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Abstract  

Drought negatively impacts plant growth and survival. The ability to maintain hydraulic 

functionality during water stress strongly influences whether plants will survive and 

recover from drought. Although our understanding of the mechanisms underlying 

drought-induced mortality have improved in recent decades, our understanding of the 

coordination between stomatal and hydraulic traits and their role in shaping drought 

resistance and enabling recovery remains poorly understood. In this thesis, I examined 

plant hydraulic traits across a range of contrasting species in order to better 

understand how hydraulics determines plant function under drought, governs gas 

exchange, and drives differences in drought resistance.  

By subjecting three contrasting Australian tree species to water limitation, we were 

able to determine the hydraulic vulnerability to embolism of leaves, stems and roots as 

well as the relationship between stomatal conductance and photosynthesis with 

decreasing water potential. We found that leaves and/or roots were more vulnerable 

than stems in Eucalyptus coolabah and Acacia aneura, however E. populnea did not 

show vulnerability segmentation. Additionally, in these species stomatal closure always 

occurred prior to significant hydraulic dysfunction. We confirmed this finding in three 

additional tree species, Arbutus unedo, Ligustrum japonicum and Prunus persica via 

direct imaging of leaf embolism formation by the Optical Visualisation (OV) method 

with simultaneous measurements of stomatal conductance on intact plants.  



xvi 
 

Under long-term mild drought stress, E. coolabah and E. melliodora grown in a poly 

tunnel facility in large 75 L pots, were able to effectively maintain water potentials 

above thresholds likely to result in significant hydraulic dysfunction. However, when 

exposed to long-term severe drought stress, these species contrasted in their ability to 

avoid hydraulic dysfunction. Despite E. melliodora having more embolism resistant-

xylem and larger stomatal safety margins than E. coolabah, E. melliodora incurred the 

greatest hydraulic dysfunction during severe drought whereas E. coolabah was able to 

maintain leaf water potentials within a safe range by leaf shedding. This result suggests 

that xylem vulnerability alone is insufficient to predict a plant’s performance under 

drought. 

Photosynthetic recovery following drought stress was rapid in all species studied in this 

thesis, with stomatal conductance and transpiration slower to recover. The recovery of 

gas exchange was decoupled from the recovery of leaf hydraulics, which remained 

impaired throughout the recovery period. The exception to this was E. melliodora 

where incomplete recovery of stomatal conductance from severe drought was 

restricted by hydraulic factors. Our findings provide no evidence for rapid or 

substantial embolism refilling in any plant organ following drought and instead 

suggests that recovery of hydraulic function is dependent on new xylem growth. 

Prior drought exposure resulted in higher rates of photosynthesis in E. coolabah and E. 

melliodora under subsequent water stress in comparison with plants that had not 

previously experienced drought, due to differences in stomatal regulation that enabled 

stomata to remain open for longer at lower potentials. Plants that had previously 
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experienced drought also reduced leaf size and had lower overall biomass indicating 

that these species can acclimate to recurrent drought. 

In combination, our results strongly suggest that the ability to resist hydraulic 

dysfunction, rather than recover from xylem embolism underpins plant resilience to 

drought, with early stomatal regulation to prevent water loss and delay catastrophic 

xylem dysfunction crucial to plant survival and recovery.  
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Chapter One 

General Introduction 

1.1 Literature Review  

Plant hydraulics and drought  

Drought is a major environmental constraint on plant growth and strongly influences 

plant distribution patterns (Engelbrecht et al., 2007). Drought-induced tree mortality is 

recognised internationally as a major threat to forested ecosystems, with dieback 

events increasingly reported worldwide (Allen et al., 2010, Anderegg et al., 2016, 

Breshears et al., 2005, Van Mantgem et al., 2009, Li et al., 2018b). Given that climate 

models predict increased severity and frequency of drought in many parts of the world 

(IPCC, 2013) there is an increasingly urgent need to better understand the potential 

impacts of drought on plant function and terrestrial ecosystem productivity.  

Water is essential for plant growth and survival. Plants require water for 

photosynthesis, nutrient uptake and transportation as well as leaf temperature 

regulation (Farooq et al., 2009). Plant response to water stress is often complex, 

eliciting a range of physiological and biochemical responses at a cellular level through 

to a whole organism level to cope with water deficit. Plant water relations play a 

crucial role in the ecological adaptive strategy with xylem dysfunction linked to 

vegetation distribution in many ecosystems (Choat, 2013, Blackman et al., 2014, 

Pockman and Sperry, 2000, Lens et al., 2013, Anderegg et al., 2016). By investigating 

plant water relations and associated functional traits that are intrinsically linked to 
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drought tolerance, we can begin to make predictions of which plant species or 

ecosystems will be most able to adapt to and therefore survive, or conversely be the 

most vulnerable to and therefore succumb to drought-induced mortality (McDowell et 

al., 2008).  

In vascular plants, the transport of water is largely determined by its hydraulic 

architecture and this plays a crucial role in its ecological adaptive strategy (Aranda et 

al., 2015, McDowell et al., 2008, Zanne et al., 2010a). According to Cohesion-Tension 

Theory proposed by Dixon and Joly (1895), water transport in plants occurs along a 

gradient of negative pressure (tension) in the pipe-like cells of the xylem. The low 

water potential of the atmosphere drives evaporation of water from cell walls in 

substomatal chambers, increasing xylem tension and lowering the water potential of 

adjacent tissues. Due to the high tensile strength of water (owing to hydrogen 

bonding), a continuous column of water is ‘pulled’ towards substomatal chambers. This 

tension, otherwise known as water potential, Ψ, is thus transferred through the entire 

length of the xylem. The continuous water column from the soil through the plant out 

to the atmosphere is known as the soil-plant-atmosphere continuum (SPAC). 

Therefore, the driving force behind water movement in the xylem is the transpiration-

pull as water moves from the soil (high Ψ) to the atmosphere (low Ψ) in response to 

hydrostatic pressure gradient (bulk flow).  

The rate at which water can be transported through the xylem for a given pressure 

drop is known as hydraulic conductivity, K (Sperry et al., 1988). The hydraulic 

conductivity of the xylem is highly variable across species (Gleason et al., 2013, 
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Maherali et al., 2006, Poorter et al., 2010) and, for a given species, among different 

organs such as leaves or stems (e.g. Nolf et al., 2015, Pivovaroff et al., 2014), and 

growth environments (Pratt et al., 2012, Choat et al., 2007, Nolf et al., 2014, Cornwell 

et al., 2007). Furthermore, within the plant, hydraulic conductivity can be dynamic 

(Hacke, 2014) and respond to changes in the ion concentration of xylem sap (Trifilo et 

al., 2014) or temperature (Cochard et al., 2000).  

Transporting water under tension creates problems for the plant. Because water is 

transported under high tension, it is in a physically metastable condition and this 

predisposes the xylem to air entry in a process known as cavitation (Zimmermann, 

1983). As the xylem tension increases, air bubbles are drawn into the xylem and can 

create blockages or embolism. As leaf water potentials decline under drought 

conditions, the tension increases and can reach levels that compromise the transport 

system and reduce hydraulic conductance. Subsequently, this leads to a reduction in 

photosynthesis (Sperry, 2000, Maherali et al., 2006) and in severe cases ‘runaway’ 

embolism can lead to plant death (Tyree and Sperry, 1989). 

The vulnerability to drought-induced embolism is usually determined by vulnerability 

curves (VCs), which measure the increase in embolism (i.e. percentage loss of hydraulic 

conductivity (PLC)) as a function of increasing xylem tension (Ψx or Px) (Tyree and 

Sperry, 1989). Vulnerability curves typically have a sigmoid shape with loss of 

conductivity gradually increasing as xylem pressure increases, followed by an abrupt 

transition to a much steeper, nearly linear phase, and ending with a more gradual 

phase as loss of conductivity approaches 100%. The vulnerability of the water transport 
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pathway to water-stress induced tension is typically assessed at the Ψ50 (used 

interchangeable in literature with P50), or the water potential causing a 50% reduction 

in hydraulic conductance. Brodribb and Cochard (2009) demonstrated that the 

minimum recoverable water potential for four gymnosperm species was very close to 

species Ψ50 values. In contrast, Urli et al. (2013) showed that the minimum recoverable 

water potential of five angiosperm species was closer to the point at which 88% loss of 

conductivity occurred (Ψ88). The functional and ecological significance of hydraulic 

vulnerability has been widely demonstrated in stems (Klein et al., 2014, Lens et al., 

2013, Larter et al., 2017), where it varies according to annual precipitation; species in 

arid environments usually (but not always) have a more negative Ψ50 than mesic 

species (Choat et al., 2012). There is growing evidence that the hydraulic constraints in 

leaves and roots are equally as important as stems in defining plant function and 

driving differences in species ecological strategy (Bucci et al., 2013, Domec et al., 2004, 

Vadez, 2014, Blackman et al., 2014). However, there is significantly less published data 

on Ψ50 of these organs, suggesting that further work is required to understand the 

adaptive significance of leaf and root hydraulics across the rainfall spectrum, and that 

we need to determine how this might relate to the overall drought tolerance of a 

species. 

Not only does xylem vulnerability differ widely among species (cf. Tyree et al. 1994 and 

Maherali et al., 2004), it also differs among plant organs (Tyree et al., 1993, Tsuda and 

Tyree, 1997, Torres-Ruiz et al., 2015a, Pivovaroff et al., 2014, Nolf et al., 2015). Most 

studies of xylem vulnerability are focused on single plant organs (e.g. leaves or stems), 
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but this approach has led to a lack of understanding of how hydraulic conductance, and 

corresponding xylem vulnerability, is coordinated between organs. Some studies have 

demonstrated that leaves are more vulnerable to hydraulic decline than stems. For 

example, Tyree et al. (1993) demonstrated in walnut trees that prior to leaf shedding, 

petioles had lost 87% of conductance compared to 14% lost by stems. Similarly, in Acer 

saccharum, minor twigs were more vulnerable to cavitation than larger stems (Tsuda 

and Tyree, 1997). However, Nolf et al. (2015) found only a minimal difference between 

leaf and stem vulnerability in three tropical rainforest species suggesting that 

vulnerability segmentation may be a less important adaptive strategy in wet 

environments. Coordination of whole-root vulnerability to hydraulic dysfunction with 

the rest of the plant still remains largely unanswered (Vadez, 2014). The tendency of 

leaves to be more vulnerable to embolism than stems (Johnson et al., 2011, Bucci et 

al., 2012, Pivovaroff et al., 2014) forms the basis of Tyree and Ewers (1991) 

vulnerability segmentation hypothesis. It has been suggested that leaves can act as 

hydraulic ‘fuses’ by embolising before the stem xylem, stopping transpiration, and 

thereby preventing stems from experiencing dangerous xylem pressures (Zufferey et 

al., 2011, Johnson et al., 2012). Roots, which are vital to overall plant water supply 

from the soil, are also assumed to play an important role in protecting stem 

functionality (Pitterman et al., 2006); however, due to the difficulty of accessing deep 

roots in situ little research has been conducted.  
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Plant hydraulics and gas exchange under drought 

Plants can minimise the risk of hydraulic dysfunction during drought through stomatal 

regulation, preventing the water potential of their xylem from dropping below a critical 

threshold leading to permanent loss of water conductivity through embolism (Martin-

StPaul et al., 2017). Since stomatal closure represents a large cost to carbon gain from 

reduced photosynthesis and growth, it has been suggested that hydraulic traits are 

functionally coordinated with gas exchange (Sperry, 2004) ensuring the maintenance of 

carbon assimilation for as long as possible during drought (Tyree and Sperry, 1988). In 

many species, stomatal closure corresponds to water potentials that cause incipient 

hydraulic decline in leaves (Blackman et al., 2009, Brodribb and Holbrook, 2003) and 

stems (Li et al., 2018a, Skelton et al., 2018). However, recent evidence suggests 

stomatal closure may substantially pre-empt the onset of xylem dysfunction (Hochberg 

et al., 2017, Martin-StPaul et al., 2017) with plants converging towards a strategy of 

enhanced survival under extreme drought rather than maintenance of growth under 

mild water stress. 

Recovery of hydraulic conductance after drought. 

The ability to recover following drought is crucial to a plant’s survival, however the 

processes involved in hydraulic recovery following drought is poorly understood.  The 

recovery of plant gas exchange has been shown to be dependent on the recovery of 

hydraulic function (Blackman et al., 2009, Brodribb and Cochard, 2009, Martorell et al., 

2014), with the time to recovery being dependent on the magnitude of drought stress 
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incurred (Skelton et al., 2017, Flexas et al., 2006, Resco et al., 2009). Mild drought 

stress typically does not result in high levels of embolism within the xylem, although 

may still cause reversible declines in hydraulic conductivity due to other processes 

outside the xylem (Scoffoni et al., 2017). Where drought stress does result in 

embolism, two principle mechanism have been proposed that allow plants to restore 

hydraulic function: (1) refilling embolised xylem conduits (Salleo et al., 1996) or (2) 

growing new xylem conduits (for e.g. Brodribb et al., 2010). Several studies have 

reported rapid refilling of embolised vessels after drought (Knipfer et al., 2015b, Trifilo 

et al., 2014) with other studies suggesting that daily cycles of embolism and refilling are 

common in some species (Trifilo et al., 2015, Zufferey et al., 2011), although the 

mechanisms enabling refilling under tension remains unclear (Zwieniecki and Holbrook, 

2009). However, recent studies using non-invasive imaging have failed to find evidence 

of refilling in woody species after drought (Choat et al., 2015, Choat et al., 2018, 

Knipfer et al., 2015a) and instead it has been suggested that observations of rapid 

refilling or diurnal cycles of embolism and repair may be due to a bias of sampling 

procedure overestimating xylem vulnerability (Wheeler et al., 2013, Torres-Ruiz et al., 

2015b, Torres-Ruiz et al., 2014). If plants are unable to refill embolised xylem conduits, 

restoring post-drought hydraulic function would then primarily depend on new xylem 

growth (Brodribb et al., 2010), however this occurs over a significantly longer timespan 

and at a higher carbon cost compared with embolism repair.    
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1.2 Research Objectives  

The general objective of this thesis is to examine the interaction of hydraulic strategies 

with other plant traits that enable survival during drought. In doing so the following 

research questions were investigated: 

1) Are gas exchange and hydraulic traits functionally coordinated?  

In Chapter 2, gas exchange and hydraulic traits were assessed during 

desiccation in three co-occurring woody angiosperms to determine the 

relationship between stomatal closure, photosynthesis and hydraulic 

vulnerability to embolism in leaves, stems and roots. Specifically, we tested the 

hypotheses that stomatal closure would occur prior to the onset of hydraulic 

dysfunction and that in agreement with the Hydraulic Vulnerability 

Segmentation hypothesis, leaves and roots would be more vulnerable to 

embolism than stems (Tyree et al., 1993). 

Chapter 3 explored the contribution of stomatal and hydraulic safety margins to 

plant survival under long-term drought stress. This was achieved by subjecting 

two Eucalyptus species from contrasting environments to six months of low soil 

moisture and examining the ability of each species to maintain water potentials 

above critical water potentials that would result in hydraulic dysfunction. We 

hypothesised that the species with the widest safety margin between stomatal 

closure and stem Ψ50 would incur the least hydraulic dysfunction during the 

drought period.  
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In Chapter 5, we aimed to resolve the sequence of water potential thresholds 

for both stomatal closure and embolism formation in leaves of dehydrating 

plants by coupling direct imaging of embolism formation within the leaf xylem 

using the newly developed Optical Visualisation technique (Brodribb et al., 

2016) with simultaneous gas exchange measurements. 

2) Is the recovery of plant gas exchange determined by hydraulic recovery 

following drought?   

Plant recovery following drought stress was explored in thesis Chapters 2 and 3, 

however the duration and severity of the drought that the plants were exposed 

to differed in each.  

In Chapter 2, plants are exposed to a short, but severe drought until reaching 

water potentials that induced >50% stem PLC and were then subsequently 

rewatered. We test whether plants were able to recover hydraulic functionality 

of leaves, stems and roots by xylem embolism refilling or if hydraulic recovery 

was more dependent upon new xylem growth. We also examine the degree to 

which recovery of photosynthesis was limited by hydraulic and/or stomatal 

processes. 

In Chapter 3, we consider processes that enable gas exchange recovery 

following long-term drought stress in plants exposed to either mild- or severe 

water limitation for a period of six months.  
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3) Can plants acclimate or adapt to water limitation? 

In Chapter 4, we investigated the ability of plants to acclimate to long-term 

water stress. We tested whether prior drought exposure confers enhanced 

regulation of water loss and carbon fixation under future drought when 

compared to plants that were not drought acclimated (i.e. plants with no prior 

exposure to water limitation). We hypothesised that plants previously exposed 

to water limitation would adjust leaf and whole plant structural traits (e.g. LMA, 

xylem vulnerability to embolism, ΨTLP) to be more drought tolerant than well-

watered plants. 
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Chapter Two 

Coordination between leaf, stem and root hydraulics and gas 

exchange in three arid-zone angiosperms during severe drought 

and recovery 

Creek D, Blackman CJ, Brodribb TJ, Choat B, Tissue DT. Coordination between leaf, 

stem, and root hydraulics and gas exchange in three arid‐zone angiosperms during 

severe drought and recovery. Plant Cell Environ. 2018;1–13. 

https://doi.org/10.1111/pce.13418 

 

2.1 Abstract 

The ability to resist hydraulic dysfunction in leaves, stems and roots strongly influences 

whether plants survive and recover from drought. However, the coordination of 

hydraulic function among different organs within species and their links to gas 

exchange during drought and recovery remains understudied. Here we examine the 

interaction between gas exchange and hydraulic function in the leaves, stems and 

roots of three semi-arid evergreen species exposed to a cycle of severe water stress 

(associated with substantial cavitation) and recovery. In all species, stomatal closure 

occurred at water potentials well before 50% loss of stem hydraulic conductance, while 

in two species leaves and/or roots were more vulnerable than stems. Following soil 

rewetting, leaf-level photosynthesis (Anet) returned to pre-stress levels within 2-4 

weeks, whereas stomatal conductance and canopy transpiration were slower to 

recover. The recovery of Anet was decoupled from the recovery of leaf, stem and root 
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hydraulics, which remained impaired throughout the recovery period. Our results 

suggest that in addition to high embolism resistance, early stomatal closure and 

hydraulic vulnerability segmentation confers drought tolerance in these arid zone 

species. The lack of substantial embolism refilling within all major organs suggests that 

vulnerability of the vascular system to drought-induced dysfunction is a defining trait 

for predicting post-drought recovery. 

2.2 Introduction 

Drought negatively impacts plant growth and survival. The increasing severity and 

frequency of drought events due to climate change is predicted to significantly alter 

local plant community composition and global carbon cycles (Anderegg et al., 2015b, 

Sheffield and Wood, 2007). This will strongly depend on whether species can both 

resist the negative impacts of water stress during drought, as well as rapidly recover 

plant function following soil rewetting. Recent research suggests that hydraulic traits 

are key to understanding plant functional responses during drought and recovery 

(Blackman et al., 2009, Brodribb and Cochard, 2009, Skelton et al., 2017b, Resco et al., 

2009) on the basis of strong relationships between hydraulic and gas exchange systems 

(Brodribb et al., 2005, Meinzer, 2002, Sperry et al., 2002). However, there are 

significant knowledge gaps in our understanding of the linkages between gas exchange 

and hydraulic function within different plant organs (i.e., leaves, stems and roots) 

during drought, and the processes that govern hydraulic and gas exchange recovery 

following severe drought stress. 
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Transpiration is essential for photosynthesis and growth in plants and depends on their 

ability to maintain functional water transport, from the roots to the sites of 

evaporation in leaves. As soils dry out during drought, tension (i.e. more negative 

water potential) within the hydraulic pathway increases and can cause hydraulic 

conductance to decline as a result of embolism (air bubbles) that form and spread 

within the water conducting xylem and under extreme drought can cause catastrophic 

hydraulic failure and plant death (Anderegg et al., 2015a, Brodribb and Cochard, 2009, 

Tyree and Sperry, 1989). The ability of plants to resist drought-induced hydraulic 

decline is described in terms of their hydraulic vulnerability and is usually measured as 

the water potential (-MPa) corresponding to a 50% loss in conductance (Ψ50). Plants 

typically minimise the risk of incurring hydraulic dysfunction during drought via 

stomatal regulation (Martinez-Vilalta and Garcia-Forner, 2017). Since stomatal closure 

represents a large cost to carbon gain, it has been postulated that stomata should close 

after a threshold for cavitation has been reached (Sperry, 2004). In many species, this 

threshold corresponds to water potentials that cause incipient hydraulic decline in 

leaves (Blackman et al., 2009, Brodribb and Holbrook, 2003) and stems (Li et al., 2018b, 

Skelton et al., 2018). In other species, stomatal closure may substantially pre-empt the 

onset of xylem dysfunction in stems (Hochberg et al., 2017), which may represent an 

important drought avoidance strategy in species from arid environments (Martin-

StPaul et al., 2017). Under more extreme drought, when stomatal regulation can no 

longer preserve safe water-balance, plants may ‘sacrifice’ more vulnerable and 

expendable organs such as leaves and roots in favour of stems, in accordance with 
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hydraulic vulnerability segmentation (Tyree and Ewers, 1991). However, while stomatal 

regulation and vulnerability segmentation represent important drought survivorship 

strategies, very few studies have tested for differences in hydraulic vulnerability among 

all major organs (i.e., leaves, stems and roots) of individual species (Rodriguez 

Dominguez et al., 2018), nor examined the level of coordination between hydraulic 

decline in different plant organs and stomatal closure during drought (but see Cochard 

et al., 2002). To the best of our knowledge, none have examined the coordination 

between hydraulic recovery in different plant organs and the recovery of gas exchange 

after soil rewetting.  

Post-drought recovery of plant gas exchange in angiosperm and conifer species has 

been shown to be dependent on the recovery of hydraulic function (Blackman et al., 

2009, Brodribb and Cochard, 2009, Martorell et al., 2014), with the time to recovery 

being dependent on the severity of drought stress incurred (Flexas et al., 2006, Resco 

et al., 2009). Although still hotly debated, the mechanism of hydraulic recovery likely 

varies across different plant groups, involving processes related to xylem refilling via 

positive pressure (Charrier et al., 2016, Gleason et al., 2017, Knipfer et al., 2015) and/or 

active embolism repair under tension (see Secchi et al., 2017), or the development of 

new xylem growth (Brodribb et al., 2010, Choat et al., 2015). The mechanisms and 

dynamics of hydraulic recovery and its possible influence on gas exchange may also 

vary between different plant organs, yet this hypothesis remains largely untested 

within a single species. A better understanding of these processes in whole plants is 

critical, especially considering incomplete hydraulic recovery both reduces plant 
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productivity and enhances the risk of plant mortality during subsequent drought 

events (Anderegg et al., 2013, Mitchell et al., 2016) and strongly influences our ability 

to predict the impact of future drought on global carbon cycles (Schwalm et al., 2017). 

