A. fraseriana and even C. calophylla. Eucalyptus marginata 

and A. fraseriana in particular have strategies/trait combinations that allow them to withstand lower 

water potentials and thus, increased tension in the hydraulic system, whereas B. attenuata and B. 

menziesii must maintain high water potentials which, under the current environmental scenario, will 

limit water uptake in summer and it is likely the main cause of the observed mortality events in the 

SWAFR. 

This study also contributes to the conservation and protection of this important and highly diverse 

SWAFR vegetation. In 2016, Banksia woodlands were declared a threatened ecological community 

by the Australian Federal Government through the Environment Protection and Biodiversity 

Conservation Act 1999, being classified as endangered. Besides the extensive fragmentation and 
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decline in geographical distribution, the loss of functionally important species is a major threat to 

this ecological community. The results presented here add to the concern over the future of Banksia 

spp. and also broadly of Banksia woodlands in the south-west of Australia.  
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