In the present study, we examined the level of coordination between gas exchange and 

leaf, stem and root hydraulics during a cycle of severe drought followed by soil 

rewetting of three woody arid zone species from outback Australia grown in pots in 

environmentally controlled conditions. We chose these species on the basis that long-

lived evergreen plants from dry environments must both tolerate extreme water 

deficit, as well as utilise stochastic rainfall events. Under these conditions, plants may 

need to exhibit adaptation related to drought resistance (i.e., the ability to withstand 

increasing levels of water stress) and resilience (i.e., the ability to rapidly recover plant 

function following soil rewetting). During drought, we hypothesised that in order to 

tolerate severe drought in arid environments these species will exhibit: (1) strong 

stomatal regulation that limits the risk of major hydraulic failure in leaves, stems and 

roots, and (2) strong hydraulic vulnerability segmentation whereby leaves and roots 

are more vulnerable than stems. Following the alleviation of drought by soil rewetting 

we hypothesised that: (3) the recovery of plant gas exchange will be limited by the 

recovery of leaf, stem and root hydraulics. 
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2.3 Methods 

Species and experimental design 

We studied the drought and recovery response of three co-occurring woody evergreen 

tree species that are widespread in semi-arid and arid habitats of inland Australia: (1) 

Acacia aneura (F.Muell. ex Benth), a shallow rooted species which occurs in tall shrub-

lands to low open forests covering vast areas of central Australia; (2) Eucalyptus 

coolabah subsp. coolabah (Blakely & Jacobs), a riparian species commonly occurring 

along ephemeral watercourses; and (3) Eucalyptus populnea (F. Muell.), a woodland 

species occurring in regions of more fertile soils. These species were selected on the 

basis that they were expected to have differing access to water within the arid 

landscape and thus might exhibit different functional responses during drought and 

subsequent recovery following soil rewetting.  

Seed of each species was sourced from the Australian Tree Seed Centre (CSIRO, Black 

Mountain, ACT), from populations in central – northwest NSW. The climate in these 

environments is characterised by high summer temperatures (mean maximum ca. 

28°C) and low sporadic rainfall (ca. 300mm). In September 2015, seeds were 

germinated and grown in tube-stock inside a poly-tunnel managed by Greening 

Australia (Richmond, NSW). After 2-3 months, 50 plants of each species were 

transplanted into larger cylindrical PVC pots (6.9 L; 15 cm diameter by 40 cm length, 

with the bottom of each pot consisting of a PVC cap with six 4 mm wide drainage 

holes) filled with a local native soil obtained from the A horizon of a local dry 

sclerophyllous forest in Menangle, NSW, Australia. The soil was a moderately fertile 
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sandy loam: pH = 5.0 (0.01 M CaCl), organic carbon content = 1.4%, total Kjeldahl N = 

1300 mg kg−1, total P = 217 mg kg−1, C:N:P = 65:6:1 (ALS Laboratory Group, Smithfield, 

NSW, Australia). The pots were placed onto benches in three naturally lit, adjacent and 

temperature-controlled glasshouse bays that have been described previously 

(Ghannoum et al., 2010, Lewis et al., 2013) located at the Western Sydney University 

Hawkesbury campus, Richmond, NSW. Photosynthetically active radiation (PAR) is 

approximately 15% lower inside the glasshouse bays compared to outside conditions. 

The air temperature in each bay was controlled at two set-points over a day-night cycle 

at 22°C from 8:00 to 18:00 hours (day) and 18°C from 20:00 to 06:00 hours (night), and 

with a progressive temperature increase/decrease between the day/night set values. 

Plants were grown for 3-4 months and kept well-watered and fertilized every 3 weeks 

with a commercial liquid fertilizer (500 ml Aquasol, at 1.6 g l−1; 23% N, 4% P, 18% K, 

0.05% Zn, 0.06% Cu, 0.0013% Mo, 0.15% Mn, 0.06% Fe, 0.011% B; Yates Australia, 

Padstow, NSW, Australia).  

In April 2016, when the plants of each species were at least 50 cm tall, we assigned 

plants to two different sub-experiments. (1) Drought response experiment: a group of 

15-20 plants per species were exposed to a single drought treatment during which the 

response of leaf gas exchange and hydraulic conductance in leaves, stems and roots to 

decreasing water potential was measured. (2) Recovery response experiment: 

immediately following the completion of experiment 1, a second group of 15-20 plants 

per species were dried down to a narrow range of water potentials associated with 

significant stem hydraulic dysfunction and then re-watered to field capacity after which 
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the recovery of leaf gas exchange and hydraulic traits was measured. In both 

experiments, the rate of plant desiccation during drought was slowed by shading the 

plants from afternoon sun with 50% shade cloth and covering the exposed soil of each 

pot to prevent soil water evaporation. Plants in the second experiment were also 

maintained under these conditions during recovery. Note that all gas exchange 

measurements were conducted during the morning under non-shaded light conditions. 

Experiment 1: Drought response  

In the drought response experiment, all plants were exposed to drought by 

withholding water, after which they were allowed to use up available soil water and 

slowly desiccate (over the course of 2-3 weeks). During this time the physiological 

response of each species was monitored. As the drought progressed, individual plants 

were targeted for leaf gas exchange, whole canopy transpiration, and midday water 

potential (measured in situ), and then taken out of the glasshouse and harvested for 

leaf, stem and root hydraulic measurements in the lab. In total, the physiological 

response of plants of each species was measured across all levels of plant water status 

(water potential), ranging from full hydration to near complete canopy leaf death. 

Experiment 2: Recovery response  

To characterise the recovery of plant function following drought, plants of each species 

were dried-down to a target minimum water potential associated with ca. 50% loss in 

stem hydraulic conductance (as predicted from each species vulnerability curve 

generated from Experiment 1), after which they were re-watered and soil water 
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content was maintained at field capacity. During recovery, leaf-level gas exchange and 

whole canopy transpiration, as well as leaf, stem and root hydraulics were measured in 

sub-groups of 4-5 plants per species at 1, 3, 14 and 28 days after soil rewetting. A 

smaller group of control plants (n=3) per species were maintained under well-watered 

conditions throughout the experiment. 

To avoid the potentially confounding effect of altered canopy leaf area on the recovery 

dynamics, we limited the extent of leaf death in the recovery response plants at peak 

drought stress, whilst still ensuring water potentials associated with ca. 50% stem 

hydraulic dysfunction were reached. The average percentage of canopy leaf area that 

was dead due to drought was 0% in A. aneura, 5.9±2.1% in E. populnea and 9.2±3.1% in 

E. coolabah.  

Leaf gas exchange, canopy transpiration and water potential 

In both the drought response and recovery experiments, we measured leaf-level 

photosynthesis during the morning (9:00-12:00 hours) using up to 4 identical open gas 

exchange systems (Li-6400XT with Li-6400-02B LED light source, Li-Cor Inc.). One fully 

expanded leaf, considered to be representative of the condition of the majority of 

mature leaves, was enclosed in the cuvette and exposed to ambient light (1000 μmol 

m−2 s−1), 400 μmol mol-1 CO2, and a flow rate of 500 μmol s−1. The leaf vapour-pressure-

deficit (VPD) during each measurement was maintained between 0.9 and 1.4 kPa, and 

the leaf temperature was controlled at 22 ± 1 °C. 
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Each day, immediately following gas exchange measurements, the pots of targeted 

plants were placed inside 1 mm thick plastic bags and sealed with zip ties at the base of 

the plant stem. Pots were then weighed on a precision high capacity balance (model 

FCB 15K0.1BM, Kern, Balingen, Germany) at approximately 11:00 hrs and 12:00 hrs. 

Whole canopy transpiration (E, mmol m-2 s-1) was calculated from these measurements 

as the difference in pot mass (g) divided by the time (s) between measurements and 

whole plant leaf area (m2). In the drought response experiment, total canopy leaf area 

was determined for each plant after they were destructively harvested for hydraulic 

measurements (Li-3100C Area Meter, Li-Cor Inc., Lincoln, NE, USA). During recovery in 

the recovery response experiment, E was normalised for each plant by its original leaf 

area (i.e. the leaf area that would have been present immediately prior to the onset of 

drought). This original leaf area was estimated using measurements of stem basal 

diameter taken prior to the onset of drought and the allometric relationship between 

basal diameter and canopy leaf area generated for each species from the 15-20 plants 

that were harvested during the drought response experiment. For each species, the 

relationship between stem diameter and canopy leaf area was significant at p < 0.05 

(see Supporting Information Figure S1). 

Leaves that had been measured for gas exchange (one per individual) were excised at 

midday and placed in a humidified plastic bag inside a cooler box and transported to 

the lab where leaf water potential (Ψleaf) was measured using a Scholander-type 

pressure chamber (Model 1505D, PMS Instrument Company, Albany, OR, USA). 

Meanwhile, an opaque plastic bag was placed over the entire shoot component of each 
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of the targeted individual and whole plants (with pots) were transported to the lab, 

where they were left for a minimum of 1 hour in darkness to facilitate water potential 

equilibration across plant tissues, before starting leaf, stem and root hydraulic 

measurements (see detailed description below). To ensure that we had confidence in 

the response of photosynthesis and stomatal conductance during the dry-down phase, 

we measured gas exchange, E, and midday Ψleaf in a number of additional plants to 

those targeted for hydraulics.     

Hydraulic measurements 

Leaf hydraulic conductance was measured using the modified rehydration kinetics 

technique (Brodribb and Cochard, 2009). After whole plants had spent a minimum of 

one hour inside opaque plastic bags, water potential equilibration was tested by 

measuring 2-3 leaves sampled from different parts of the canopy (for each individual, 

water potential did not vary by more than 10%). Focusing on one individual at a time, 

each plant was removed from the plastic bag and a target leaf (or small shoot in the 

case of A. aneura) was cut under water. The leaf was quickly attached to hydraulic 

tubing connected to a beaker of water placed on a high precision balance, which 

recorded the rate of water uptake by the leaf every 2 seconds. The head of water on 

the balance was at the same height as the leaf to eliminate the influence of gravity, 

and a release valve was connected to ensure zero pressure in the tubing upon leaf 

connection. Kleaf was determined at the instantaneous point corresponding to the 

initial water potential Ψleaf recorded at the time of leaf excision using the following 

equation: Kleaf = ‒I/Al∙Ψleaf, where I is the maximum flow rate (mmol s-1) calculated 
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from the first 3-4 data points of the rehydration curve, and Al is the leaf area (m-2). 

Measurements of Kleaf during the recovery response experiment were conducted 

within the glasshouse prior to placing whole-plants into bags at midday (following 

transpiration measurements), which ensured there was sufficient pressure inside the 

leaf to detect flow rates using the balance. In this instance, the water potential was 

measured in two leaves (neighbouring the sample leaf) to ensure accuracy in our 

determination of initial water potential. In all cases, the water potential measured in 

these two neighbouring leaves did not differ by more than 10%. 

The hydraulic vulnerability of roots was measured using the same principles of 

rehydration kinetics, whereby intact root systems absorbed water while connected to a 

reservoir of water placed on an analytical balance. Immediately following the leaf 

hydraulic measurement, targeted plants (still in their pots) were put on their side and 

the above-ground shoot component lowered inside a large open-topped plastic box 

accessed via a 2cm wide vertical slit that had been cut-out from the top of one of the 

end walls (see schematic diagram Figure S2). The bottom of the cut-out space, 

containing the base of the stem, was then sealed with water-proof tape and the box 

filled with enough water to submerge the base of the stem. Sharp secateurs were used 

to cut the stem within the first 2 cm of its length entering the box, after which the end 

section that was still attached to the roots was immediately connected to hydraulic 

tubing leading to a beaker of water placed on a balance (as described for leaf 

hydraulics above). The maximum rate of water flow into the root system was 

calculated from the first 3-4 data points (i.e., the first 6-8 seconds) of each rehydration 
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curve. Root hydraulic conductance (Kroot mmol s-1 m-2 MPa) was normalised by whole 

canopy leaf area, initial water potential and water viscosity. We expressed Kroot on a 

leaf area basis, rather than a root mass basis, to facilitate direct comparisons between 

leaf and root hydraulic fluxes.  

Immediately following excision of the root portion of the plant, the cut stem of the 

entire above-ground portion was kept under water in a humidified dark bag for a 

further 20-60 minutes to ensure relaxation of the xylem tension within the stem and 

avoid possible excision artefacts (Torres-Ruiz et al., 2015, Wheeler et al., 2013). This 

was especially important for dehydrated plants in the drought response experiment. 

Once xylem water potential was >-1MPa, which was determined by measuring water 

potential in 2-3 leaves sampled from different parts of the plant, the whole shoot was 

progressively and slowly cut back under water (~5-10 mins between each cut) until a 

straight, unbranched stem segment approximately 10 cm in length was obtained. 

Leaves from these sections were later removed for determination of total canopy leaf 

area. Stem hydraulic conductivity measurements were made before and after removal 

of embolism, with flow rates logged with a digital liquid flow meter (LiquiFlow L10, 

Bronkhorst High-Tech BV, Ruurlo, Gelderland, Netherlands) using a filtered (0.22 µm) 

solution of distilled water with 2 mmol KCl and flow analysis programs FlowDDE (V. 

4.69) and FlowPlot (Versions 4.69 and 3.34 respectively, Bronkhorst FlowWare, 

http://downloads.bronhorst.com). Embolism was removed by flushing the stem for a 

minimum of 30 mins at constant low pressure (0.2 MPa). The relative difference in flow 

http://downloads.bronhorst.com/
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(PLC, percent loss of conductivity) before and after repeated flushing at high pressure 

was plotted against stem Ψ to create stem hydraulic vulnerability curves.  

Stem diameter 

Regular measurements of basal stem diameter were taken during experiment 1 and 2 

using a portable high-precision laser micrometer (Metralight, San Mateo, CA, USA) 

mounted onto a modified piece of clear PVC sheet marked with a series of parallel and 

perpendicular lines. Pots were marked with two points 90° apart that were used to 

align the micrometre with the base of the main stem for each measurement. 

Pressure-volume – turgor loss point 

The turgor loss point of each species was obtained using the technique described by 

Tyree and Hammel (1972). One mature leaf was sampled from each of 4-6 well-

watered replicates of each species. 

Statistics 

For each species, the response of leaf gas exchange to increasing water potential was 

parameterised using local polynomial regression and fitting a “loess” model in 

conjunction with the “fitcond” function in the fitplc package in R (Duursma and Choat, 

2017). The resulting fit was used to calculate the water potential at 80% stomatal 

closure (gs80). It was also used to test whether leaf gas exchange was limited by water 

potential during recovery. 
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For each species, the relationship between hydraulic conductance of each plant organ 

and decreasing water potential (-MPa) was fitted with a Weibull curve using the 

“fitcond” function in the fitplc package in R (Duursma and Choat, 2017). From these 

curves, the water potential corresponding to 12, 50 and 88 percent loss of conductance 

(PLC) from mean maximum values was calculated. In each case, where possible, 

bootstrapped confidence intervals (CIs; 95%) were calculated. Differences in 

vulnerability between plant organs within species were deemed significant only if CIs 

did not overlap. Stomatal-hydraulic safety margins (MPa) were calculated across plant 

organs of each species as the difference in water potential (MPa) between the point of 

stomatal closure (Ψgs80) and leaf, stem, and root Ψ50, respectively (Brodribb and 

Holbrook, 2004). 

 

2.4 Results 

Gas exchange during drought 

Photosynthesis (Anet), stomatal conductance (gs) and whole canopy transpiration (E) 

declined in response to increasing desiccation (decreasing water potential; -MPa) in all 

three species (Figure 1). Overall, gs and E were similarly sensitive to drought, with 80% 

loss occurring within a relatively narrow range of water potentials across species (ca. -2 

to -3 MPa; Table 2). In contrast, Anet was less sensitive to drought, with 80% loss 

occurring at water potentials ranging from -2.9 MPa in E. coolabah to -5.0 MPa in A. 

aneura. 
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Figure 1. The response of photosynthesis (Anet), stomatal conductance (gs) and canopy 

transpiration (E) to decreasing water potential (-MPa) during drought shown by A. aneura 

(a,d,g), E. coolabah (b,e,h) and E. populnea (c,f,i). In each plot the solid red line indicates 80% 

loss of function. Light and dark dashed lines in plots (d-f) indicate leaf and stem Ψ50, 

respectively. 
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Table 1. Hydraulic vulnerability of leaves, stems and roots of A. aneura, E. coolabah and E. 

populnea. Water potentials (MPa) plus 95% confidence intervals at 12% (Ψ12), 50% (Ψ50) and 

88% (Ψ88) loss in hydraulic conductivity in leaves, stems and roots, and hydraulic safety margins 

(MPa) between stem Ψ50 and leaf and root Ψ50. 

 
A. aneura E. coolabah E. populnea 

Leaf Ψ50 -5.84 

(-4.57, -6.64) 

-5.17 

(-4.57, -5.66) 

-6.92 

(-6.19, -7.46) 

Leaf Ψ12 -2.59 

(-0.89, -3.68) 

-3.46 

(-1.33, -4.47) 

-4.99 

(-4.25, -5.91) 

Leaf Ψ88 -10.0 

(-8.32, NA) 

-6.77 

(-5.97, NA) 

-8.58 

(-6.78, NA) 

Stem Ψ50 -8.46  

(-7.78, -8.94) 

-7.27 

(-6.93, NA) 

-7.02 

(-6.41, -7.69) 

Stem Ψ12 -6.54 

(4.60, -7.92) 

-5.54 

(-5.07, -5.96) 

-5.15 

(-4.32, -6.59) 

Stem Ψ88 -10.04 

(-9.26, NA) 

-8.7 

(NA, NA) 

-8.63 

(-7.68, NA) 

Root Ψ50 -8.16 

(-7.43, -8.51) 

-4.51 

(-3.19, -4.81) 

-6.40 

(-6.0, -6.78) 

Root Ψ12 -5.30 

(-3.11, -5.94) 

-2.54 

(-0.58, -3.20) 

-4.16 

(-3.46, -4.74) 

Root Ψ88 -10.86 

(-9.84, NA) 

-6.61 

(-5.83, NA) 

-8.51 

(-7.87, -8.98) 

Leaf Ψ50 – Stem Ψ50 2.62 2.1 0.1 

Root Ψ50 – Stem Ψ50 0.3 2.76 0.62 
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Table 2 Water potentials (Ψ; MPa) for each species coinciding with an 80% (Ψ80) reduction in 

photosynthesis (Anet), stomatal conductance (gs) and canopy transpiration (E), as well as turgor 

loss point (ΨTLP±SE) and the stomatal-hydraulic safety margin between stomatal closure (Ψgs80) 

and leaf, stem and root Ψ50, respectively. 
 

A. aneura E. coolabah E. populnea 

ΨA80 -4.96 -2.86 -4.31 

Ψgs80 -2.63 -2.17 -2.66 

ΨE80 -2.07 NA -1.95 

ΨTLP -1.66 ± 0.06 -1.82 ± .04 -2.11 ± 0.07 

Ψgs80 - leaf Ψ50 3.21 3.0 4.26 

Ψgs80 - stem Ψ50 5.83 5.1 4.36 

Ψgs80 - root Ψ50 5.53 2.34 3.74 

Ψgs80 - leaf Ψ12 0.04 1.29 2.33 

Ψgs80 - stem Ψ12 3.91 3.37 2.49 

Ψgs80 - root Ψ12 2.67 0.37 1.5 

 

Leaf, stem and root vulnerability to drought 

Leaf, stem and root hydraulic conductance showed a similar sigmoidal response to 

decreasing water potential, whereby conductance remained close to maximum values 

over an initial range of water potentials before declining after species-specific safety 

thresholds were reached (Figure 2). Despite the relatively conservative shape of these 

relationships, the three species varied significantly in their ability to resist hydraulic 

dysfunction in response to increasing xylem tension (Figure 2, Table 1). The most 

drought resistant species was A. aneura with 50% and 88% loss of hydraulic function in 

stems recorded at -8.5 MPa and -10.0 MPa, respectively. In comparison, E. coolabah 

and E. populnea had stem xylem that were similarly vulnerable, with stem Ψ50 recorded 
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at -7.3 MPa and -7.0 MPa, respectively, and stem Ψ88 values recorded at -8.7 MPa 

and -8.6 MPa, respectively. Among the different plant organs, leaves were more 

vulnerable to drought than roots and stems in A. aneura, and leaves and roots were 

more vulnerable than stems in E. coolabah (Figure 2; Table 1). In contrast, significant 

overlap in Ψ50 CIs was recorded for E. populnea leaves, roots and stems (Figure 2; Table 

1), indicating that each organ was similarly vulnerable to increasing xylem tension. 

Similarly, Ψ50 CIs overlapped for A. aneura roots and stems, and for E. coolabah leaves 

and roots (Figure 2; Table 1). Water potentials corresponding to 88% loss in hydraulic 

conductance (Ψ 88) were similar in the leaves, stems and roots of A. aneura and            

E. populnea, respectively, although Ψ 88 CIs were large (Table 1). 

The stomatal-hydraulic safety margin (Ψgs80 - stem Ψ50) was relatively wide for each 

species, ranging from 4.4 MPa in E. populnea to 5.5 MPa in A. aneura (Table 2; Figure 

1). Narrower stomatal-hydraulic safety margins were recorded between Ψgs80 and leaf 

Ψ50 (ranging from 3.0 MPa in E. coolabah to 4.3 MPa in E. populnea) and between 

Ψgs80 and root Ψ50 (ranging from 2.3 MPa in E. coolabah to 5.5 MPa in A. aneura) 

(Table 2). Stomatal closure occurred within a narrow range of water potentials             

(< 0.5 MPa) prior to the beginning of hydraulic dysfunction (Ψ12) in leaves of A. aneura 

and roots of E. coolabah. In contrast, wider safety margins (> 2 MPa) were recorded 

between Ψgs80 and incipient loss in stem hydraulic function (Ψ12) for all species (Table 

2). The water potential at leaf turgor loss (TLP) was similar among species, ranging 

from -1.7 MPa in A. aneura to -2.1 MPa in E. populnea (Table 2). 
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Figure 2. Hydraulic vulnerability curves showing the response of (a-c) leaf hydraulic 

conductance (Kleaf), (d-f) root hydraulic conductance (Kroot) and (g-i) stem relative conductivity 

to decreasing water potential for the species A. aneura (a,d,g), E. coolabah (b,e,h) and E. 

populnea (c,f,i). The water potential at 50% loss in conductance (Ψ50) and associated 95% 

confidence intervals are represented by the solid and dashed red lines, respectively. 
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Recovery from drought 

The average (±SD) minimum water potential recorded in recovery response plants prior 

to re-watering was -9.12 ± 0.64 MPa for A. aneura, -6.64 ± 0.46 MPa for E. coolabah 

and -7.51 ± 0.38 MPa for E. populnea. These water potentials were slightly above or 

below our target minimum water potential associated with ca. 50% loss in stem 

hydraulic function. They were associated with a predicted loss in hydraulic 

conductance of 82%, 65% and 67% in leaves, roots and stems of A. aneura; 65%, 73% 

and 63% in leaves, roots and stems of E. populnea; and 85%, 88% and 35% in leaves, 

roots and stems of E. coolabah, respectively.  

Upon re-watering, two distinct patterns of midday water potential recovery were 

observed. The first pattern of recovery was shown by A. aneura and to a lesser extent 

E. coolabah, and was characterised by rapid recovery of midday Ψleaf to values 

corresponding to less than 20% stomatal closure within 3 days of re-watering (Figure 

3). The second pattern of recovery was exhibited by E. populnea and was characterised 

by an initial recovery of Ψleaf to values corresponding to roughly 80% stomatal closure 

within 3 days followed by a slower recovery over 4 weeks to pre-stress values (Figure 

3). For all species, Anet returned to 50% of pre-stress values at 3 days after re-watering, 

while gs recovery was slower and remained incomplete at 4 weeks (Figure 4). Complete 

or near complete recovery in Anet occurred at 2 weeks in A. aneura and at 4 weeks in 

the two eucalypt species. For A. aneura and E. coolabah, incomplete recovery in gs 

resulted in an increase in instantaneous water use efficiency at 4 weeks after              

re-watering, although the relationship between Anet and both gs and canopy E was 
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similar both during and in recovery from drought (Figure 5). During recovery, whole 

canopy transpiration (E) exceeded pre-stress levels at 2 weeks in A. aneura and at 

roughly 4 weeks in the two eucalypt species (Figure 4). 

 

 

Figure 3. Recovery of midday leaf water potential from drought after rewatering in (a) A. 

aneura, (b) E. coolabah and (c) E. populnea. In each plot, top and bottom dashed lines 

represent water potentials corresponding to 20 and 80% stomatal closure, respectively. 
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The recovery of both leaf-level gas exchange and canopy transpiration in A. aneura and 

E. coolabah plants was decoupled from the recovery of midday water potential (Figure 

6). For both species, the observed recovery of Anet and gs differed significantly (P > 

0.05) from predicted values assuming that rates of gas exchange are a unique function 

of Ψleaf (Supporting Information Figure S3). In contrast, the recovery of leaf-level gas 

exchange in E. populnea plants was governed by the recovery of leaf water status as 

evidenced by close correspondence between observed and predicted values of Anet     

(r2 = 0.62, P < 0.001) and gs (r2 = 0.5, P < 0.001) during recovery (Supporting 

Information Figure S3). In each species, the recovery of Anet, and gs was decoupled 

from the recovery of hydraulic function in leaves, roots and stems, respectively 

(Supporting Information Figure S4). 

Hydraulic function in leaves, roots and stems remained below pre-stress levels 

throughout the recovery period in all three species (Figure 7). For A. aneura, leaf 

hydraulic function returned to ~60% of pre-stress values within 24 hrs after 

re-watering, but showed no further sign of recovery during the next 4 weeks. For the 

two eucalypt species, Kleaf was variable during recovery and remained below ~60% of 

pre-stress values at four weeks after re-watering. All three species did not appear to 

recover significant root hydraulic function at two weeks, although after 4 weeks A. 

aneura returned to approximately 60% of pre-stress root hydraulic values. Four weeks 

after re-watering, only A. aneura showed signs of stem hydraulic recovery, most likely 

as a function of new xylem growth. Indeed, rapid recovery of basal diameter growth 

rates to near pre-stress levels was observed in A. aneura at 2 weeks, but not in the two 
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eucalypts whose growth rates remained below pre-stress levels at four weeks after   

re-watering (Supporting Information Figure S5). 

 

Figure 4. Recovery of gas exchange parameters (a) photosynthesis (Anet), (b) stomatal 

conductance (gs) and (c) canopy transpiration (E) relative to pre-stress values of each species at 

different time points following rewatering from drought. Bars represent 1 day (red), 3 days 

(dark red), 2 weeks (purple) and 4 weeks (blue) after rewatering. Error bars indicate 95% 

confidence intervals. 
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2.5 Discussion 

The results of this study provide new insight into the hydraulic vulnerability of different 

plant organs within a species, as well as the processes that drive plant hydraulic and 

gas exchange function during drought and recovery. Overall, our findings indicate that 

leaves and roots were either equally or more vulnerable than stems. During drought, 

the water potential at which point plants closed their stomata coincided with the 

beginning of hydraulic decline in leaves of A. aneura and roots of E. coolabah, 

indicating a possible hydraulic signal interacting with stomatal closure in these species. 

Nevertheless, wide safety margins were recorded between stomatal closure and stem 

hydraulic dysfunction in all three species. Following drought, the more rapid recovery 

in photosynthesis compared to stomatal conductance and whole canopy transpiration 

suggests that the photosynthetic apparatus is more resilient to injury by desiccation 

than hydraulic systems. Indeed, we observed little recovery in leaf, stem or root 

hydraulics following soil rewetting, suggesting that these species do not actively refill 

xylem embolisms in leaves, stems or roots, and that whole plant hydraulic recovery is 

dependent on new xylem growth. 

Species hydraulic safety margins 

The first line of defence against drought stress is stomatal regulation of plant water 

potential (Martinez-Vilalta and Garcia-Forner, 2017), with stomatal closure commonly 

coinciding with the beginning of hydraulic dysfunction (Li et al., 2018b, Nardini and 

Salleo, 2000, Skelton et al., 2018, Tombesi et al., 2015). Here, we observed relatively 

narrow safety margins (<0.5 MPa) between stomatal closure and the beginning of 



41 
 

hydraulic decline in leaves of A. aneura and roots of E. coolabah, which suggests a 

possible hydraulic signal of stomatal closure occurring in more vulnerable organs in 

these species. However, we also observed relatively wide safety margins (>2 MPa) 

between stomatal closure and the start of stem hydraulic dysfunction (stem Ψ12) in all 

three species, while even wider safety margins (>4 MPa) were observed when 

expressed relative to stem Ψ50. Wide safety margins associated with early stomatal 

closure and high embolism resistance, especially in stems, may help these arid zone 

species limit the risk of catastrophic hydraulic failure during drought (Martin-StPaul et 

al., 2017). 

Hydraulic vulnerability across plant organs  

In agreement with the hydraulic vulnerability segmentation hypothesis, leaves and 

roots were significantly more vulnerable than stems in E. coolabah, while leaves (i.e., 

small shoots) were more vulnerable than roots and stems in A. aneura. These findings 

suggest that the leaves and/or roots of these species may act as ‘hydraulic fuses’ that 

help preserve the hydraulic integrity of more carbon expensive stems during drought 

(Tyree and Ewers, 1991). Hydraulic vulnerability segmentation may be especially 

advantageous for plants in arid environments where survival during protracted drought 

may depend on both reducing evaporative leaf area and isolating roots from drying 

soils, while preserving the hydraulic integrity of less-redundant stems to facilitate 

recovery once drought stress has been alleviated. Recent studies suggest the level of 

vulnerability segmentation exhibited by species is influenced by climate, with strong 

vulnerability segmentation in species from semi-arid, temperate and seasonally dry 
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environments (Johnson et al., 2016, Martinez-Vilalta et al., 2002, Pivovaroff et al., 

2014, Zhu et al., 2016, Wolfe et al., 2016) and weak and/or absent segmentation in 

more mesic environments (Nolf et al., 2015, Villagra et al., 2013, Zhu et al., 2016) and 

herbs (Skelton et al., 2017a). It is therefore surprising that E. populnea, a long-lived arid 

zone species, showed little hydraulic vulnerability segmentation. This lack of 

differentiation in vulnerability between plant organs suggests that the properties of the 

xylem related to embolism resistance in this species are similar throughout the 

hydraulic pathway. 

In the relatively few studies that have examined root hydraulics, measurements are 

typically conducted using short root segments rather than entire root systems. In the 

present study, we used a novel approach for measuring the hydraulic conductance of 

the entire root system by applying the principles of rehydration kinetics normally used 

to measure leaf hydraulics (Blackman and Brodribb, 2011, Brodribb and Cochard, 

2009). In this approach we assumed that the driving force for flow (water potential) 

was generated by tension across the entire root length and that hydraulic decline 

during drought was primarily driven by embolism formation deep within the root 

system – as evidenced by the observed difference in vulnerability between roots and 

stems in E. coolabah. However, we were unable to detect where root embolism was 

occurring in major roots, minor roots or both. Nor could we determine whether major 

and minor roots varied in hydraulic vulnerability. A recent paper by Dominguez et al., 

(2018) shows minor roots as being the most resistant of all xylem tissues in Olive. It is 

possible that a similar situation may apply to the roots of the species studied here, and 
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that the upstream coarse roots may have been more vulnerable and thus limited the 

rehydration flow into the fine roots. Further work will be necessary to understand the 

spatial distribution of embolism within roots. 

 

 

Figure 5. The relationship between photosynthesis (Anet) and stomatal conductance (gs; first 

row) and canopy transpiration (E; second row) during drought (light grey circles) and recovery 

from drought (coloured circles: red = 1 day, dark red = 3 days, purple = 14 days, blue = 28 days 

post rewatering) in the species A. aneura (a,d), E. coolabah (b,e) and E. populnea (c,f). 
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Figure 6. Plots of photosynthesis (Anet), stomatal conductance (gs) and canopy transpiration (E) 

versus leaf water potential measured during recovery from drought in (a,d,g) A. aneura, (b,e,h) 

E. coolabah and (c,f,i) E. populnea. Coloured data points represent measurement time since 

rewatering (red = 1 day; dark red = 3 days; purple = 2 weeks; blue = 4 weeks). Gas exchange 

dry-down curves (dashed lines) and associated data points (light grey circles) are shown (from 

Fig. 1). During recovery, data points on or close to the dashed line indicated correspondence to 

a hydraulic-stomatal model of gas exchange recovery (also see Supporting Information Fig. S3). 
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Hydraulic recovery 

We did not observe any recovery of stem PLC or Kroot 24 hours after soil rewetting in 

our study species, consistent with an increasing number of studies that suggest tree 

species are unable to substantially refill xylem embolisms following severe drought 

(Brodribb et al., 2010, Choat et al., 2015, Knipfer et al., 2017, Li et al., 2018a). A small 

reduction in stem PLC was observed in plants of A. aneura and E. populnea (but not E. 

coolabah) at two weeks and at four weeks of well-watered conditions; however, this 

was most likely due to the resumption of new xylem growth rather than active xylem 

refilling, a process that has been previously observed (Brodribb et al., 2010, Choat et 

al., 2015). 

In contrast to the apparent lack of early stem and root hydraulic recovery, Kleaf showed 

rapid recovery of ca. 40% in A. aneura at 24 hours following re-watering, although 

there were no further increases in conductivity at four weeks. While recent studies 

have shown strong correspondence between the decline in leaf conductance 

(measured using the rehydration kinetics technique) and the accumulation of xylem 

embolisms (Brodribb et al., 2016, Nolf et al., 2015, Skelton et al., 2018), other 

processes such as conduit collapse (Zhang et al., 2016) and changes in the hydraulic 

properties of the extra-vascular pathway, such as turgor loss and leaf shrinkage (Sack 

et al., 2004, Scoffoni et al., 2017, Scoffoni et al., 2014, Trifilo et al., 2016), have also 

been shown to contribute to leaf hydraulic decline during drought. In the current 

study, turgor loss was recorded at relatively high-water potentials in A. aneura and the 

decline in Kleaf was coupled, at least initially, with reductions in leaf thickness 
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(unpublished data). Conduit collapse and leaf shrinkage have also been shown to be 

rapidly reversible upon the alleviation of drought stress (Scoffoni et al., 2014, Trifilo et 

al., 2016, Zhang et al., 2016), which may help explain the rapid ~40% post-drought 

recovery of Kleaf observed in A. aneura, with the remaining portion of incomplete 

recovery possibly being due to residual embolisms. In contrast, both eucalypt species 

showed small levels of recovery in Kleaf after three days of well-watered conditions and 

remained significantly reduced at 4 weeks. This lack of a strong recovery response is 

consistent with similar studies in the glasshouse (Blackman et al., 2009) and the field 

(Skelton et al., 2017b) and suggests that leaf hydraulic decline in these species was 

more likely due to xylem embolisms. Our results suggest that the relative influence of 

xylem and non-xylem pathways on the decline and recovery of leaf hydraulics during 

and following drought may be species dependent. Further work using direct 

visualisation techniques will help disentangle the relative contributions of both 

pathways on the dynamics of Kleaf decline and recovery across species. 
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Figure 7. Recovery of (a) leaf, (b) root and (c) stem hydraulic conductance, expressed as a 

percentage of pre-drought mean maximum for each species. Bars represent peak drought 

(black), and then 1 day (red), 3 days (dark red, leaves only), 2 weeks (purple) and 4 weeks 

(blue) following soil rewetting. As stem hydraulic recovery was measured as PLC, this is 

expressed as 100-PLC to give the % of max. 

  



48 
 

Gas exchange recovery 

In line with models of hydraulic limitation (Brodribb and Cochard, 2009), leaf-level gas 

exchange recovery in E. populnea was coupled to the recovery of plant water balance 

following soil rewetting. In contrast, for E. coolabah and A. aneura, despite the almost 

complete recovery of Ψleaf at 24 hours, Anet and gs recovery was comparatively slow. 

This indicates that stomatal aperture was not governed by water potential alone and 

likely included other processes such as ABA signalling and accumulation (Lovisolo et al., 

2008). This is consistent with the findings of Martorell et al. (2014) who showed that 

leaf gas exchange in Eucalyptus pauciflora seedlings exposed to drought did not fully 

recover 10 days after re-watering despite rapid recovery of Ψleaf, and with McAdam 

and Brodribb (2015) who showed that stomatal responses to seasonal rainfall across a 

range of plant types was strongly influenced by ABA. 

We observed a general trend among species whereby photosynthesis recovered more 

quickly than both stomatal conductance and canopy transpiration, and was decoupled 

from the recovery of leaf, stem and root hydraulic function. Leaf-level photosynthesis 

recovery was relatively rapid in all three species, with 50% recovery occurring at 3 days 

and near complete recovery occurring at 2-4 weeks following re-watering. Even faster 

complete photosynthesis recovery times of 1-7 days have been reported in Eucalyptus 

pauciflora following exposure to similar levels of severe drought (Cano et al., 2014, 

Martorell et al., 2014). Overall, our findings suggest that the photosynthetic apparatus 

are highly resilient to drought stress and to a much greater extent than the stomatal 

and xylem hydraulic pathway. Indeed, complete recovery of photosynthesis occurred 
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independently of the recovery of leaf, stem and root hydraulics. This decoupling of 

photosynthesis and hydraulics during drought recovery contrasts with previous studies 

that have linked slow or incomplete recovery of photosynthesis to drought-induced 

hydraulic impairment (Resco et al., 2009, Skelton et al., 2017b). However, compared to 

photosynthesis, we observed slower recovery in both leaf-level stomatal conductance 

and whole canopy transpiration, which are more closely linked to the hydraulic 

pathway. This suggests that leaf-level water use remained impaired during recovery 

concurrent with residual leaf, stem and root hydraulic impairment and that the 

recovery of whole plant water use was dependent on new plant growth. 

Conclusions 

This study highlights the diversity of drought response strategies present in species 

from arid environments involving different components of the whole plant hydraulic 

pathway and their coordination with gas exchange. A wide margin of safety between 

stomatal closure and stem Ψ50 was important for preserving hydraulic integrity in all 

species, while strong vulnerability segmentation provided additional safety from 

catastrophic hydraulic dysfunction for two of the three species. During recovery, 

residual hydraulic impairment in leaves, stems and roots suggests that these species do 

not actively, or at least substantially, refill xylem embolisms; instead, hydraulic and 

whole canopy water-use recovery is dependent on new plant growth. In contrast, the 

more rapid recovery of photosynthesis suggests that the photosynthetic apparatus is 

strongly drought resilient.  
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As droughts become more frequent and/or intense with climate change, incomplete 

hydraulic recovery between drought events may have lasting impacts on plant forest 

productivity (Anderegg et al., 2015b) and increase the exposure of plants to drought 

induced die-back into the future (Anderegg et al., 2013).  
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2.6 Supplementary Information  

 

Figure S1. The allometric relationship between stem diameter and canopy leaf area measured 

in plants of each species used in the drought response experiment. These allometric 

relationships were used to calculate the predicted leaf area in recovery response plants prior 

to being drought stressed.   
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Figure S2. A basic schematic of the set-up used to measure root hydraulic conductance (Kroot; 

mmol s-1 m-2 MPa).  Targeted plants (still in their pots) were put on their side and the shoot 

component lowered inside a large modified open-topped plastic box accessed via a narrow 

vertical slit cut from the top of one of the side walls. The cut-out section containing the stem 

was then sealed with Blu-Tack and water proof tape (Scotch Tape) and the box filled with 

enough water to submerge the very base of the stem. Sharp secateurs were used to cut the 

stem within the first 2cm of its length entering the box and the basal end immediately attached 

to hydraulic tubing connected to a beaker of water placed on a balance. 
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Figure S3. Measured vs predicted values of photosynthesis (Anet) and stomatal conductance (gs) 

across the range of water potentials measured during recovery from drought in A. aneura (a,d), 

E. coolabah (b,e) and E. populnea (c,f). Colours indicate recovery time following rewatering 

(red = 1 day, dark red = 3 days, purple = 2 weeks, blue = 4 weeks). Predicted values were 

calculated from the dry-down response curve of each parameter over water potential, 

respectively (see Figure 1). Data points on or close to the 1:1 line indicate correspondence to a 

stomatal-hydraulic model of gas exchange recovery [whereby gas exchange recovery is linked 

to the recovery of leaf water potential]. Data points below the 1:1 line indicate a non-hydraulic 

model of gas exchange recovery [whereby gas exchange recovery lags behind water potential 

recovery – possibly as a result of ABA accumulation etc.]. 
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Figure S4. Plots showing percentage recovery (relative to pre-stress maximums) of 

photosynthesis (filled-circles) and stomatal conductance (open circles) versus percentage 

recovery of hydraulic conductance in leaves, roots and stems of (a-c) A. aneura, (d-f) E. 

coolabah and (g-i) E. populnea following severe water stress. Colours represent values at 1 day 

(red), 3 days (dark red, leaves only), 2 weeks (purple) and 4 weeks (blue) after rewatering. 

None of the relationships were significant. 
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Figure S5. Changes in mean basal diameter of droughted (black-fill circles) and well-watered 

(white-fill circles) plants of A. aneura (a), E. coolabah (b) and E. populnea (c). Water was 

withheld from droughted plants of each species for between 2-3 weeks until critical water 

potentials were reached (shaded area) causing stem shrinkage. For all species, rewatering 

caused stems to swell for a day or two before returning to their pre-drought size. Note that 

only A. aneura showed signs of rapid growth recovery.  
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Chapter Three 

Xylem embolism resistance is not a good predictor of 

performance under long-term drought and recovery in two 

Eucalyptus species.  

 

3.1 Introduction  

Drought is one of the most significant environmental limitations to growth, distribution 

and survival of plants worldwide (Allen et al., 2010, Anderegg et al., 2012, Anderegg et 

al., 2013b, Craine et al., 2013, Engelbrecht et al., 2007). During drought, reduced 

availability of soil water increases tension within a plant’s water transport system 

(declining water potential, Ψ). If the water stress becomes too severe, embolism (air 

blockages) can form within the xylem causing a progressive decline in hydraulic 

conductance. This hydraulic dysfunction reduces photosynthesis and can ultimately 

lead to tree death when water can no longer be transported from the soil to the leaves 

(Tyree and Sperry, 1989). The ability of a plant to resist drought-induced hydraulic 

dysfunction is most often attributed to its xylem vulnerability to embolism, often 

quantified as the water potential inducing 50% loss of hydraulic conductivity due to 

embolism formation (Ψ50), with this trait or the related Ψ88, commonly associated with 

predictions of drought-induced plant mortality (Brodribb and Cochard, 2009, Urli et al., 

2013).  
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Stomatal closure is typically the first response of a plant to declining soil water under 

drought, reducing transpiration rates and under mild water limitation, preventing 

plants from reaching embolism inducing Ψ, protecting the hydraulic integrity of the 

water transport system (Sperry et al., 1998). The proximity between stomatal closure 

and the onset of hydraulic dysfunction often referred to as the stomatal safety margin 

(Martin-StPaul et al., 2017). This trait appears to vary enormously among species and is 

likely to be highly adaptive in water-limited environments. However stomatal closure 

also represents a key cost to the plant in terms of reduced photosynthesis and growth 

(Flexas et al., 2006). Therefore, plants are believed to optimise this strategy with some 

plants favouring hydraulic protection over continued carbon fixation under water 

limitation and vice versa. The general terms ‘isohydric’ and ‘anisohydric’ often used to 

describe the opposite ends of the continuum of water-regulation strategies (Tardieu, 

1998).   

In periods of extended or very severe drought, stomatal closure alone is insufficient to 

prevent the formation of extensive embolism in the xylem. Given that high amounts of 

embolism are catastrophic for plant survival (Urli et al., 2013, Choat, 2013, Kursar et al., 

2009, Li et al., 2016), coupled with increasing evidence suggesting that plants cannot 

repair embolised vessels under tension (Charrier et al., 2016, Choat et al., 2018), plants 

must possess a range of additional strategies that help protect the integrity of the 

water-transport system from desiccation after stomatal closure (Blackman et al., 2016, 

Hochberg et al., 2017, West et al., 2012), as well as enable recovery following 

rewatering. However, these processes are much less well understood and therefore 
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our ability to identify species most at risk of drought mortality is limited by a lack of 

knowledge of the range of additional plant traits that prevents a species from 

approaching lethal hydraulic thresholds, except under the most extreme drought 

scenarios. 

Under natural conditions, water stress due to drought generally develops gradually, 

over periods of months to years, enabling plants to acclimate to long-term water stress 

through changes to leaf physiology, chemical composition, hormonal regulation, 

carbon redistribution etc., which may increase plant survival under drought 

(Menuccini, 2003, Cano et al., 2014, Martin-StPaul et al., 2012, Limousin et al., 2013). 

Despite the potential importance of acclimation under water stress, much of what we 

understand about the relationship between stomatal dynamics and xylem vulnerability 

under drought and recovery are from short-term studies (Brodribb and Holbrook, 

2003, Hochberg et al., 2017, Blackman et al., 2009). Additionally, drought survival 

strategies may differ depending on the severity of the drought experienced by the 

plant (Xu and Zhou, 2008). The lack of long-term drought studies that integrate the 

resistance of the plant hydraulic system with other processes involved in water 

potential regulation means that we still have an incomplete idea of the mechanisms 

underlying plant mortality. With this in mind, the aim of our study was to assess the 

capacity of two widely-distributed Eucalyptus species from contrasting hydrological 

environments, Eucalyptus melliodora (distributed throughout the temperate regions of 

eastern Australia with moderate rainfall) and E. coolabah ( a riparian species that 

occurs throughout semi-arid regions of inland Australia), to survive and recover from 
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long-term drought stress by exposing them to six months of sustained water-deficit at 

two different severities and then rewatering them. By measuring the hydraulic and 

photosynthetic responses under drought and a subsequent well-watered period, we 

were able to look at the ability of these species to withstand water-limitation and then 

assess their capacity for recovery after drought. We investigated the hypothesis that 

plant resistance to long-term drought stress will be largely determined by stomatal and 

hydraulic safety margins and that recovery after drought will be related to the amount 

of hydraulic impairment sustained during the drought event.  

3.2 Materials and Methods 

Study species and experimental conditions  

A polytunnel facility was used to implement the drought treatments at a site near 

Richmond, NSW, Australia (33.61° S, 150.74° E). The polytunnel structure was 13m 

wide x 20m long x 5m tall consisting of an opaque polyurethane roof excluding rain, 

but with open sides allowing conditions inside the shelter to approximate outside 

ambient temperatures and humidity. 
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Figure 1. (A) View of the polytunnel facility shortly after planting, (B) close-up of the pot 

configuration and drip irrigation and (C) image showing differences in leaf morphology 

between Eucalyptus melliodora (left) and E. coolabah (right). Note: prior to imposition of 

drought treatment, >50% of the plants were removed from the facility to limit canopy shading.  

 

We examined leaf- and whole-plant responses to drought in two Eucalyptus tree 

species originating from contrasting hydrological environments with differing leaf 

morphology (Figure 1C). Eucalyptus melliodora (A. Cunn. Ex Schauer), is a widely 

distributed species occurring throughout the temperate regions of eastern Australia 

with MAP >450mm. E. coolabah subsp. coolabah (Blakely & Jacobs) is a riparian species 

commonly found in semi-arid regions of inland Australia that experiences periodic 

flooding (Ponce Reyes et al., 2016). Seed of each species was sourced from the 

Australian Tree Seed Centre (CSIRO, Black Mountain, ACT) with seed collection location 

and climate data obtained from eMAST (www.emast.org.au) shown in table 1.  
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Table 1. Climate parameters from nearest weather station to seed source: Mean monthly 

minimum temperature (Tmin), mean monthly maximum temperature (Tmax), mean annual 

precipitation (MAP) and evapotranspiration by precipitation (ET/MAP). Values were averaged 

for the periods of 1971−2010. 

Species  Seedlot  Site Coordinates  Tmin  Tmax  MAP  ET/MAP  

E. coolabah  12816  31.45° S 143.11° E  12.7  27.0  262  6.09  

E. melliodora  15338  36.29° S 146.41° E  8.1  21.9  659  1.84  

 

Seeds were sown in February 2015. After 10 weeks, seedlings were transplanted 

individually into 75L potting bags (Garden City Plastics, NSW, Australia) filled with a 

sandy potting mix with high organic matter (Rocket Pot Mix, pH 5.5−6.0, Depco PTY 

LTD, NSW, Australia). A five cm thick layer of gravel at the bottom of the pot facilitated 

water drainage. Potting bags were placed on raised plastic pallets which maximised 

drainage and prevented roots from growing into the ground. Up to four plants were 

placed on each pallet. The environmental conditions were recorded within the 

polytunnel; temperature and relative humidity was measured by a Rotronic HygroClip2 

sensor (HC2-S3, Rotronic Instruments Corp, NY, USA) and photosynthetic photon flux 

density (PPFD) with Apogee SQ-420 PPFD sensor (Apogee Instruments Inc., UT, USA) 

positioned just above the average tree canopy height. Data was logged every 15 

minutes with a data logger (CR1000, Campbell Scientific, QLD, Australia). 

The soil moisture levels of the potted saplings were monitored continuously and kept 

at the desired VWC via a soil moisture sensor (Acclima Digital TDT sensor, Landscape 

Technologies, NSW, Australia) buried 10 cm below the soil at a 45° angle pointing to 
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the plant’s base (to prevent water pooling around sensor prongs), connected to an 

automated irrigation system (Acclima CS3500 controller, Landscape Technologies, 

NSW, Australia). Each pot was watered via drip irrigation that consisted of two 

pressure regulated rings placed around the base of each tree (Figure 1B). Minimum 

and maximum thresholds for VWC of the soil were programmed into the system and 

controlled automatically. Additional manual VWC measurements were made weekly 

with a 12 cm Hydrosense probe (Campbell Scientific, Logan, UT) that was inserted into 

the pot approximately 30cm from the top of the soil, to ensure they remained within 

the desired VWC range. 

33 potted saplings of each species were placed throughout the polytunnel and 

assigned to one of the three watering treatments (“well-watered”, “mild drought” or 

“severe drought”). 10 additional replicates for each species by treatment were grown 

to enable destructive hydraulic measurements. The study progressed in four phases 

over a period of 20 months: (1) Establishment phase: all plants experienced well-

watered conditions in the polytunnel from 27 Apr 2015 until 7 Mar 2016 (2) Drought: a 

multi-level drought phase that commenced on the 7 Mar 2016. Plants that were 

assigned to the ‘mild’ or ‘severe’ drought treatment experienced a stepwise decline in 

VWC over a five-week period such that all treatments (irrespective of plant size) 

reached the treatment target VWC at the same time. Plants in the ‘mild drought’ 

treatment had soil VWC maintained at ~10% for the duration of drought one and the 

‘severe drought’ plants had a VWC of ~4%. A third group of ‘well-watered’ plants were 

watered to field capacity (>20% VWC). The target VWC was maintained until 26 Aug 
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2016. (3) Recovery phase: all plants were re-watered to field capacity from 26 Aug 2016 

to 10 Dec 2016. See Figure 2 for comparison of VWC between species throughout 

drought one and recovery. (4) Drought two: this phase is not discussed here; however, 

it is described in detail in Chapter Four of this thesis.  

During the drought, E. coolabah tended to shed leaves when under severe water 

stress, therefore to enable comparison between the watering treatments, 

measurements of gas exchange and water relations in the later stage of the recovery 

period (from late Oct 2016 to Dec 2016, 60+ days after rewatering) were made on 

newly grown, but fully-expanded and hardened leaves for both species. As the 

recovery period coincided with Spring, a large portion of the LA consisted of new leaf 

growth and therefore was considered to be representative of the whole plant.  

Gas exchange and water potential measurements  

Leaf-level photosynthesis (A, μmol m−2 s−1) and stomatal conductance of water vapour 

(gs, mol m−2 s−1) was measured once during the establishment phase, approximately 

every two weeks throughout drought one (nine measurement campaigns) and at key 

time points throughout the recovery period (five campaigns) with four identical gas 

exchange systems (Li-6400XT with Li-6400-02B LED light source, Li-Cor Inc., Lincoln, NE, 

USA). All plants were measured each campaign over 1-2 days between 9 am and 3 pm. 

Reference [CO2] was controlled at 400 μmol mol-1, the desiccant controller was set to 

full bypass, and the light intensity inside the leaf cuvette was controlled at a 

photosynthesis light-saturating value of 1200 μmol m-2 s-1. Leaf temperature varied 
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depending on the predicted maximum temperature (according to BOM, Australia) for 

the measurement day. The average leaf temperature ranged from 20°C during the 

winter months to 30 °C during the summer months (Figure 2, bottom insert) and the 

average leaf vapour pressure deficit ranged from 1.2 to 1.4 kPa during winter and 

summer, respectively. All photosynthetic variables are expressed on a projected leaf 

area basis. Intrinsic water-use efficiency (iWUE) was estimated by dividing A by gs for 

each individual. 

Leaf water potential measurements coincided with the gas exchange campaigns, where 

one leaf per plant was collected for predawn (collection prior to sunrise) and midday 

(collection at noon) leaf water potential measurements. Individual leaves including the 

petiole (for determination of leaf water potential) were removed from the plant and 

immediately placed in humidified (via a small amount of damp paper towel) sealed 

plastic bags and placed in a dark cool box. Predawn (Ψpd) and midday leaf water 

potentials (Ψmd) were measured within 2-hours after collection using a Scholander-

type pressure chamber (1505D-EXP; PMS Instrument Company, OR, USA).  

Hydraulic measurements  

For each species, leaf hydraulic vulnerability curves were determined by measuring leaf 

hydraulic conductivity (Kleaf) in leaves rehydrated from a range of initial leaf water 

potentials (Ψleaf). Kleaf was measured by assessing the kinetics of Ψleaf relaxation upon 

leaf rehydration, as described by Brodribb and Holbrook (2003). The vulnerability 

curves were measured using a separate cohort of plants to those measured during the 
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gas exchange and water potential campaigns (as well as the other non-destructive 

plant traits), although they had been exposed to identical watering treatments. In 

November 2016, the complete above-ground portion of five well-watered individuals 

of each species were harvested early in the morning while Ψleaf was high, covered with 

a large humidified opaque bag to stop further water loss from the leaves and placed 

into a bucket of water where the stem was recut. The saplings were transferred to the 

laboratory, un-bagged and allowed to desiccate slowly for up to 48 hrs. Upon reaching 

the desired Ψleaf, the entire branch was re-placed in an opaque bag to ensure water 

potential equilibrium throughout the branch. Initial Ψleaf was determined by measuring 

leaves neighbouring the sample leaf in a Scholander pressure chamber. The sample leaf 

was then cut under water and allowed to rehydrate for a period of between 10 and    

90 s depending on the initial Ψleaf, after which the petioles were immediately dried, 

and the leaf wrapped in moist paper towel and bagged ready for final Ψleaf 

determination. Final Ψleaf was measured with the pressure chamber and Kleaf calculated 

from the ratio of the initial to final Ψleaf and the capacitance of the leaf:  

Kleaf = Cleaf ln[Ψo/Ψf]/T                            (eqn 1) 

where Ψo = initial leaf water potential (MPa); Ψf = final leaf water potential (MPa);        

T = duration of rehydration; Cleaf = leaf capacitance (mmol m-2 MPa-1). Trees continued 

to be dried to increasingly negative Ψ until Kleaf approached zero. 

Mean leaf capacitance (Cleaf) was measured on 5-7 leaves of each species per 

treatment using the slope of the pressure-volume relationship for each species (Tyree 
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& Hammel 1972) and calculated via the spreadsheet available from Prometheus Wiki 

(Sack et al. 2011). Leaf weight and water potential were measured periodically during 

slow desiccation of sample leaves in the laboratory. Leaf capacitance, determined by 

the P-V curves, was multiplied by the saturated mass of water in the leaf (SWC) and 

divided by leaf area (Brodribb & Holbrook 2003). Leaf areas were measured as 

projected areas with a flatbed scanner and image analysis software (Image J, National 

Institutes of Health, Bethesda, MD, USA). Kmax was defined for each species as the 

mean Kleaf at water potentials before any significant decline in hydraulic conductance.  

Trees for stem hydraulic vulnerability curves were sampled in the same manner as 

described above for leaf vulnerability curves, with 3-5 trees harvested per species only 

for the WW treatment. Xylem vulnerability curves were constructed using the bench 

dehydration method (Sperry et al., 1988) where branches were progressively dried 

down at 25 °C between 1 and 48 hours. Once the branch had reached the desired Ψ, 

the entire branch was placed in a humidified dark bag for 60 minutes to enable the Ψ 

to equilibrate across the entire section. To minimise possible excision artefacts 

(Wheeler et al., 2013, Torres-Ruiz et al., 2015), the portion of the branch section to be 

used for hydraulic measurements was progressively and slowly cut back under water 

(approximately 5-10 mins between each cut) until a straight, unbranched stem 

segment approximately 10 cm in length was obtained. Stem hydraulic conductivity 

measurements were made, before and after removal of embolisms, with flow rates 

logged with a digital liquid flow meter (LiquiFlow L10, Bronkhorst High-Tech BV, Ruurlo, 

Gelderland, Netherlands) using a filtered (0.22 µm) solution of distilled water with 2 
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mmol KCl and flow analysis programs FlowDDE (V. 4.69) and FlowPlot (Versions 4.69 

and 3.34 respectively, Bronkhorst FlowWare, http://downloads.bronhorst.com).  

The relative difference in flow (PLC, percent loss of conductivity) before and after 

repeated flushing at high pressure was calculated according to:  

PLC=100(1-kinitial/kfinal)                                    (eqn 2) 

and plotted against Ψstem to create stem hydraulic vulnerability curves. 

To assess the decline in leaf and stem hydraulic conductance as a result of the drought 

treatment, stem PLC and Kleaf measurements were measured in situ on 5 replicates (3 

replicates for the WW controls) per species and treatment group at the end of drought 

one (Aug 2016) and multiple periods during recovery Aug to Dec 2016 for Kleaf, 

however stem PLC was only measured once at the end of the recovery period, in 

December 2016, to avoid the removal of too much biomass. Kleaf was measured 

between 10am and 2pm (when Ψleaf was lowest) on the final day of drought one using 

the kinetics of Ψleaf relaxation upon leaf rehydration technique described previously. 

For each tree, two leaves from a branch in a sun-exposed portion of the canopy was 

collected and placed in a humidified bag for Ψ0. Two additional leaves adjacent to the 

water potential leaves had their petioles cut underwater and rehydrated for a known 

duration of time, the petioles were then blotted dry and placed into another 

humidified bag for Ψf. Water potentials were measured for these four leaves and Kleaf 

calculated according to eqn. 1. Kleaf measurements during the recovery period 

coincided with the gas exchange campaigns. To avoid artefactually high stem PLC from 

http://downloads.bronhorst.com/
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sampling branches under tension due to the drought treatment, stem native embolism 

was measured on branches harvested three to five hours after the target plant was 

rewatered at the commencement of the recovery period. This ensured that the water 

potentials of the plant were relaxed (Wheeler et al., 2013), but would still enable 

characterisation of native embolism accumulation due to the drought treatments. 

Branch segments were harvested from top third of the canopy with the initial cut made 

under water prior to sunrise, with segments prepared in the manner described for the 

vulnerability curves. Stem native embolism was calculated as the relative difference in 

flow before and after embolism removal according to eqn. 2.  

Relative water content  

Leaves were sampled for determination of leaf relative water content (RWC) at the end 

of drought one and at four time points during the recovery period corresponding to 

one day, four days, 10 days and 60 days after rewatering. One leaf was sampled per 

tree from 5-7 replicates per species by treatment combination and immediately 

weighed for fresh weight (FW). The leaf was subsequently rehydrated for three hours 

and reweighed for the rehydrated weight (RW). The leaf was then dried in an oven for 

48 hours at 70°C to obtain the dry weight (DW). The RWC was then estimated using the 

formula:  

𝑅𝑊𝐶% =
FW−DW

RW−DW
 x 100                            (eqn. 3)                            
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Non-structural carbohydrates 

Leaves were sampled for analysis of non-structural carbohydrates (NSC) at the end of 

drought one and at four time points during the recovery period corresponding to one 

day, four days, 10 days and 60 days after rewatering. 2-3 leaves were sampled per tree 

from 5-7 replicates per species by treatment combination and immediately placed on 

ice during collection, before being dried at 70°C for 48 hours. Once dried, the entire 

sample was ground to a fine powder using a shaker mill (MM400 Retsch GmbH, 

Germany). Starch (St) was separated from soluble sugars (Ss), lipids and amino acids 

using a methanol, chloroform and water solution. Water soluble sugars were 

partitioned from remaining cell components by phase separation. After which, St was 

digested into sugars with perchloric acid. Sugar content of both fractions was 

quantified colourimetrically in a spectrophotometer (DU800, Beckman Coulter 

Australia Pty Ltd, NSW, Australia) via the phenol-sulfuric acid reaction. A 3-point 

calibration standard made from glucose was analysed with every batch of samples. See 

Tissue and Wright (1995) for details. 
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Statistical analysis 

Data was compared using R-3.5.1 software (R Core Team 2018) with plant traits 

analysed via a two-way ANOVA to account for species and treatment differences 

followed by Tukey HSD test to determine differences among watering treatments. 

Relationships between predicted gas exchange and measured gas exchange as well as 

the relationship between gas exchange and Kleaf during recovery were analysed using 

linear regression. Data was log-transformed when necessary to meet assumptions of 

homoscedasticity and normality. Differences were considered significant at p < 0.05.  

3.3 Results 

Environmental conditions and watering treatments 

During the drought period (May-Aug 2016), the average daytime temperature (T) 

inside the polytunnel between 10:00−16:00 hours was 20.9 ± 0.05°C and mean relative 

humidity (RH) was 62 ± 0.19%. Photosynthetic photon flux density (PPFD) at midday 

averaged 556 ± 4.6 μmol m−2 s−1 during the drought period. The mean night-time T was 

9.6 ± 0.05 °C. During the early (Oct 16) and late (Dec 16) recovery period, daytime T 

was 23.9 ± 0.04 °C and 29.4 ± 0.09°C; RH was 50.9 ± 0.11% and 42 ± 0.2%; PPFD at 

midday averaged 851 ± 5 and 1127 ± 14 μmol m−2 s−1 and the mean night-time T was 

11.6 ± 0.04 °C and 17.8 ± 0.04 °C, respectively. 
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Figure 2. Top: Soil volumetric water content (VWC) of E. coolabah (●) and E. melliodora ( ) 

during drought and recovery. Each data point represents the mean value of 5-13 manually-

measured pots per species per treatment on each date. The shaded light grey area corresponds 

to the 5-week period when plants were exposed to a stepwise decline in VWC until reaching 

the desired VWC of treatments with the dark grey area corresponding to the drought 

treatment when plants in the ‘mild’ treatment (green) were maintained at ~10% VWC and 

‘severe’ treatment (red) plants maintained at 4%VWC. The white area corresponds to times 

when all plants were watered to field capacity. Error bars show one standard error of mean. 

Bottom: The average Tleaf value of leaves during gas exchange throughout the dry down and 

recovery period. Values approximated ambient midday temperatures.    
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The mean volumetric water content (VWC) of the soil from the manual weekly 

measurements are given in Figure 2 for the period between January 2016 and 

December 2016. There were no significant differences between species in each 

watering treatment. The VWC of the well-watered (WW) treatment was maintained 

above 20% during the entire experiment, while the VWC of the mild treatment was 

approximately 10% and the severe treatment was approximately 4% for the period 

between May and August 2016 (week 13 to week 31). There were no significant 

differences in soil moisture between species or watering treatments during the 

recovery period with VWC maintained above 20% for all pots.  

Water relations during drought 

Prior to the imposition of the drought treatment, predawn water potential (Ψpd) of 

both species were close to zero, indicating minimal water-stress, with WW plants 

maintaining this water status throughout the study period. Ψ of both species 

responded similarly to the drought treatments, plants in the mild treatment had Ψpd 

and Ψmd close to or slightly lower than WW plants in response to the mild water 

limitation, and Ψpd of plants in the severe treatment were not significantly lower than 

WW plants until approximately 60 days of severe water limitation for E. coolabah 

(week 15, Figure 3A) and 76 days of drought for E. melliodora (week 17, Figure 3B). The 

leaf hydraulic safety margin (the difference between leaf Ψmd and leaf Ψ12) varied 

among the two species, with WW and mild E. coolabah Ψmd operating close to this 

margin throughout the experimental period, WW and mild E. melliodora on the other 

hand maintained positive safety margins throughout the drought period. The severe 
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water limitation resulted in both species not able to maintain positive hydraulic safety 

margins, with leaf Ψ remaining below the Ψ associated with the onset of loss of Kleaf 

(i.e. Ψ12) after approximately 90 days of drought. After exposure to 125 days of severe 

drought, the Ψmd of E. coolabah reached a plateau in minimum Ψ of ~ -3 to -3.5 MPa, 

likely as a result of leaf shedding which was observed in the later stage of the drought 

treatment, whereas Ψmd of E. melliodora continued to decline throughout the drought 

with leaves tending to brown still attached to the plant rather than falling off (Figure 

10).  

At the end of the drought period (25 Aug 2016), plants in the severe treatment had a 

significantly lower average minimum recorded water potential (Ψmin) of -3.5±0.2 MPa 

for E. coolabah and -4.8±0.3 MPa for E. melliodora compared with mild plants (-2.3±0.1 

MPa for E. coolabah and -2.0±0.1 MPa for E. melliodora) and WW plants (-2.2±0.07 for 

E. coolabah and -1.8±0.1 MPa for E. melliodora).   
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Figure 3. Progression of predawn water potential (A-B; Ψpredawn); midday water potential (C-D; 

Ψmidday); photosynthesis (E-F; A) and stomatal conductance (G-H; gs) of E. coolabah and E. 

melliodora during drought. The different colours represent the watering treatments: well-

watered (WW, black), mild drought (green) and severe drought (red). Light and dark dashed 

lines in plots (A to D) indicate leaf Ψ12 and stem Ψ50, respectively. Values represent means ± SE.      
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Hydraulic vulnerability to embolism and turgor loss  

Both species had similar leaf vulnerability to embolism; leaf Ψ12 and Ψ50 was -1.7 and -

3.0 MPa, respectively for E. coolabah and -2.1 and -3.4 MPa respectively, for E. 

melliodora. Stems were more resistant than leaves to embolism with stem Ψ12 and Ψ50 

occurring at -2.0 and -4.1 MPa, respectively for E. coolabah and -2.1 and -5.2 MPa 

respectively, for E. melliodora (Table 2; see Thesis Chapter 4, Figure 8 for complete 

vulnerability to embolism curve details). E. melliodora had a larger hydraulic safety 

margin between Leaf Ψ50 – Stem Ψ50 of 1.8MPa compared to E. coolabah with 1.1 MPa 

and both species showed a small negative margin of safety between stomatal closure 

and leaf Ψ12 (i.e. the onset leaf hydraulic dysfunction as measured via rehydration 

kinetics, Ψ12, occurred before or at stomatal closure, Ψgs80; Table 2). There was a tight 

relationship between Kleaf and stem PLC in E. melliodora (R2= 0.77, p<0.0001) with Kleaf 

declining with increasing stem PLC, in contrast, there was no significant relationship 

between Kleaf and stem PLC in E. coolabah (p=0.92). 

The water potential at leaf turgor loss (ΨTLP) as determined by pressure-volume curve 

analysis was similar in both species, -2.44 ± 0.03MPa and -2.6 ± 0.04 MPa for E. 

coolabah and E. melliodora, respectively, with no effect of watering treatment on ΨTLP. 

 
Gas exchange during drought  
 
Prior to the imposition of drought, rates of photosynthesis (A) and stomatal 

conductance (gs) were similar between both species, with A on average 20.7± 1.1 µmol 

m-2 s-1 for E. coolabah and 21.0 ± 0.8 µmol m-2 s-1 for E. melliodora, gs was 0.62 ± 0.06 

mol m-2 s-1 for E. coolabah and 0.59 ± 0.05 mol m-2 s-1 for E. melliodora. Both A and gs 
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declined in response to decreasing soil VWC in both species (Figure 2 and 3). The 

severe drought treatment almost immediately reduced gs (relative to WW plants) with 

stomatal closure (gs < 80% of maximum) occurring approximately 60 days after the 

onset of the drought treatment for both species (week 15; Figure 3 G and H) with an 

80% reduction in A occurring around 90 days for E. coolabah (week 20; Figure 3E) and 

76 days for E. melliodora (week 17; Figure 3F). The mild watering treatment did not 

significantly decrease rates of A and gs in either species until almost five months after 

the drought treatment commenced (week 27; Figure 3 E to H) with reductions in A of 

35% and 23% in E. coolabah  and E. melliodora respectively, and a reduction in gs of 

65% and 57%  in E. coolabah  and E. melliodora respectively, relative to the WW plants 

at the end of the drought period (just prior to rewatering, Aug 2016). 

A and gs declined in response to decreasing leaf water potential (Ψmd) with 80% loss in 

stomatal conductance occurring at a similar Ψ for both species, -2.4MPa for E. 

coolabah and -2.5 MPa for E. melliodora. A was slightly less sensitive to drought with, 

with 80% loss occurring at -3 MPa for both species (Figure 4). Stomatal closure 

occurred at approximately ΨTLP in both species (Figure 4 and Table 2). 
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Figure 4. The response of photosynthesis (A) and stomatal conductance (gs) to decreasing 

midday water potential (-MPa) during drought shown by E. coolabah (A,C) and E. melliodora 

(B,D). In each plot the solid red line indicates 80% loss of function. Light and dark dashed lines 

in plots (C-D) indicate leaf Ψ12 and stem Ψ50, respectively. The blue point in plots (C-D) 

indicates the ΨTLP. Fit lines through individual data points were fitted according to loess 

models.  
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Table 2. Hydraulic vulnerability of leaves and stems and gas exchange parameters of E. 

coolabah and E. melliodora: water potentials (MPa) plus 95% confidence intervals 

corresponding to 12% (Ψ12), 50% (Ψ50) and 88% (Ψ88) loss in hydraulic conductivity in leaves 

and stems; turgor loss point (ΨTLP ±SE), 80% reduction in photosynthesis (ΨA80) and stomatal 

conductance (Ψgs80); hydraulic safety margins (MPa) between stem Ψ50 and leaf and root Ψ50 

and the stomatal-hydraulic safety margin between stomatal closure (Ψgs80) and leaf and stem 

Ψ12 and Ψ50, respectively.  

 
  E. coolabah E. melliodora  

    

Hydraulic parameters Leaf Ψ12 -1.7 (-1.4, -2.0) -2.1 (-1.7, -2.6) 

 Leaf Ψ50 -3.0 (-2.8, -3.4) -3.4 (-3.2, -3.5) 

 Leaf Ψ88 -4.5 (-3.7, -5.7) -4.5 (-3.8, -5.2) 

 Stem Ψ12 -2.0 (-1.4, -2.8) -2.1 (-1.3, -3.0) 

 Stem Ψ50 -4.1 (-3.7, -4.8) -5.2 (-4.7, -6.0) 

 Stem Ψ88 -6.7 (-5.6, NA) -9.4 (NA, NA) 

 ΨTLP -2.44 ± 0.03 -2.6 ± 0.04 

Gas exchange 

parameters  

Ψgs80 -2.4 (-2.3, -2.8) -2.5 (-2.3, 2.8) 

ΨA80 -3.0 (-2.6, NA) -3.0 (-2.8, -3.3) 

Safety margins  Leaf Ψ50 – Stem Ψ50 1.1 1.8 

 Ψgs80 - leaf Ψ12 -0.7 -0.4 

 Ψgs80 - stem Ψ12 -0.4 -0.4 

 Ψgs80 - leaf Ψ50 0.6 0.9 

 Ψgs80 - stem Ψ50 1.7 2.7 
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Hydraulic and gas exchange recovery  

Recovery of leaf Ψpd and Ψmd following rewatering was rapid for all drought exposed 

plants of both species with Ψmd and mild Ψpd returning to WW values within 24 hours 

and Ψpd of the severe treatment returning to WW values within four days of 

rewatering (Figure 5A-D).  

At the end of the drought treatment, the relative water content (RWC) of E. coolabah 

leaves exposed to severe drought was ~14% less than mild and WW leaves and within 

24 hours of rewatering, leaf RWC had recovered to WW levels (Figure 5E). In contrast, 

although E. melliodora in the severe drought had similar reductions in RWC to E. 

coolabah at the end of the drought of ~15% relative to WW plants, the recovery of leaf 

RWC was slower. 60 days following rewatering, the average leaf RWC of E. melliodora 

of plants exposed to the severe drought was 95±0.4% which remained significantly 

lower than the WW (97±0.1%) or mild droughted plants (97±0.4%) (p<0.001) likely 

representing a permanent adjustment to the leaf water content.  

A and gs were slower to recover than Ψ, with plants exposed to the mild drought 

having recovered to WW levels after 10 days of rewatering for both species. The gas 

exchange of plants exposed to severe drought took longer to recover, with rates of A 

and gs after 10 days after rewatering, remaining approximately 62% and 44% of rates 

of the WW plants in E. coolabah and 37% and 51% of the rates of E. melliodora WW 

plants. The slower recovery of A relative to gs resulted in higher iWUE in both species 

exposed to severe water limitation.  
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However, plants in all watering treatments of both species had similar rates of A, gs and 

iWUE measured 60 days after rewatering, possibly due to measurements being made 

on newly formed leaves (rather than leaves that were directly exposed to the drought 

treatment).   
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Figure 5. Recovery of pre-dawn water potential (A-B; Ψpredawn); midday water potential (C-D; 

Ψmidday); relative water content of leaves (E-F; RWC); photosynthesis (G-H; A); stomatal 

conductance (I-J; gs) and intrinsic water use efficiency (K-L; iWUE) of E. coolabah and E. 

melliodora in the well-watered (WW, black), mild drought (green) and severe drought (red) 

treatments at different time points following rewatering from drought. Values represent 

means (n=5-11) ± SE.     
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Only the severe drought treatment caused significant stem native embolism, with a 

measured loss of stem hydraulic conductance (PLC) of 18 ± 4.9 % for E. coolabah (red 

unfilled rectangles, Figure 6a) and 54 ± 12.9% for E. melliodora (red open bar, Figure 

6b) measured at the end of the drought. Three months following rewatering, there 

were no significant differences in stem PLC between any of the treatment groups, with 

PLC close to zero (filled rectangles, Figure 6a and b), indicating complete hydraulic 

recovery. 

Both the mild and severe drought treatment reduced leaf hydraulic conductance with 

the mild drought treatment causing a reduction in Kleaf of 43± 6.2% and 22 ± 6.7% for E. 

coolabah and E. melliodora, respectively and the severe drought reducing Kleaf by        

49 ± 11.5% and 76 ± 5.7% for E. coolabah and E. melliodora, respectively (Figure 6c and 

d).  

The recovery of leaf-level gas exchange in E. coolabah and E. melliodora plants was 

decoupled from the recovery of midday water potential (Figure 7). For both species, 

the observed recovery of A and gs differed significantly (p > 0.05) from predicted values 

assuming that rates of gas exchange are a unique function of Ψleaf.  The measured 

values of A in E. melliodora exposed to either mild or severe drought and E.coolabah 

that had been exposed to the severe drought, tended to be lower than those predicted 

based on the dry down curves obtained during the drought (i.e. from Figure 4). On the 

other hand, E. coolabah that was exposed to mild drought stress showed an 

upregulation in A and gs with measured values tending to be higher than predicted.   
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Figure 6. Comparison of stem (a,b) and leaf (c,d) hydraulic conductance for E.coolabah and E. 

melliodora in the well-watered (black), mild (green) and severe (red) drought treatments 

measured at the end of the drought period (25 Aug 2016; unfilled rectangles) and the end of 

the recovery period (Nov/Dec 2016; filled rectangles). Leaf data is expressed as individual Kleaf 

values relative to the WW mean maximum to obtain a percentage. As stem hydraulic recovery 

was measured as PLC, this is expressed as 100-PLC to give the % of max. The dotted line 

indicates full recovery (100% of maximum values).  
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Figure 7. Measured vs predicted values of photosynthesis (A) and stomatal conductance (gs) 

across the range of water potentials measured during recovery from drought in E. coolabah 

(A,C) and E. melliodora (B,D). Colours indicate recovery time following rewatering (red = 1 day, 

purple = 4 days, blue = 10 days). Open symbols (◌) are plants that were exposed to the mild 

drought treatment and closed symbols (●) are plants that were exposed to the severe drought 

treatment. Predicted values were calculated from the dry-down response curve of each 

parameter over water potential, respectively. Data points on or close to the 1:1 line indicate 

that gas exchange recovery is linked to the recovery of leaf water potential. Data points below 

the 1:1 line indicate hysteresis in gas exchange recovery, where gas exchange is de-coupled 

from water potential recovery (whereby gas exchange recovery lags behind water potential 

recovery, possibly as a result of ABA accumulation etc.). Data points above the 1:1 line indicate 

an upregulation in gas exchange parameters relative to well-watered plants.  
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Figure 8. Plots showing rates of photosynthesis (A; A and B) and stomatal conductance (gs; C 

and D) versus leaf hydraulic conductance (kleaf) measured during the recovery period of E. 

coolabah and E. melliodora following mild (green points), severe (red points) water-stress or 

well-watered conditions (black points). Symbols correspond to the number of days after 

rewatering: last day of drought (0), and 1 day (1), 4 days (4) and 10 days ( ). Data has been log-

transformed. The relationship between A or gs and Kleaf was not significant for E. coolabah.  
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In E. coolabah, the recovery of A, and gs was decoupled from the recovery of hydraulic 

function in leaves (Figure 8A and C), however there was a significant positive 

relationship between Kleaf recovery and rates of recovery of A (Figure 8B; r2=0.50, 

p<0.001) and gs (Figure 8D; r2=0.39, p<0.001) in E. melliodora. 

Non-structural carbohydrates during drought and recovery   

At the end of the drought (Aug 2016), there was no species or watering treatment 

effect on total non-structural carbohydrate (NSC) levels in leaves, with the total NSC 

pools for each species remaining relatively stable throughout the drought and recovery 

period (Figure 9 E-F). E. coolabah exposed to the severe watering treatment had 48% 

more soluble sugars (Ss) (day 0, Figure 9A) and 72% less starch (St) (day 0, Figure 9C) in 

leaves than the well-watered controls and plants in the mild treatment (P < 0.01). The 

watering treatment did not significantly influence the concentration of Ss in E. 

melliodora (day 0, Figure 9B) but caused a reduction in leaf St of 48% (day 0, Figure 9D) 

relative to the mild and WW plants (P<0.01). 

After rewatering, concentrations of Ss and St in E. coolabah in the severe treatment 

returned to control levels after four days. Leaf St in E. melliodora severe plants was 

slower to recover, returning to control levels approximately 10 days after rewatering.   
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Figure 9. Leaf soluble sugars (A,B), starch (C,D) and total non-structural carbohydrates (Total 

NSC; E,F) of E. coolabah and E. melliodora exposed to well-watered (black), mild (green) and 

severe (red) drought treatments at the end of the drought period (day 0, grey shaded area) and 

from one to 60 days after rewatering. Values represent means ± SE (n = 4-6).  
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3.4 Discussion  

This study examined the capacity of two Eucalyptus species to tolerate and recover 

from sustained water-stress. Our results showed that both E. coolabah and                    

E. melliodora had similar stomatal responses during the initial stages of water deficit, 

closing stomata early to prevent significant declines in leaf water potential and prior to 

impairment of the hydraulic system. However, under severe drought, E. melliodora 

despite having the larger hydraulic and stomatal safety margins, could not effectively 

regulate water loss, leading to lower leaf water potentials and significant leaf and stem 

hydraulic loss of conductivity. Regardless of the substantial differences in hydraulic 

functionality at the end of the drought, both species showed high drought resilience, 

recovering gas exchange capacity following rewatering.    

Sequence of physiological responses to soil drying 

The sequence of thresholds of drought-response traits was similar in both species. 

Incipient decline in leaf hydraulic conductivity (leaf Ψ12) occurred at the least negative 

water potentials, followed by stomatal closure (Ψgs80) and leaf turgor loss (ΨTLP), 

cessation of photosynthesis (ΨA80), 50% decline in Kleaf (leaf Ψ50) and 50% percent loss 

of stem conductivity (stem Ψ50). Incipient stem embolism (stem Ψ12) as well as leaf and 

stem Ψ88 have not been included in this trait sequence as the confidence intervals 

surrounding these values was too great to enable accurate determination. This trait 

sequence agrees with a recent meta-analysis of woody dicots by Bartlett et al. (2016) 

and supports the idea that plants converge along a sequence of traits that confer early 

protection against embolism rather than maintaining gas exchange during water stress 
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at the risk of hydraulic impairment (Cochard and Delzon, 2013, Brodribb and Holbrook, 

2004).   

Stomatal down regulation prior to significant reductions in leaf or stem hydraulic 

conductivity strongly support the idea of a protective role for stomatal closure in 

delaying the occurrence of extensive embolism in the stem (Hochberg et al., 2017, 

Martin-StPaul et al., 2017, Li et al., 2018), with both species showing relatively similar 

stomatal responses to mild-drought conditions, whereby small reductions in gs 

maintained leaf Ψ within the same range as well-watered plants. Whether stomata 

close because of hydraulic dysfunction remains a matter of contention. In both species, 

when considering the response functions of embolism and gs to xylem pressure (dry 

down curves; figure 4), there is a small negative safety margin between leaf Ψ12 

(quantified via leaf vulnerability curves) and stomatal closure, pointing to leaf hydraulic 

processes acting as a signalling mechanism for stomatal regulation. However, when 

assessing the progression of leaf Ψ in-situ through time during long-term severe water 

limitation, stomatal downregulation occurred almost immediately in response to 

declining soil VWC and prior to observed declines in Ψ. Therefore, in the absence of 

declining Ψ, it is likely that hormonal processes such as ABA accumulation (McAdam 

and Brodribb, 2014) or extra-xylary declines in Kleaf (Wang et al., 2018, Trifilo et al., 

2016, Scoffoni et al., 2017), as opposed to xylem embolism (Trifilo et al., 2015), govern 

the initial stomatal response to drought. Unfortunately, hormonal signals and Kleaf prior 

to stomatal closure were not measured in the present study and future work should 
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investigate the direct and indirect impacts of hormonal and hydraulic signals on 

stomatal closure under long-term soil drought conditions.  

After stomatal closure, the progression towards hydraulic dysfunction in the two 

Eucalyptus species during severe water limitation proceeded in two distinct phases: (1) 

water potential homeostasis; after stomatal closure, Ψpd and Ψmd of water-limited 

plants remained similar to the well-watered controls. Despite the stomata being 

closed, plants continue to lose water through processes such as stomatal leakiness and 

cuticular conductance (see review by Duursma et al. (2018)) however this is 

compensated by release of water from ‘internal capacitors’ (i.e. leaf or branch 

capacitance: Blackman et al., 2016, Pfautsch et al., 2015, Gleason et al., 2014) 

preventing declines in Ψ. This stage lasted for approximately 2-5 weeks in both species 

until stage (2) where significant declines in leaf Ψ occurred. The water loss from the 

plant during soil water deficit is no longer able to be compensated via internal stores, 

resulting in reductions in Ψ and subsequent leaf and stem hydraulic dysfunction. The 

lag time between the onset of drought stress and substantial hydraulic dysfunction 

agrees with observations in the field of the gradual nature of tree-mortality processes 

(Anderegg et al., 2013a, Anderegg et al., 2012, Granier et al., 2007, Grossiord et al., 

2018) and highlights importance of studying drought impacts over long time scales.  

Xylem vulnerability to embolism and the associated safety margins have been related 

to drought‐induced plant mortality across a broad range of ecosystems (for e.g. Adams 

et al., 2017, Urli et al., 2013, Anderegg et al., 2014). E. melliodora had more embolism-

resistant leaf and stem xylem and the larger positive stomatal safety margin when 
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compared to E. coolabah. We therefore expected E. melliodora to be the most 

resistant species to hydraulic dysfunction under water stress. At the end of the 

drought, however, E. melliodora under severe water limitation had lost about 60% of 

stem hydraulic conductance and leaf conductance approached zero, which contrasted 

with E. coolabah which had smaller reductions in both stem and leaf hydraulic 

conductance under the same soil moisture conditions. When challenged by severe 

drought, both Eucalyptus species showed divergent responses in their ability to 

regulate Ψ. During the prolonged period of severe water stress, E. coolabah was able 

to stabilise Ψplant, with the average Ψpd remaining around -2.6 ± 0.35 MPa which is 

close to the water potential associated with a decline in leaf hydraulic conductance of 

12% (leaf Ψ12), whereas E. melliodora after a short period of Ψpd homeostasis following 

stomatal closure, showed a steady decline in leaf Ψ reaching an average minimum Ψpd 

of -4.5 ± 0.48 just prior to rewatering. Johnson et al. (2018) also found this conflicting 

relationship between embolism resistance and mortality during a natural drought in 

Texas where Juniperus despite having the most embolism-resistant xylem had much 

higher rates of mortality than the co-occurring Quercus species with the least resistant 

xylem. A possible explanation for this divergent response in our study, is that E. 

coolabah appeared to shed leaves in response to drought stress which may enable 

these plants to better conserve limited water resources and prevent them from 

reaching critically low Ψ (Figure 10). Leaf shedding under drought to stabilise Ψ, 

protecting plants against stem hydraulic failure has been reported in conifers 

(Macinnis-Ng, and Schwendenmann, 2015), seasonally dry tropical rainforests (Wolfe 
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et al., 2016) and in agricultural species such as grapevine (Charrier et al., 2016) and 

walnut (Tyree et al., 1993); and has been shown to be coordinated with declines in 

hydraulic conductance in leaves (Brodribb and Holbrook, 2003, Tyree et al., 1993). As 

the majority of water loss in a plant occurs through its leaves (Gleason et al., 2014), the 

absence of leaf shedding of E. melliodora under drought stress may have contributed 

to the more rapid desiccation of this species. Our finding that E. melliodora was more 

vulnerable to hydraulic dysfunction than E. coolabah, despite having the more 

hydraulically resistant leaf and stem xylem, highlights the importance of accounting for 

multiple traits in determining a plants vulnerability to water limitation and not just 

xylem embolism resistance. It is likely that there are a whole range of plant traits, such 

as mesophyll conductance (Flexas et al., 2009), plant capacitance (Blackman et al., 

2016), growth form (West et al., 2012),       re-sprouting ability (Zeppel et al., 2014) and 

root properties (Li et al., 2017, West et al., 2012) that would contribute significantly to 

a plant’s ability to resist hydraulic failure during drought, however characterisation of 

these traits were outside the scope of this study.  
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Figure 10. variation in leaf response to drought. Left: E. coolabah tended to shed leaves under 

severe drought stress, decreasing plant leaf area and minimising water loss from the plant. 

Right: E. melliodora leaves turned brown and remained on the plant under severe drought 

stress.  

 

It is interesting to note that despite both species closing stomata early during drought, 

characteristic of isohydric stomatal behaviour (Skelton et al., 2015, McDowell et al., 

2008, Sevanto, 2014), neither species experienced changes to the leaf non-structural 

carbohydrate pool as a result of an extended period of low/no photosynthetic activity, 

despite isohydric species thought to be more vulnerable to reductions in the NSC pool 

during prolonged drought stress (McDowell and Sevanto, 2010). This finding does not 

support the carbon starvation hypothesis which proposes that prolonged stomatal 

closure leads to exhaustion of non-structural carbohydrate reserves (McDowell et al., 

2008), although the likelihood of carbon starvation in our study species may still occur 

under more chronic, multiyear drought events (McDowell and Sevanto, 2010).  
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Recovery from drought stress  

Leaf water status rapidly recovered to control levels following rewatering, irrespective 

of drought severity. Gas exchange was slower to recover with stomatal conductance 

remaining approximately 50% lower in severe-drought stressed plants of both species 

10 days after rewatering. Similar patterns of incomplete gs recovery despite rapid Ψ 

recovery following drought have been reported for other Eucalyptus species (Martorell 

et al., 2014) and olive (Perez-Martin et al., 2014). However, the underlying processes 

behind slow recovery of gs following rewatering is still unclear, with hydraulic 

limitations (Brodribb and Cochard, 2009) and/or hormonal limitations (Lovisolo et al., 

2008) both implicated. Early post-drought recovery of gas exchange in E. melliodora 

was correlated with recovery of Kleaf. This suggests that leaf hydraulic impairment could 

contribute to the delay in recovery of gs with our finding supported by a number of 

recent studies highlighting the importance of Kleaf for gs recovery following drought of 

varying lengths and severities (Skelton et al., 2017, Pou et al., 2008, Resco et al., 2009, 

Blackman et al., 2009). E. coolabah on the other hand, showed no relationship 

between gs and Kleaf, or percentage of stem embolism at the end of the drought,  

suggesting that non-hydraulic mechanisms were more likely to be limiting gas 

exchange recovery, with impaired recovery of gs despite quick recovery of Kleaf also 

reported in olives (Torres-Ruiz et al., 2015) and ABA accumulation rather than hydraulic 

impairment shown to cause the delay in the recovery of stomatal conductance in 

grapevines (Lovisolo et al., 2008). The increase in iWUE in drought-exposed leaves of E. 

coolabah due to higher rates of A relative to gs could also be due to drought 
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acclimation via biochemical adjustments in the leaf favouring improved water use for 

carbon gain and/or minimised water loss (Galle et al., 2011, Backhaus et al., 2014, Zhou 

et al., 2016) rather than a lasting negative impact of the drought on gs per se.  

In any case, three months following rewatering and irrespective of drought severity, 

we found that gas exchange as well as leaf hydraulic conductance and stem native 

embolism had returned to control levels in both species when measured on new tissue 

(i.e. leaves and branches that had developed during the recovery period), indicating 

that both Eucalyptus species, given sufficient time for recovery, are very resilient to 

water deficit. One important caveat is that we confined our analysis to leaf- and 

branch-level responses to drought and recovery, and whole plant traits such as growth 

and total photosynthetically active leaf area were not considered during this study, but 

are known to be important to a plant’s long-term survival under water-stress (Yan et 

al., 2017, Galiano et al., 2011).   

Conclusions  

In conclusion, both mild and severe drought stress reduced gas exchange, with leaf 

water potential reductions occurring after stomatal closure and photosynthetic 

downregulation during sustained severe drought. Despite E. melliodora having more 

embolism resistant-xylem and larger stomatal safety margins than E. coolabah, E. 

melliodora incurred the greatest hydraulic dysfunction during severe drought whereas 

E. coolabah was able to maintain leaf water potentials above critical levels associated 

with xylem embolism formation. The early recovery pattern of E. melliodora suggests 
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that incomplete recovery of gs from severe drought is restricted by hydraulic factors, 

with non-hydraulic limitation or biochemical adjustments more likely to be involved in 

gas exchange recovery of E. coolabah. Additionally, the complete recovery following 

drought of hydraulic and gas exchange traits were only observed after three months of 

well-watered conditions, highlighting the importance of not only considering traits that 

confer resistance to drought (i.e. Ψ50, safety margins etc), but also the plant traits that 

enable recovery in the long-term from drought, when considering a plant’s overall 

vulnerability to drought.  
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Chapter Four 

Performance under drought is improved by prior exposure to 

water limitation in two Eucalyptus species 

4.1 Introduction 

Many of the recent mass tree mortality events are linked to drought (Allen et al., 2010, 

Breshears et al., 2005, van Mantgem et al., 2009, Peng et al., 2011) and it is likely that 

with increasing drought severity and frequency predicted to occur with climate change, 

global die-back events will become more common in the future. Our knowledge of the 

physiological response of plants to water limitation has grown rapidly over the last 

decade (for e.g. McDowell et al., 2008, Choat et al., 2018, Bartlett et al., 2016, 

Blackman et al., 2017, Drake et al., 2017, Sevanto, 2014); however, despite long-lived 

tree species being likely to experience multiple drought events over their life span, 

plant response to multiple drought events are still not well understood. Plants can 

acclimate to water limitation through morphological and physiological adjustments 

with previous exposure to drought stress suggested to result in more rapid and/or 

stronger response to future stress events, often referred to as a stress ‘memory’. Some 

studies found that stress memory can improve plant response to subsequent stresses 

through epigenetics (Ding et al., 2012, Bruce et al., 2007), transcriptional memory 

(Virlouvet and Fromm, 2015) and altered hormonal regulation (Fleta-Soriano et al., 

2015). At the structural level, changes to the xylem network, decreasing leaf area and 
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size, and reductions in the shoot/root ratio (Marcos et al., 2018) may contribute to 

increased fitness under future water stress.  

On the other hand, legacy effects of drought stress may reduce the resilience of a plant 

to future stress, and even cause delayed tree death several years after the drought 

event (Anderegg et al., 2015). Drought stress can permanently impair water transport 

throughout the plant (Anderegg et al., 2013), weaken the xylem via cavitation fatigue 

(Hacke, 2001), decrease photosynthetic capacity (Ghannoum et al., 2003) and reduce 

plant biomass (Xu et al., 2009), which may render the plant more susceptible to future 

drought stress. A study by Mueller et al. (2005) showed that pinyon pine exposed to 

drought were more susceptible to mortality during subsequent drought events and 

Peltier et al. (2016) found decreased resistance to drought could persist in trees for at 

least five years after the first drought event. However, the determinants of these 

legacy effects are not well understood (Serra-Maluquer et al., 2018) and more work is 

needed to identify the underlying physiological mechanisms conferring decreased 

resistance in tree species.  

The extent to which a plant will be more resilient or more vulnerable to future drought 

as a result of previous drought exposure will likely depend on the species, and the 

duration and severity of the water stress. The aim of this study was therefore to 

determine if prior exposure to drought improves plant resistance to future drought 

events. Therefore, two Australian tree species were exposed to a drought acclimation 

period, a period of well-watered recovery, and then a subsequent period of severe 

water deficit to determine hydraulic and photosynthetic performance. Additionally, to 
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determine if the degree of drought severity during the acclimation period affected 

performance under future drought events, plants were subjected to either mild or 

severe water limitation treatment during the first drought period. I hypothesised that: 

(1) plants previously exposed to drought will adjust leaf and whole plant structural 

traits (e.g. LMA, xylem vulnerability to embolism, ΨTLP) to be more drought tolerant 

than well-watered plants; and that (2) prior exposure to water limitation (i.e. drought 

acclimation) confers better plant regulation of water loss and carbon fixation under 

future drought when compared to plants that were not drought acclimated (i.e. plants 

with no prior exposure to water limitation). 

4.2 Materials and Methods 

This chapter focuses on the data collected during the second drought of the multiphase 

drought study of Eucalyptus coolabah and E. melliodora grown in a poly-tunnel facility 

in Richmond, NSW from 10 December 2016 until the plants were subsequently 

harvested on the 20th February 2017. For a detailed description of the experimental 

design prior to the imposition of the second drought treatment on the 10th December 

2016, see the previous chapter (Chapter 3). For clarity, figures and text denoting 

‘weeks’ refer to number of weeks after the conclusion of the first drought (week 0). 

The second drought commenced in week 17. 

Experimental conditions  

Prior to the imposition of the second drought treatment, trees of each species were 

split into four treatments: WW trees were well-watered throughout drought one and 
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two (VWC>20%); WW-S trees were well-watered throughout drought one and 

experienced severe water limitation during drought two (VWC held at 4%); M-S trees 

experienced a mild water limitation during drought one (VWC held at 10% VWC) and 

experienced severe water limitation during drought two; and S-S trees experienced 

severe water limitation during drought one and drought two (See Figure 1 for outline of 

all experimental stages and Figure 2 for VWC during drought two). In contrast to the 

first drought where there were variable drought treatments, all trees during the second 

drought (except for the well-watered controls) were exposed to the same level of 

water limitation, equal to the ‘severe drought’ treatment of drought one (VWC~4%). 

The second drought was initiated on the 10 Dec 2016 with a controlled decline in soil 

volumetric water content (VWC) for three weeks, where, irrespective of plant size, soil 

moisture declined at the same rate for all pots, after which the soil moisture was 

maintained at the severe drought level (VWC = 4%; Figure 2). The final drought 

continued until the plants were harvested on the 20 Feb 2017. The soil moisture levels 

of the potted saplings were monitored continuously via a paired soil moisture sensor 

(Acclima Digital TDT sensor, Landscape Technologies, NSW, Australia) and irrigation 

system (Acclima CS3500 controller, Landscape Technologies, NSW, Australia) that kept 

the soil at the desired VWC. In addition to the automatic system, the soil moisture 

levels of all pots were monitored weekly by hand using a 12 cm Hydrosense probe 

(Campbell Scientific, Townsville, QLD) to ensure they remained within the desired VWC 

range.  
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Figure 1. Description of the experimental timeline of the watering treatments throughout the 

four stages of the experiment. During the establishment stage, all plants were kept well-

watered. During the first drought, plants were kept well-watered or were subjected to a mild 

or severe drought. During the recovery phase, all plants were kept well-watered. During the 

second drought which is the focus of this thesis chapter, plants were divided into four 

treatment groups: WW: plants were well-watered throughout all phases; WW-S: plants were 

well-watered during the first drought and exposed to a severe water limitation in the second 

drought; M-S plants were exposed to a mild water limitation in the first drought and severe 

water limitation in the second drought; S-S plants were exposed to a severe water limitation 

during the first and second drought. Plants were considered well-watered when VWC was 

above 20%. Mild drought was when soil moisture was approximately 10% VWC and severe 

drought was when soil moisture was at 4% VWC.  

 

Gas exchange and water potential measurements  

Leaf-level photosynthesis (A, μmol m−2 s−1) and stomatal conductance of water vapour 

(gs, mol m−2 s−1) was measured every two weeks throughout the second drought (four 

measurement campaigns) with four identical gas exchange systems (Li-6400XT with Li-

6400-02B LED light source, Li-Cor Inc., Lincoln, NE, USA). During each campaign, all 

plants were measured over one to two days between 9 am and 3 pm. Reference [CO2] 

was controlled at 400 μmol mol-1, the desiccant controller was set to full bypass, and 
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the light intensity inside the leaf cuvette was controlled at a photosynthesis light-

saturating value of 1200 μmol m-2 s-1. Leaf temperature varied depending on the 

predicted maximum temperature (according to BOM, Australia) for the measurement 

day. The average leaf temperature (Tleaf) ranged from 29°C to 35 °C and the average 

leaf vapour pressure deficit ranged from 1.1 to 2.2 kPa. All photosynthetic variables are 

expressed on a projected leaf area basis.  

Leaf water potential measurements were made weekly, where one leaf per plant was 

collected for predawn (collection prior to sunrise: Ψpd) and midday (collection at noon: 

Ψmd) leaf water potential measurements. Samples were placed in sealed humidified 

plastic bags and placed in a dark cool box. Ψpd and Ψmd were measured within two 

hours after collection using a Scholander-type pressure chamber (1505D-EXP; PMS 

Instrument Company, OR, USA). Typically, gas-exchange and Ψleaf were measured on 

the same dates, however, occasionally these measurements were offset by one or two 

days.   

Hydraulic measurements  

The methods for measuring hydraulic vulnerability to embolism for leaves and stems 

have been previously described in Chapter Three. Additional pressure-volume curve 

measurements to ascertain TLP were made after plants had experienced four weeks of 

the second drought treatment. 5-7 leaves of each species across all treatment groups 

were measured using the procedure described in Chapter Three.  
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To assess the impact of the second drought on the accumulation of native embolism, 

Kleaf and Kstem measurements were made on 5 replicates (3 replicates for the WW 

controls) per species and treatment group. Just prior to harvest, long branch segments 

were collected pre-dawn for Kstem and measured using the same procedure as 

described previously in Chapter Three. Kleaf measurements were made from 10am to 

2pm (when Ψleaf was lowest) on the same plants that were measured for Kstem using the 

kinetics of Ψleaf relaxation upon leaf rehydration technique. For each tree, two leaves 

from a branch in a sun-exposed portion of the canopy was collected and placed in a 

humidified bag for Ψ0. Two additional leaves adjacent to the water potential leaves had 

their petioles cut underwater and rehydrated for a known duration of time, the 

petioles were then blotted dry and placed into another humidified bag for Ψf. Water 

potentials were measured on these four leaves and Kleaf calculated according to eqn. 1 

(Chapter Three).  

Non-structural carbohydrates 

Leaves were collected at the end of the second drought (just prior to harvest) for 

analysis of non-structural carbohydrates (NSC), separated into starch (St) and soluble 

sugars (Ss). 2-3 leaves were sampled per tree, 5-7 replicates per species by treatment 

combination and immediately placed on ice during collection, before being dried at 

70°C for 48 hours. See Chapter Three for description of extraction procedure.  
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Leaf area and biomass measurements  

At the end of the second drought, the total height and diameter of each tree was 

recorded. The above-ground portion of the tree was subsequently harvested and 

separated into branch and leaf material, dried at 70°C for up to two weeks (until no 

further decreases in mass occurred due to water loss) and then weighed. Wood dry 

weight (wood DM) incorporated the dry mass of all stem, trunk and branch material. 

Prior to drying, approximately 100 leaves were randomly subsampled for leaf area (LA) 

determination and measured via a leaf area meter (LI-3100C, Li-Cor Inc., NE, USA) and 

subsequently dried. This leaf subsample was used to determine individual LA by 

dividing the total LA of the subsample by the number of leaves. LMA was determined 

by dividing the dry leaf mass of the subsample by the leaf area. Total projected LA was 

calculated by multiplying the weight of all the leaves harvested on each tree by the 

individual tree’s LMA. Huber values for each tree were calculated by dividing the basal 

trunk area (cm2) by the projected leaf area of the entire tree (m2). The percentage 

change in stem diameter (Δdiameter) was determined by subtracting the trunk 

diameter (measured at 5cm above ground level) at the end of the recovery period from 

the final trunk diameter at harvest and then dividing by the number of days between 

measurement dates.  
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Statistical analysis 

Data was compared using R-3.5.1 software (R Core Team 2018) with plant traits 

analysed via a two-way ANOVA to account for species and treatment followed Tukey 

HSD test to determine differences among watering treatments (Supplementary Table 

S2). Differences were considered significant at P<0.05. Figures were created using R 

software. To assess whether the watering treatment would affect the sensitivity of 

photosynthesis to declines in soil water content or predawn water potential, gas 

exchange traits (i.e., A and gs) as a function of soil VWC or Ψpd were analysed within 

each watering treatment for each species via a linear regression. The effects of 

watering treatment on parameters for each linear regression was analysed using 95% 

confidence intervals. For each species and treatment combination (in the case of 

leaves), the relationship between hydraulic conductance of the leaf or stem and 

decreasing water potential (MPa) was fitted with a Weibull curve using the “fitcond” 

function in the fitplc package in R (Duursma and Choat, 2017). From these curves, the 

water potential corresponding to 20, 50 and 80 percent loss of conductance from 

mean maximum values was calculated.   
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4.3 Results 

Environmental conditions  

For the period 10 December 2016 to 20 February 2017, the mean temperature inside 

the polytunnel between 10am and 4pm was 31.8 ± 0.05°C and mean relative humidity 

(RH) was 46.7 ± 0.1%. Photosynthetic photon flux density (PPFD) at midday averaged 

793 ± 6 μmol m−2 s−1. The mean night-time temperature was 20.9 ± 0.2 °C.  

Prior to the imposition of the second drought, the VWC of all pots had returned to full 

hydration (VWC>20%). Once the second drought commenced (10 December 2016, 

week 17), soil moisture was reduced in a step-wise fashion. Mean VWC of well-watered 

E. coolabah and E. melliodora at week 20 was 10.4 ± 0.4 and 10.2 ± 0.2% respectively. 

All pots (except for WW) reached the desired VWC of ~4% (severe water limitation) at 

week 22 and the average VWC for the four-week period until the conclusion of drought 

two was 5.2 ± 0.1 and 5.2 ± 0.1 for E. coolabah and E. melliodora respectively. Mean 

VWC of well-watered E. coolabah and E. melliodora across drought two was 30.6 ± 0.7 

and 29.5 ± 0.7% respectively. VWC was not significantly different between species or 

watering treatment (excluding WW plants) (Figure 2).  

Gas exchange and leaf water potentials during the first drought and recovery  

The results from the first drought and the recovery phase were discussed in Chapter 

Three. This section primarily describes the results obtained from the second drought. 

However, the impact of variable levels of water limitation during the first drought on 

gas exchange and water potential parameters are briefly described here. 
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At the end of the first drought (25 Aug 2016), plants subjected to severe water 

limitation (severe drought group) had a significantly lower average Ψmin of -3.5 ± 0.2 

MPa for E. coolabah and -4.8 ± 0.3 MPa for E. melliodora compared with plants 

subjected to mild water limitation (mild drought group; -2.3 ± 0.1 MPa for E. coolabah 

and -2.0 ± 0.1 MPa for E. melliodora) and well-watered treatments (WW group; -2.2 ± 

0.07 for E. coolabah and -1.8±0.1 MPa for E. melliodora). Plants of both species in the 

severe treatment had closed their stomata at the end of drought one (gs values < 5% of 

WW) and mild treatment plants had rates of gs that were 65% and 57% lower than the 

WW plants for E. coolabah and E. melliodora, respectively. A in E. coolabah was 

reduced by 35% by the mild and 83% by the severe water treatment and 23% and 89% 

in the mild and severe water treatment for E. melliodora, respectively (Figure 3 and 4).  

During the recovery phase, when all plants were well-watered for a period of four 

months and just prior to the commencement of the second drought (10 Dec 2016), Ψpd 

had recovered to full hydration (Ψ was close to 0MPa) and Ψmd was similar to the WW 

plants across all drought treatment groups of both species. A and gs were similar for all 

E. melliodora plants within each watering treatment group. E. coolabah gs rates were 

similar across each watering treatment, but A was 20% higher in the E. coolabah severe 

group when compared to the WW controls (P<0.05) (Figure 4A and Figure 5).  
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Figure 2. Soil volumetric water content (VWC) during a multiple drought experiment of             

E. coolabah and E. melliodora. Each value reflects the mean value of 5 to 13 manually-

measured pots per species per treatment on each date. Number of weeks refers to the number 

of weeks after the last day of the first drought. Data shown includes the end of the first 

drought (week 0; 25 Aug 2016), the shaded grey area corresponds to the end of the recovery 

phase (week 14; 10 Dec 2016) and the duration of the second drought (week 15 to 26; 11 Dec 

2016 to 20 Feb 2017). The different colours represent the drought treatments implemented: 

black= well-watered controls (WW); blue= well-watered during drought 1 and severe water 

limitation during drought 2 (WW-S); green= mild water limitation during drought 1 and severe 

water limitation in drought 2(M-S) and red= severe water limitation during drought 1 and 

severe water limitation in drought 2 (S-S). Error bars show one standard error of means. 
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Figure 3. Water relation traits of E. coolabah (n= 5-11) and E. melliodora (n= 5-13) showing     

(A and B) predawn water potential (Ψpredawn; MPa) and (C and D) midday water potential 

(Ψmidday; MPa). Data shown includes the end of the first drought (week 0; 25 Aug 2016), the 

shaded grey area corresponds to the end of the recovery phase (week 14; 10 Dec 2016) and 

the duration of the second drought (week 15 to 26; 11 Dec 2016 to 20 Feb 2017). The different 

colours represent the drought treatments implemented: black= well-watered controls (WW); 

blue= well-watered during drought 1 and severe water limitation during drought 2 (WW-S); 

green= mild water limitation during drought 1 and severe water limitation in drought 2(M-S) 

and red= severe water limitation during drought 1 and severe water limitation in drought 2 (S-

S). Error bars show one standard error of means. 
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Figure 4. Gas exchange traits of E. coolabah (n= 5-11) and E. melliodora (n= 5-13) showing       

(A and B) rate of net CO2 assimilation (Anet) and (C and D) stomatal conductance (gs). Data 

shown includes the end of the first drought (week 0; 25 Aug 2016), the shaded grey area 

corresponds to the end of the recovery phase (week 14; 10 Dec 2016) and the duration of the 

second drought (week 15 to 26; 11 Dec 2016 to 20 Feb 2017). The different colours represent 

the drought treatments implemented: black= well-watered controls (WW); blue= well-watered 

during drought 1 and severe water limitation during drought 2 (WW-S); green= mild water 

limitation during drought 1 and severe water limitation in drought 2(M-S) and red= severe 

water limitation during drought 1 and severe water limitation in drought 2 (S-S). Error bars 

show one standard error of means. 
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Second Drought 

Leaf water potential  

During the second drought phase, when soil moisture declined to 10% VWC (6 Jan 

2017), there were small reductions of 0.5 to 1.2 MPa in Ψpd in both species; however, 

Ψmd was not significantly different across treatments from the well-watered controls. 

At the end of the second drought (16 Feb 2017), after soil moisture had been held at 

4% VWC for a period of 6 weeks, E. coolabah M-S plants had the lowest average Ψpd of 

-0.7±0.1 MPa and Ψmd of -2.6±0.07 MPa, whereas plants in the WW-S and S-S groups 

were not significantly different than their well-watered counterparts. E. melliodora on 

the other hand showed no differences in Ψmd in any of the treatment groups. The 

difference between Ψpd and Ψmd at the end of the second drought was larger in            

E. coolabah than in E. melliodora, averaging 1.8±0.09 MPa for E. coolabah and            

1.4 MPa ± 0.08 for E. melliodora, and this difference remained similar across all 

treatment groups in both species.  

The Ψmin values of all plants subjected to the second drought were significantly lower 

than their well-watered counterparts (p<0.001); however, there was no effect of 

previous drought exposure on Ψmin. The average Ψmin for E. coolabah was -2.9±0.05 

MPa and for E. melliodora was -2.7±0.07 MPa compared to the WW plants of -2.3±0.1 

MPa and -1.9±0.14 MPa for E. coolabah and E. melliodora, respectively.  
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Leaf gas exchange  

During the second drought, gas exchange (A and gs) declined with decreasing VWC. The 

rate of decline was similar across all treatment groups for E. melliodora. On the other 

hand, previously drought exposed E. coolabah plants (S-S and M-S trees) maintained 

higher rates of A than WW-S plants across the range of soil moisture levels. At 10% 

VWC, A in S-S E. coolabah was 23% higher than the WW controls and 64% higher than 

WW-S plants. gs was also approximately 78% higher in the severe group than the WW-S 

group. Water-limited E. melliodora plants exhibited a downregulation of ~15% and 

~37% for A and gs, respectively, when compared to the WW plants. At 4% VWC, A in   

S-S E. coolabah plants remained 89% higher than WW-S plants (but 30% less than the 

WW controls), although gs was close to zero across all drought-exposed plants. All 

water limited E. melliodora plants had rates of A that were less than half that of the 

WW plants and gs was approximately zero. 

A and gs were significantly correlated with Ψpd in both species (P < 0.001) (Figure 7). As 

Ψ declined during drought, rates of A and gs remained higher in the two drought 

treatment groups that had previously been exposed to the first drought (the mild and 

severe treatment groups) when compared to the WW-S, at any Ψ for both species.
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Figure 5. Relative changes in leaf physiological traits of water limited E. coolabah and E. melliodora compared to well-watered controls. Data is 

shown for four different timepoints: D1: end of drought one where plants were exposed to different levels of water limitation (WW, mild and 

severe); R: the recovery phase where all plants were well-watered; D2_M: during the controlled dry down of drought two when soil moisture for 

all of the plants reached 10% VWC; D2_S: at the end of drought two when soil moisture was 4% VWC. Points above the dashed line had values 

greater than the well-watered controls (upregulation) whereas points occurring below the dashed line were lower than the WW controls. The 

different colours represent the drought treatments implemented: blue= well-watered during drought 1 and severe water limitation during 

drought 2 (WW-S); green= mild water limitation during drought 1 and severe water limitation in drought 2(M-S) and red= severe water limitation 

during drought 1 and severe water limitation in drought 2 (S-S). Error bars show one standard error of means.
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Figure 6. Photosynthetic rates (A; A and B) and stomatal conductance (gs; C and D) of 

Eucalyptus coolabah and E. melliodora during the second drought as a function of volumetric 

water content of the soil medium (VWC).  See Figure 2 for description of the watering 

treatment information. Data for A and gs are fitted with linear regressions with the fit 

parameters included in the figure. Only E. coolabah showed a significant interaction between A 

and drought treatment (6A). No regression was fitted for the WW plants due to the narrow 

range of VWC. 

 



124 
 

 

Figure 7. Photosynthetic rates (A; A and B) and stomatal conductance (gs; C and D) of 

Eucalyptus coolabah and E. melliodora during the second water limitation stage as a function 

of predawn water potential (Ψpredawn). See Figure 2 for description of the watering treatment 

information. Data for A and gs are fitted with linear regressions with the fit parameters shown 

in Table S1.  
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Non-structural carbohydrates (NSC) 

At the end of the second drought, the total concentration of non-structural 

carbohydrates (NSCtotal) was similar in leaves of both species, regardless of drought 

treatment. However, the ratio of soluble sugar (Ss) to whole-leaf starch (St) differed 

between the species. E. coolabah on average had 27% more St than E. melliodora and 

conversely E. coolabah had on average 27% less Ss in the total NSC pool than E. 

melliodora (Figure 4). The second drought period decreased leaf St in all drought 

treated groups with the biggest depletion in E. melliodora WW-S plants of 26.5% when 

compared to the WW plants. E. melliodora M-S and S-S trees exhibited more modest 

reductions in St of 15.5% and 10%, respectively. E. coolabah plants undergoing the 

second drought had reductions of 15.4%, 24.7% and 19.8% of St in leaves of the WW-S, 

M-S, and S-S plants, respectively. In contrast, the second drought treatment on average 

increased leaf Ss concentrations in all water-limited plants, relative to WW, although 

the effect was not significant between drought treatment groups (p=0.069)(Figure 5).  

Leaf tissue water relations 

The water potential at leaf turgor loss (ΨTLP) as determined by pressure-volume curve 

analysis was similar in both species, -2.2 and -2.3MPa for E. coolabah and E. 

melliodora, respectively. The bulk modulus of elasticity (ε) and the relative water 

content at turgor loss (RWCTLP) was higher in E. coolabah than in E. melliodora. There 

was no adjustment in the PV traits across the different drought treatment groups for 

either species (Table 1). 
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Table 1. The leaf pressure-volume curve (PV) parameters of WW, WW-S, M-S and S-S plants 

measured four weeks after the commencement of the second drought event: osmotic pressure 

at full turgor (ΨFT); water potential at turgor loss point (ΨTLP); mean bulk modulus of elasticity 

(ε); and relative water content at turgor loss point (RWCTLP). See Table S2 for description of the 

main and interactive effects of Species and drought treatment on PV parameters. 

Species Treatment ΨFT 

(MPa) 

ΨTLP 

(MPa) 

ε 

(-MPa) 

RWCTLP 

(%) 

      

E.coolabah WW -1.74 (0.12) -2.21 (0.06) 23.50 (1.31) 92.17 (0.76) 

 WW-S -1.68 (0.12) -2.31 (0.11) 22.55 (1.71) 92.15 (1.11) 

 M-S -1.61 (0.09) -2.21 (0.10) 24.86 (1.57) 92.97 (0.78) 

 S-S -1.70 (0.06) -2.32 (0.05) 22.52 (1.17) 91.97 (0.71) 

      

E.melliodora WW -1.83 (0.08) -2.31 (0.08) 19.60 (0.54) 90.31 (0.69) 

 WW-S -1.68 (0.12) -2.27 (0.11) 18.87 (0.73) 90.67 (0.90) 

 M-S -1.54 (0.07) -2.20 (0.07) 16.69 (0.80) 91.05 (0.33) 

 S-S -1.56 (0.08) -2.24 (0.07) 16.49 (0.98) 90.65 (0.50) 
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Vulnerability to embolism and native embolism  

WW plants of both species had similar leaf vulnerability to embolism with leaf Ψ50 of    

-3.0 MPa for E. coolabah and -3.4 MPa for E. melliodora (Figure 8c and d). E. coolabah 

plants subjected to the severe water limitation treatment during the first drought had 

a more negative Ψ50 of -4.9 MPa (Figure 8g) whereas mild drought exposed plants were 

not significantly different from the WW plants due to overlapping CIs (Figure 8c and e).  

E. melliodora plants subjected to either the mild or severe water limitation during the 

first drought had less resistant Ψ50 than the well-watered plants, with Ψ50 of -2.1 to       

-2.4 MPa for mild and severe plants, respectively (Figure 8f and h).   

The second drought treatment reduced xylem specific conductivity (Kstem) averaged 

across all drought treatments by ~25% in E. coolabah and resulted in the accumulation 

of native embolism in the stem of 13.7%, 13.1% and 11.9% for WW-S, M-S and S-S 

plants, respectively. In contrast, there were no significant reductions in Kstem for E. 

melliodora and native embolism was not different between the WW plants and those 

exposed to the second drought. Kleaf did not differ between species or between 

treatments (Table 2).  
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Table 2. Leaf hydraulic conductance (Kleaf), stem-specific hydraulic conductivity (Kstem), stem 

native embolism (Stem PLC) and branch specific Huber values of E.coolabah and E. melliodora 

across the drought treatments measured at the conclusion of drought two, expressed as means 

(±SE). See Table S2 for description of the main and interactive effects of Species and drought 

treatment on hydraulic parameters. 

  Kleaf Kstem Stem PLC Huber Value 

  mmol s-1 m-1 kg s-1 m-1 MPa-1 (%) (x104) 

      

E.coolabah WW 20.3 (2.9) 1.81 (0.45) 2.3 (1.8) 1.68 (0.60) 

 WW-S 25.6 (4.2) 1.26 (0.20) 13.7 (3.1) 2.39 (0.43) 

 M-S 16.1 (2.9) 1.35 (0.21) 13.1 (3.9) 2.96 (0.90) 

 S-S 19.5 (1.9) 1.33 (0.13) 11.9 (3.2) 3.45 (0.73) 

          

E.melliodora  WW 20.0 (2.2) 1.83 (0.33) 5.9 (2.4) 1.34 (0.16) 

 WW-S 24.3 (2.6) 1.43 (0.35) 6.3 (2.7) 2.86 (0.99) 

 M-S 21.4 (1.6) 2.19 (0.48) 7.1 (2.8) 1.57 (0.20) 

 S-S 23.2 (2.9) 1.82 (0.20) 3.9 (1.1) 2.01 (0.38) 
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Figure 8. Hydraulic vulnerability curves showing the response of (a-b) stem relative 

conductivity of WW plants and (c-h) leaf hydraulic conductance (Kleaf), to decreasing water 

potential for the species E. coolabah (a,c,e,g) and E. melliodora (b,e,f). Kleaf was measured at 

the end of the first drought treatment on plants maintained under: (c-d) well-watered 

conditions, (e-f) mild drought (10% VWC) and (g-h) severe drought (4%VWC). The water 

potential at 50% loss in conductance (Ψ50) and associated 95% confidence intervals are 

represented by the solid and dashed red lines, respectively.
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Figure 9. leaf dry weight (Leaf DM; A,I), total predicted leaf area calculated from harvested leaf 

weight and LMA (total LA; B,J), stem and branch dry weight (Wood DM; C,K), average area of 

an individual mature fully expanded leaf (individual LA; D,J), whole above ground dry biomass 

incorporating leaf DW and wood DW (E,M), Huber value (F,N), average stem diameter 

measured 5cm from base of plant (G,O), and  % change in stem diameter per day from the end 

of the recovery period to the end of drought two (Δstem; H,P). All variables measured on 

plants harvested at the end of the second drought. The different colours represent the drought 

treatments implemented: white= well-watered controls (WW); blue= well-watered during 

drought 1 and severe water limitation during drought 2 (WW-S); green= mild water limitation 

during drought 1 and severe water limitation in drought 2 (M-S) and red= severe water 

limitation during drought 1 and severe water limitation in drought 2 (S-S).Error bars represent 

the standard error around the mean.  
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Plant dry mass and leaf area variables  

The total above-ground plant dry mass (whole plant DM) and whole-plant predicted 

leaf area (total LA) varied significantly between E. melliodora and E. coolabah with both 

species affected by the antecedent drought treatment (Figure 9E and M). Well-watered 

plants of both species had a similar whole plant DM at harvest of 1.92±0.15kg and 

1.94±0.13 kg for E. coolabah and E. melliodora, respectively; however, the impact of 

the drought treatment varied between species. For E. coolabah, total leaf dry mass 

(leaf DM) was 41, 61, 63% lower than well-watered plants for the WW-S, M-S and S-S 

groups respectively, compared to E. melliodora that showed a reduction in leaf DM of 

40, 42, 44% for the WW-S, M-S and S-S groups, respectively (Figure 9A and I). Wood 

dry mass (wood DM; incorporating all above-ground stem and trunk material) showed 

a 21, 18, 41% reduction in WW-S, M-S and S-S groups of E. coolabah, with a 5, 22, 15% 

reduction in WW-S, M-S and S-S groups of E. melliodora (Figure 9C and K).  

The average leaf mass per area (LMA) of E. coolabah was 163±5.5 g m-2 whereas E. 

melliodora had a lower LMA of 133±2.8 g m-2 indicating that E. coolabah tended to 

have larger but thinner leaves; however, there were no significant effects of treatment. 

Huber values were significantly higher in E. coolabah than in E. melliodora indicating 

that E. coolabah had a greater ratio of basal trunk area to whole plant leaf area (Figure 

9F and N). Huber values for individual E. coolabah plants across the treatment groups 

were variable; however, there was a general trend towards higher Huber values for the 

previously drought-exposed plants of 16.9±2.8 and 16.4±5.9 for the M-S and S-S plants, 

respectively, compared to 8.5±1.2 and 9.1±1.0 for the WW-S and WW controls, 
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respectively. Huber values were similar across all treatment groups of E. melliodora. 

The average stem diameter of E. coolabah at harvest was 21-30% lower in the plants 

exposed to water limitation during the second drought than the WW controls (Figure 

8G) and the % increase per day in trunk diameter from the recovery period until 

harvest (Δ diameter) was also less in water-limited plants when compared to the 

control plants (Figure 8H). In contrast, basal trunk diameter at harvest in E. melliodora 

across all treatment groups was similar (Figure 8O); however, despite all water-limited 

plants during drought two showing reduced rates of Δ stem diameter during that 

period, the S-S plants showed higher daily diameter growth than the M-S and WW-S E. 

melliodora plants (Figure 8P).              

4.4 Discussion 

Prior exposure to drought improved the photosynthetic performance of Eucalyptus 

coolabah and E. melliodora during subsequent water stress; however, previously 

water-stressed plants also had smaller leaves and less above-ground biomass than 

plants not exposed to drought.  

Optimised stomatal regulation of the exchange of water vapour during transpiration 

and CO2 uptake for photosynthesis plays a crucial role in a plant’s ability to survive 

under water limitation. During water stress, plants often reduce stomatal conductance, 

slowing water loss from the leaf to maintain the hydraulic integrity of the plant 

(Chaves, 2002). However, we found that plants exposed to a second drought event   

(M-S and S-S) had higher rates of gs in response to declining soil moisture when 
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compared to plants exposed to a single drought (WW-S). By keeping stomata open at 

lower water potentials, plants were able to maintain A for longer and at higher rates 

during drought, with the observed depletion of leaf starch likely assisting to preserve 

cellular function and protecting the photosynthetic apparatus during water stress 

(Chaves et al., 2003, Meyer et al., 2014). This upregulation in photosynthetic capacity 

in plants previously exposed to water limitation suggests the existence of drought 

stress ‘memory’ (Bruce et al., 2007, Crisp et al., 2016) with similar findings in coffee 

(Menezes-Silva et al., 2017) and grapevine (Martorell et al., 2015, Hochberg et al., 

2017) and supports our hypothesis that plants exposed to recurrent drought can 

modify gas exchange to be more resistant to future water stress. Shifts in the turgor 

loss point (ΨTLP) to lower water potentials have been implicated in enabling plants to 

maintain higher rates of gas exchange at lower Ψ (Hochberg et al., 2017); however, in 

our study, we found no evidence of adjustments of ΨTLP across the treatment groups. 

Instead it is likely that biochemical mechanisms such as altered concentrations of 

stomatal signalling compounds such abscisic acid (ABA) (Fleta-Soriano et al., 2015), the 

upregulation of RuBisCO activity (Menezes-Silva et al., 2017) as well as epigenetic 

changes (Ding et al., 2012, Chinnusamy and Zhu, 2009) were more likely to be 

responsible for the upregulation of A in our study, however the precise mechanism(s) 

conferring this drought-stress memory remain to be elucidated. 
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We observed a significant prior-drought exposure effect on leaf hydraulic vulnerability 

to drought, with a decrease of leaf Ψ50 by ~1.9MPa in E. coolabah plants that had 

experienced severe water limitation in the first drought, relative to the WW plants. The 

risk of hydraulic dysfunction posed by the upregulation of A and gs in S-S E. coolabah 

plants was likely mitigated by increased leaf resistance to water stress, maintaining the 

safety margin between stomatal closure and hydraulic decline. This shift in Ψ50 

suggests that leaf hydraulic vulnerability is responsive to changes in water availability 

and that leaves grown under severe water stress may be more resistant to drought. 

Plasticity in leaf Ψ50 was also shown to occur in response to seasonal drought 

(Martorell et al., 2015) and growth temperature (Way et al., 2013, Blackman et al., 

2017), with minimum water potentials experienced by plants thought to be 

functionally related to drought resistance enabling plants to better exploit water 

during drought (Choat et al., 2012). In S-S E. coolabah plants, the increased leaf 

resistance to drought was coupled with decreases in maximum leaf hydraulic 

conductance (Kleaf) supporting the idea of a trade-off between hydraulic efficiency 

(hydraulic conductance) and safety (resistance to embolism) (see review: Sperry et al. 

(2008)). Interestingly, mild drought exposure did not appear to confer increased 

hydraulic resistance to drought in M-S E. coolabah plants, with moderate reductions in 

water availability only minimally impacting Ψmin in these plants, suggesting that there is 

a threshold for this drought responsive trait.  

In contrast to the increased drought resistance in leaves of S-S E. coolabah, previously 

drought-stressed leaves of E. melliodora (M-S and S-S) showed increased leaf 
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vulnerability to hydraulic dysfunction during desiccation, when compared to the WW 

controls. This is counter-intuitive because decreasing the safety margin between 

stomatal closure and embolism-inducing leaf water potential in previously stressed 

plants should increase the risk of runaway embolism in the xylem and potential 

damage to other parts of the water transport system. Tombesi et al. (2018) also found 

that leaves of repeatedly drought-exposed grapevine reached higher PLC values than 

control plants and concluded that this was due to stomatal closure occurring at lower 

Ψ rather than an alteration in xylem vulnerability. However, we measured vulnerability 

curves of Kleaf prior to the imposition of the second drought, so this is an unlikely 

explanation for our findings. Another possible explanation might be cavitation fatigue, 

whereby repeated accumulation of xylem embolism and repair may cause an increase 

in xylem vulnerability (Hacke, 2001), although evidence of cavitation fatigue is limited 

(but see Stiller and Sperry (2002) and Christensen-Dalsgaard and Tyree (2014)). We saw 

no differences in Kleaf and stem PLC measured at the end of the second drought 

between repeatedly drought-stressed E. melliodora plants (M-S, S-S) and those 

exposed to a single drought event (WW-S), leading us to conclude that cavitation 

fatigue was likely not responsible. Although, native embolism was measured at 

relatively high Ψ and this may differ if plants were exposed to a longer duration of 

drought stress. A third explanation for the increased vulnerability could be due to an 

adjustment in outside-xylem resistance of Kleaf, particularly prior to TLP. Reversible 

extra-xylary declines in Kleaf due to leaf shrinkage or alternations in membrane 

permeability may help delay the onset of xylem embolism within the leaf (Scoffoni et 
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al., 2014). Unfortunately, in our study, it was not possible to test whether recurrent 

drought changed the relative contribution of the hydraulic pathways to leaf 

conductance, and future work should focus on the impact of drought-acclimation on 

the hydraulic pathways. 

Leaves that had developed during the first drought were smaller than leaves of well-

watered plants in both species. Such morphological changes in response to water 

limitation agree with previous research (Martorell et al., 2015, Hochberg et al., 2017) 

and would help minimise water loss from the leaf surface (since transpiration is largely 

affected by leaf area) while enabling the maintenance of photosynthetic activity during 

drought. Growth inhibition during drought is one of the first responses of plants to 

water limitation, allowing plants to conserve limited resources (Chaves, 2002, Sun et 

al., 2016). It is likely that the observed reduction of individual LA, as well as overall 

reductions in whole-plant LA in plants exposed to recurrent drought in this study, 

would have significantly reduced plant demand for water during the second drought, 

thereby protecting the hydraulic integrity of the remaining leaves and prolonging the 

period for plants to assimilate carbon. Indeed, all drought-exposed plants maintained 

water potentials similar to WW plants and above leaf water potentials that would 

cause significant stem PLC. This demonstrates that at a leaf-level, under the drought 

scenario in our study, both species were well-adapted to water limitation. Given that 

leaf and stem hydraulic conductivity was not impaired, it is likely that all plants 

following rewatering would be able to recover significant photosynthetic capacity 

(Blackman et al., 2009, Skelton et al., 2017, Martorell et al., 2014). 
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When considering the impact of recurrent drought on the whole plant however, there 

was a consistent trend (although given our low sample size, this was not always 

statistically significant) of reductions in plant biomass in plants exposed to multiple 

drought events. The ‘legacy’ effect of drought has been found to reduce plant growth 

on average four years following the drought event (Anderegg et al., 2015) and in some 

forest stands, plants continued to show progressive reduction of resilience over time 

particularly when re-exposed to drought events (Serra-Maluquer et al., 2018). In the 

short term, reductions in whole plant leaf area confer water-savings to the plant, but 

the loss of leaf area, particularly in response to repeated drought events, reduces 

overall carbon assimilation capacity and carbohydrate storage (Galiano et al., 2011), 

and ultimately results in plants more vulnerable to future drought. 

Conclusions   

In conclusion, previous drought exposure resulted in higher rates of A under 

subsequent water stress in comparison with plants that had not previously experienced 

drought, due to differences in stomatal regulation that enabled stomata to remain 

open for longer at lower potentials. To offset the potential damage to the plant from 

this increased transpirational water loss, both species reduced leaf size and had lower 

overall biomass than plants exposed to a single or no drought event. These results 

indicate that plant acclimation to recurrent drought favours the maintenance of 

functionality under mild or short periods of water stress but may make plants more 

vulnerable to hydraulic failure if the drought becomes more severe or there is 

insufficient time between drought events to enable complete hydraulic recovery.  
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4.5 Supplementary Information  

Table S1. Summary of parameters in the fitted linear regressions between photosynthesis (A) 

stomatal conductance (gs) and predawn water potential (Ψpd) of E. coolabah and E. melliodora 

grown under the three watering treatments (see Figure 7). 

 Species Treatment R2 y0 (intercept) m (slope) P-value 
    Estimate SE Estimate SE  

A ~ Ψpd 
 E.coo WWD 0.369 17.66 2.023 -15.14   4.461 0.003 
  MD 0.579 24.724 2.053 -22.240 3.604 <0.001 
  SD 0.311 21.222 1.743 -15.651 3.718 <0.001 
         
 E.mel WWD 0.223 13.215 2.323 -15.093 6.081 0.024 
  MD 0.336 17.240 1.960 -19.044 4.231 <0.001 
  SD 0.222 18.392 2.251 -18.588 5.614 0.002 
         
gs ~ Ψpd 
 E.coo WWD 0.528 0.601 0.054 -0.551 0.120 <0.001 
  MD 0.525 0.701 0.056 -0.549 0.099 <0.001 
  SD 0.273 0.619 0.054 -0.442 0.115 <0.001 
         
 E.mel WWD 0.359 0.440 0.065 -0.564 0.169 0.004 
  MD 0.233 0.448 0.057 -0.439 0.124 0.001 
  SD 0.127 0.466 0.067 -0.400 0.164 0.02 

Linear regressions were fitted according to: y = y0 + m (Ψpd), where y0 and m are the intercept 

and slope for each regression, respectively. Adjusted R2 values indicate the goodness-of-fit for 

regressions.  
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Table S2. Main and interactive effects of Species and drought treatment on native embolism, 

PV, Harvest and NSC parameters of Eucalyptus coolabah and E. melliodora measured at the 

end of the second drought. 

  Effect 

 Parameter Species Treatment Species*Treatment  

Native Embolism  Kleaf 0.281 0.152 0.571 

 Kstem 0.048 0.422 0.532 

 Stem PLC 0.015 0.229 0.273 

 Branch Huber 0.151 0.401 0.407 

PV parameters  ΨFT 0.466 0.165 0.633 

 ΨTLP 0.828 0.714 0.701 

 ε < 0.001 0.361 0.218 

 RWCTLP 0.003 0.694 0.968 

Harvest LeafDW < 0.001 < 0.001 0.556 

 WoodDW 0.498 0.001 0.018 

 TotalDW 0.030 < 0.001 0.097 

 Predicted total LA < 0.001 < 0.001 0.379 

 Individual LA < 0.001 0.045 0.899 

 Huber 0.007 0.318 0.643 

 LMA < 0.001 0.068 0.343 

 Stem diameter  < 0.001 < 0.001 0.108 

 Δdiameter 0.066 < 0.001 0.610 

NSC Starch < 0.001 0.0498 0.386 

 Sugar < 0.001 0.069 0.198 

 Total NSC 0.780 0.852 0.095 

P-values from the two-way ANOVA are presented for 5-13 replicates. Significant values (P < 

0.05) are shown in bold.  
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Chapter Five 

Xylem embolism in leaves occurs after stomatal closure: 

evidence from direct observations using the optical 

visualisation technique. 

5.1 Abstract 

Drought represents a major abiotic constraint to plant growth and survival. On one 

hand, plants need to keep their stomata open for efficient carbon assimilation, while 

on the other, they must close them to prevent permanent hydraulic impairment from 

xylem embolism. The order of occurrence of these two processes (stomatal closure and 

the onset of leaf embolism) throughout plant dehydration has remained controversial 

to date, largely due to methodological limitations. However, the newly developed 

Optical Visualisation (OV) method now allows the simultaneous monitoring of stomatal 

behaviour and leaf embolism formation in intact plants. We used this new approach 

both directly by dehydrating intact saplings of three contrasting tree species and 

indirectly by conducting a literature survey across a greater range of plant taxa. Our 

results indicate that when water stress increases, the onset of leaf embolism 

consistently occurs after stomatal closure, and that the lag time between these 

processes (i.e. the safety margin) increases with increasing embolism resistance.  
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This suggests that during water stress, embolism-mediated declines in leaf hydraulic 

conductivity is unlikely to act as a signal for stomatal down-regulation. Instead, plants 

converge towards a strategy of closing stomata early to prevent water loss and delay 

catastrophic xylem dysfunction.  

5.2 Introduction 

Water deficit is one of the most significant abiotic constraints to growth and survival in 

terrestrial plants. More frequent and severe water shortages associated with current 

climate warming has the potential to overcome the ability of long-lived plant species to 

adapt to, and survive these rapidly changing conditions (Choat et al., 2012). 

For plants, a major trade-off in the acquisition of CO2 for photosynthesis is the loss of 

water by transpiration, which under well-watered conditions is routinely compensated 

via water uptake by the roots from the soil. However, under periods of soil-water 

deficit and high atmospheric evaporative demand, water transport through the plant 

vascular network comes under increasing tension (Dixon and Joly, 1895). Under severe 

drought, tension within the water column can exceed the species-specific air-seeding 

threshold (Pe), leading to cavitation and embolism propagation through the xylem 

vessel network, preventing water transport (Tyree and Sperry, 1989). This can result in 

organ desiccation and even plant death (Anderegg et al., 2014, Tyree and Sperry, 1989, 

Choat et al., 2012, Urli et al., 2013), with global incidents of drought-induced plant 

mortality increasingly linked to xylem embolism (Anderegg et al., 2016, Adams et al., 

2017). Plant resistance to xylem embolism is therefore a key fitness-related trait that is 
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generally estimated with the xylem water potential generating 50% loss of hydraulic 

conductance (P50) and is critical for modellers to better predict plant responses and 

future distributions under environmental changes (Brodribb and Hill, 1999, Blackman 

et al., 2012, Bourne et al., 2017).  

Stomatal regulation is the primary means for a plant to manage efficient carbon 

assimilation and transpiration while preventing the risk of xylem embolism. Stomatal 

closure and embolism resistance have often been considered functionally coordinated, 

with several studies reporting that down-regulation of stomatal conductance is related 

to hydraulic decline in leaves (Torres-Ruiz et al., 2015a, Brodribb and Holbrook, 2003) 

and that leaf xylem embolism may provide an important hydraulic signal for stomatal 

closure (Sperry, 2000, Nardini and Salleo, 2000). However, the sequence of water 

potential thresholds for these drought-tolerance traits (leaf xylem embolism occurring 

before, at or after stomatal closure) in response to desiccation remains unresolved 

despite the importance of this interaction in determining overall plant function during 

drought. Some studies have suggested that plants routinely undergo diurnal cycles of 

embolism while stomata are open and gas exchange maintained (Zufferey et al., 2011, 

Trifilò et al., 2015), whilst others have emphasised that plants may consistently close 

their stomata early to avoid xylem embolism (Cochard and Delzon, 2013, Hochberg et 

al., 2016, Salleo et al., 2000, Martin-StPaul et al., 2017).  
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The lack of studies coupling real-time monitoring of stomatal conductance and xylem 

embolism formation during desiccation across a large range of plant taxa has impaired 

our ability to resolve this debate and is urgently needed to better predict plant 

functioning under climate change (McDowell et al. 2013). 

To that effect, a significant step forward in our understanding of plant hydraulics has 

been brought about by direct visualisation techniques such as magnetic resonance 

imaging (MRI; for e.g. Holbrook et al., 2001) and micro-computed tomography 

(microCT; for e.g. Choat et al. 2016). Direct imaging enables reliable and non-invasive 

measurements of xylem vulnerability to embolism in intact plants (Nolf et al., 2017, 

Skelton et al., 2017, Choat et al., 2015, McElrone et al., 2013, Charrier et al., 2016) 

while highlighting possible artefactual issues associated with standard hydraulic 

methods (e.g. such during sample preparation and the use of short segments see 

Wheeler et al., 2013 and Torres-Ruiz et al., 2015b). Among these techniques, the most 

recently developed has been the Optical Vulnerability (OV) technique (Brodribb et al., 

2016). While most direct imaging techniques have been primarily used on stems, the 

strength of the OV method lies in its ability to capture both the timing and propagation 

of embolisms in the entire leaf xylem network of a desiccating plant and enable 

simultaneous measurements of other traits such as gas exchange, thus providing a 

cohesive picture of whole plant water transport.  
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This study aimed to resolve the sequence of water potential thresholds for both 

stomatal closure and embolism formation in leaves of dehydrating plants by coupling 

the OV technique with simultaneous gas exchange measurements. We tested the 

hypothesis that trees optimise their stomatal behaviour to close stomata at the onset 

of embolism formation (Klein and Niu 2014; Skelton et al. 2015; Anderegg et al. 2016), 

and that the more resistant species to xylem embolism allow stomata to remain open 

longer (i.e. at lower water potentials) during drought.  

Our approach was twofold: (1) simultaneously monitoring stomatal conductance and 

leaf embolism during intact plant desiccation in three woody angiosperm species with 

contrasting embolism resistance, and (2) performing a literature survey based on 

studies that used the OV method in order to assess the timing of both stomatal closure 

and incipient leaf embolism across a greater range of taxa. 

5.3 Methods 

Direct observation of leaf embolism 

Study species  

The timing of embolism spread and stomatal closure was monitored over the course of 

whole-plant desiccation in three woody angiosperm species that were expected to 

differ in their resistance to xylem embolism: (i) Arbutus unedo L., a small evergreen 

tree native to the Mediterranean basin; (ii) Ligustrum japonicum Thunb., an evergreen 

shrub native to eastern Asia and widely used as ornamental plants in Europe; and,     
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(iii) Prunus persica (L.) Batsch, a deciduous tree native to Northwest China and widely 

cultivated in Southern Europe.   

In May 2017, three 3- to 4-year-old plants of each species were sourced from local 

nurseries (PlanFor nursery, Uchacq-et-Parentis, France and Le Lann nursery, Gradignan, 

France) and placed into climate-controlled chambers (Microclima Arabidopsis system, 

Snijders Labs, Tilburg, Holland). Chamber CO2 concentration, relative humidity and 

temperature were set at 400 ppm, 60% and 22 °C, respectively, while the 

photosynthetically active radiation (PAR) was fixed at 1200 μmol m-2 s-1 with a daily 

12h-day/12-h night cycle. Prior to the initiation of the experiment, all pots were hand-

watered daily to saturation (water was added to each plant until it ran from the 

bottom drainage holes) to ensure that plants were under non-limiting soil water 

conditions. To facilitate desiccation of the plants during the experiment, the intact 

saplings were carefully removed from their pots along with loose soil just prior to the 

initiation of the optical measurements and once stem psychrometers were installed.   

Visualisation of leaf vulnerability to embolism 

The accumulation of leaf vein embolism during desiccation was monitored using the 

Optical Visualisation (OV) method (Brodribb et al. 2016) to construct leaf xylem 

vulnerability curves. One healthy, fully-expanded leaf per plant was selected for 

continuous embolism visualisation while still attached to the parent plant. The 

individual leaf was placed on a scanner (Perfection V800 Photo, EPSON, Suwa, Japan) 

and fixed with a microscope slide and clear adhesive tape to minimise leaf movement 



149 
 

and curling of the leaf when the leaf shrinks during dehydration. Scan resolution was 

set to ensure sufficient visualisation of midrib and major veins. Each leaf was scanned 

in transmission mode every four minutes until the leaf was observed to turn from 

green to brown, indicating tissue death. The scanner was placed within the climate 

chamber to ensure the entire plant was exposed to a homogeneous light and 

temperature environment.  

By continuously scanning the leaf, we were able to capture rapid changes in light 

transmission through the xylem, that corresponded to air entry into the xylem conduits 

(Brodribb et al., 2016). Image analysis was carried out using ImageJ (NIH), with 

embolism events easily identified in image difference subtractions. The ‘Analyse 

Particles’ function was used to measure the area of embolised pixels in each image, 

thresholding allowed the removal of noise related to leaf movement from drying. An 

optical vulnerability curve was obtained for each individual by converting the 

cumulative embolised area to a percentage of total embolised pixels (by dividing the 

cumulative embolised area by the total cumulative area) and combining this with the 

water potential (as described below) to obtain percentage increase in embolism as a 

function of water potential (P, -MPa) (see http://www.opensourceov.org for the 

detailed image analysis protocol). Each replicate per species was fitted with a Weibull 

curve using the “fitcond” function in the fitplc package in R (Duursma and Choat, 2017). 

From these curves, the water potentials inducing 12% (P12), 50% (P50) and 88% (P88) of 

embolised pixels were obtained per individual before average values were calculated 

per species (n=3 per species). P50 indicates the xylem tension inducing a 50% 

http://www.opensourceov.org/
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cumulative embolised area, with P50 widely thought to represent a species’ xylem 

vulnerability to hydraulic dysfunction and is often used for comparison across species. 

P12 is widely considered to represent the water potential threshold for the initial air 

entry causing embolisms and P88 to represent the tension causing irreversible xylem 

damage and possible whole-plant death (Urli et al., 2013). 

Stem water potential 

Stem water potentials (P, MPa) were monitored every 30 minutes in each individual 

plant throughout desiccation via a psychrometer (ICT Armidale, NSW, Australia) that 

was fitted on the stem as close as possible to the leaf that was placed into the scanner. 

Reference leaf water potentials and stem water potentials (individual leaves that were 

dark adapted for 30 minutes prior to measurement) were taken 3 to 4 times a day 

during the drying period using a Scholander pressure chamber (DG-Meca, Gradignan, 

France). Two leaves were sampled during each time point on the same branch as the 

leaf undergoing optical imaging as well as on the branch being measured for gs to 

capture water potential variation among the plant. The water potentials among leaf 

replicates were consistently similar (± 10%). We also found good agreement of              

± 0.5 MPa between the psychrometer values and those obtained with the pressure 

chamber, enabling us to be confident that the psychrometers accurately captured 

water potentials of leaves undergoing imaging and stomatal conductance 

measurements (see supplementary Figure S3). 
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Stomatal conductance measurements and safety margin calculation 

To determine the water potential at stomatal closure, we measured stomatal 

conductance (gs) simultaneously on plants that were being scanned for embolism 

visualisation. One fully expanded leaf of each replicate plant, on an adjacent branch to 

the leaf being imaged, was enclosed in an open gas exchange system (GFS-3000, Heinz 

Walz GmbH, Effeltrich, Germany) and exposed to ambient light (1200 μmol m−2 s−1), 

400 μmol mol-1 of CO2, relative humidity ~60%, leaf vapour-pressure-deficit (VPD) 

maintained between 0.9 and 1.4 kPa and leaf temperature of 22°C. To ensure we 

captured maximum stomatal conductance (gsmax) for the species, gs measurements 

were commenced prior to plant desiccation to ensure that each individual replicate 

was measured at full turgor (i.e. under well-watered conditions). Measurements were 

made approximately every 3 hours from 9am to 4pm, local time throughout the 

experiment until stomatal closure was observed in the individual plant.  

For each species, the response of stomatal conductance to decreasing water potential 

was parameterised using local polynomial regression and fitting a “loess” model in 

conjunction with the “fitcond” function in the fitplc R-package. The resulting fit was 

used to determine the water potential corresponding to a 90% reduction in stomatal 

conductance (herein referred to as stomatal closure; Pclose). The P50 safety margin was 

then calculated as the difference in water potentials between Pclose and P50; whereas 

the P12 safety margin was calculated as the difference between Pclose and P12 as 

proposed by Martin-StPaul et al. (2017).  
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Literature review 

In order to minimise the uncertainty associated with different techniques used to 

measure vulnerability to embolism in leaves (Scoffoni et al. et al., 2013, Scoffoni et al. 

et al., 2017), the literature review included only species measured via direct 

observations using the OV method on intact plants. Such conservatism in the 

bibliographic search limited the possible methodological issues associated with 

destructive methods that require detached leaves and ensured that we reported the    

P50 values associated with leaf xylem only, and not the P 50 of the whole leaf (as 

obtained with the standard techniques). 

We extracted leaf xylem traits as well as the water potential associated with stomatal 

closure from recent published sources (see supplementary data table 1 for species 

details). When values of P12, and P50 values were not reported in numerical form, they 

were extracted from published graphs of vulnerability curves using ‘grab graph data’ 

on linux (g3data 1.5.2, Github.com). If stomatal closure data was not available, we used 

the leaf water potential at turgor loss (Ptlp) as a surrogate for Pclose (Brodribb and 

Holbrook, 2003, Martin-StPaul et al. 2017). Then, using a similar approach to Martin-

StPaul et al. (2017) we looked at the association between Pclose and P12 and P 50 and 

fitted a segmented regression to the data using the Segmented package in R. The 

model was used to identify the break points in the x-axis (i.e. the embolism resistance 

value at which there is a change in the covariation between Pclose and leaf embolism 

resistance).   
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5.4 Results 

Stomatal Closure 

Mean maximum stomatal conductance (gs) was 114.3± 15.5 mmol m-2 s-1 for A. unedo, 

77.0 ± 7.5 mmol m-2 s-1 for L. japonicum and 125.5 ± 3.3 mmol m-2 s-1 for P. persica 

(Figure 2). As expected, gs declined in response to increasing desiccation in all three 

species (Figure 2) with stomatal closure (Pclose: gs less than 10% of maximum) occurring 

at water potentials ranging from -1.83 MPa in A. unedo to -2.42 MPa in P. persica 

(Table 1).  

Leaf vulnerability to embolism 

Leaf xylem embolism was clearly visualised in the three woody angiosperm species 

using the optical technique (Figure 1). The onset of leaf embolism was visualised 

between 8 hours (in P. persica) and 166 hours (in A. unedo) following the installation of 

the stem psychrometers and removal of pots and excess soil from the plant. No major 

embolism events (i.e. % area embolised remained below 12%) in the leaf were 

detected while the stomata were open, i.e., from the beginning of the dehydration 

until reaching Pclose. The spread of embolism appeared patchy in all species with 

midribs and major veins appearing to embolise before (i.e. at higher water potentials) 

minor veins (Figure 1).  
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The safety margin between stomatal closure (Pclose) and embolism formation (P12) was 

greatest in L. japonicum with a margin of 2.88 MPa followed by A. unedo with 2.79 

MPa. In contrast, the stomata of P. persica remained open at water potential values 

closer to incipient embolism formation in the leaf, with a reported safety margin of 

0.43 MPa. The shortest time between stomatal closure and P12 was 21 h (in P. persica) 

and the longest time was 123 h (in A. unedo) (see supplementary information figure 

S2). However, there is a large variation the time individual replicates took to dry after 

cessation of watering, most likely due to variation in root mass and leaf area (data not 

shown). 

All species showed a sigmoidal response in % embolised vein area to decreasing water 

potential with an initial plateau phase where no embolism was detected until a critical 

water potential threshold was crossed. This initial plateau was shortest for P. persica (< 

12% embolised area) at -2.85 MPa, whereas A. unedo and L. japonium were similarly 

resistant with the onset of embolism occurring around -4.62 and -4.78 MPa, 

respectively (Figure 2, Table 1). Individual leaves of each species showed little variation 

in patterns of embolism accumulation with P50 varying between individual leaves of the 

same species by 0.21 MPa in P. persica to 0.6 MPa in A. unedo (Supplementary figure 

S1).



155 
 

 

Figure 1. From the series of leaf images taken during whole plant desiccation of a) Arbutus unedo, b) Ligustrum japonicum and c) Prunus persica.  

Each row corresponds to the same individual leaf of the same species. From left to right for each species: the transmitted light image of the leaf 

highlighting the majority of leaf veins. The additional three colour map images for each species show the spatial progression of embolism at 

decreasing water potentials of the same leaf corresponding to ca.25%, 60% and 100% accumulated area of embolism events of the leaf vein 

network. The blue colours indicate embolism events occurring at water potentials higher than the events shown in orange and yellow.     
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Figure 2. Response of stomatal conductance (gs; blue lines) and optical vulnerability curves (as 

represented by % area embolised; red lines) to decreasing water potential (MPa) for the three 

species measured in this study: a) P.persica, b) A.unedo, c) L.japonicum. The grey points 

represent all individual data points. 



157 
 

 

Table 1. Mean (95 % confidence interval in parenthesis) water potentials at which 12%, 50% and 88% loss of embolised pixels and a reduction of 

10% and 50% stomatal conductance and stomatal closure (corresponding to 90% reduction in gs) occurring in leaves of Arbutus unedo, Ligustrum 

japonicum and Prunus persica saplings.  

Species 
Stomatal response 

 
Leaf vulnerability to embolism 

Pgs10 (MPa) Pgs50 (MPa) Pclose (MPa) 
 

P12 (MPa) P50 (MPa) P88 (MPa) 

Arbutus unedo 

 

-0.54 

(NA, -0.83) 

-1.14 

(-0.95, -1.59)  

-1.83 

(-1.53, -2.17)  
 

-4.62  

(-4.60, -4.64)  

-5.90 

(-5.89, -5.91)  

-6.93 

(-6.92, - 6.94)  

Ligustrum japonicum 

 

-0.34 

(NA, -0.64) 

-0.96  

(-0.72, -1.21) 

-1.90 

(-1.30, -2.30)  
 

-4.78 

(4.76, -4.81)  

-5.70 

(-5.68, -5.72)  

-6.40 

(-6.38, -6.42)  

Prunus persica -0.75 

(NA, -1.09) 

-1.28  

(-0.99, -1.59) 

-2.42 

(1.45, NA) 

 

-2.85  

(-2.84, -2.86) 

-3.99  

(-3.99, -4.00) 

-4.99  

(-4.97, -5.00) 
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Literature survey 

To date, four other studies have included simultaneous measurements of leaf xylem 

embolism via the optical method (OV) and stomatal closure (Pclose) or turgor loss point 

(Ptlp) and thus were included in the literature synthesis (see supplementary table 1 for 

details).  

Leaf embolism resistance (as described by P50) of the 14 species included in the 

literature survey ranged from -1.4 MPa for Vitis vinifera to -6.25 MPa for Bursaria 

spinosa (figure 3b), the onset of leaf embolism (P12) which is a more conservative 

descriptor of embolism resistance, varied from -1.2 MPa for Solanum lycopersicum to   

-5.8 MPa for B. spinosa (figure 3a). The range of water potentials over which the same 

species closed their stomata (Pclose) was narrower than embolism resistance and varied 

from -0.7 MPa for V. vinifera to -3.2 MPa for Quercus douglasii (figure 3a and 3b).    

Fitting a segmented regression (as per Martin-StPaul et al. (2017a) between Pclose and 

embolism resistance (either P12 or P50) provided a better fit of the data than a linear 

model (segmented model R2= 0.81 contrasting with linear model R2= 0.3). This model 

was then used to determine the breakpoints in the x-axis which corresponds to the 

water potential at which there is a change in the covariation between Pclose and leaf 

embolism resistance, P12 and P50. Thus, the breakpoint for the segmented relationship 

between Pclose and P12 is -2.6±0.2 MPa and P50 -3.47±0.3 MPa. The y-axis intercept for 

this breakpoint corresponds to the upper limit of Pclose values which was approximately 

-2.65 MPa with Pclose reaching a plateau by -3 MPa.  
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For the 11 species with P12 values higher than the breakpoint, the relationship between 

P12 and Pclose was close to the 1:1 line indicating that stomatal closure occurred very 

close to or at the point of incipient leaf embolism, i.e. the safety margin is 

approximately 0 MPa, with only three species, Quercus kelloggii, Q. lobata and Q. 

douglasii, had a P12 higher than their Pclose values (Figure 3a). All species included in the 

literature synthesis closed their stomata prior to their corresponding P50 values, i.e. the 

P50 safety margin was always positive (Figure 3b). Additionally, the most resistant 

species to xylem embolism had the widest safety margin between Pclose and their 

corresponding P12 (figure 3c) or P50 (figure 3d).  
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Figure 3. Top row: Relationship between stomatal closure (Pclose) and a) onset of leaf xylem 

embolism (P12) and b) P50 from a literature synthesis of 14 species that were measured via OV 

technique. Dashed line is 1:1 line. Any species below the line close their stomata after P12. The 

red line is the best fit with a segmented regression, showing a significant breakpoint for P12 of   

-2.6 MPa or P50 of -3.47 MPa corresponding to an average Pclose of about -2.6 MPa. Bottom row: 

The linear relationship between embolism resistance as represented by c) leaf P12 and d) leaf 

P50 and stomatal safety margin (the difference in water potential between stomatal closure 

and embolism formation; Pclose - P12) (P < 0.001). All points correspond to individual species, 

green points correspond to the three species measured by the authors. Different functional 

groups as indicated in the legend. Figure adapted from Martin-StPaul et al. (2017a).  
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5.5 Discussion  

We found that when all three woody tree species in this study were subjected to 

severe water stress, the onset of leaf hydraulic dysfunction always occurred after the 

stomata in the leaf had closed. For the most hydraulically vulnerable species P. persica 

that exhibited the smallest safety margin of 0.43 MPa between Pclose and P12, stomatal 

closure and incipient leaf xylem embolism were temporally separated by at least 21 

hours. For the most drought resistant species A. unedo with a safety margin of 2.79 

MPa, embolism was not visualised in leaf xylem for at least two days after stomatal 

closure. Once a plant closes their stomata, any subsequent water loss from the leaf (via 

cuticular transpiration and stomatal leakiness) is minimal (Brodribb et al., 2014). And as 

such under natural conditions, stomatal regulation would largely prevent these species 

from reaching the water potentials likely to result in xylem embolism, except under 

cases of severe and/or prolonged drought.  

Our finding that stomatal closure and subsequent incipient leaf embolism is temporally 

separated, in some cases by more than 2 MPa and as many as five days (Figure 2 and 

supplementary Figure S3), does not support the idea that leaf embolism is a driver of 

stomatal closure in these species but instead indicate that stomatal down-regulation 

occurs to avoid the leaf embolism threshold altogether (Tyree and Sperry, 1988). In 

agreement, Hochberg et al. (2017) showed via direct imaging that in grapevine, 

complete stomatal closure preceded the appearance of embolism in leaves and stem 

by several days. However, such findings are inconsistent with previous studies that 
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have suggested that embolism-mediated reductions in leaf hydraulic conductivity 

would act as a signal for stomatal down-regulation during water limitation (Brodribb 

and Holbrook, 2003, Savi et al., 2016, Torres-Ruiz et al., 2015a, Lo Gullo et al., 2003, 

Nardini et al., 2001, Bartlett et al., 2016). Instead our results point to stomatal 

regulation being governed by other mechanisms such as extra-xylary leaf dehydration 

(Scoffoni et al., 2017a), hydraulic dysfunction in other parts of the water transport 

pathway (such as stems or roots for e.g. Domec et al., 2005, Hubbard et al., 2001) 

and/or chemical signalling (e.g. by ABA; McAdam and Brodribb, 2014, Tardieu et al., 

2015). Clearly, more work needs to be done to resolve the sequence of water potential 

thresholds for drought tolerance traits within a plant as this is crucial to our 

understanding of the mechanisms plants employ to avoid drought-induced hydraulic 

failure.   

Furthermore, our literature synthesis showed that among the recently published 

studies incorporating direct observation of leaf vulnerability to embolism via the OV 

method with paired stomatal conductance, all species closed their stomata prior to leaf 

P50, and 79% of them even before P12. Although our study only represents a relatively 

small pool of species, this positive stomatal safety margin has also been found in stems 

such as in a recent meta-analysis by Martin-StPaul et al. (2017) where most Pclose values 

were higher than their respective stem P50 values. Indeed, among the species in our 

synthesis as well as in Martin-StPaul et al. (2017), there was a general pattern of 

increasing stomatal safety margins with increasing embolism resistance. The finding 

that the most drought resistant species close their stomata at a water potential much 
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higher than that at which embolism can occur in both leaves and stems does not 

support the idea that plants favour maximising plant CO2 assimilation under drought 

through tight coordination between Pclose and embolism resistance (Klein 2014; Skelton 

et al. 2015; Anderegg et al. 2016). Instead, our results show that plants employ a 

conservative stomatal strategy during water limitation, closing stomata early and 

sacrificing potential carbon gain in favour of protecting against hydraulic dysfunction. 

This is underpinned by our observation that independent of the species resistance to 

embolism (P50), no plant maintained stomatal conductance beyond -3 MPa, indicating 

that there is water potential limit beyond which stomatal conductance (and thus 

photosynthesis) cannot occur. This was first shown by Martin-StPaul et al. (2017), 

however in our study, these traits were measured simultaneously on intact plants. It is 

important to note that safety margins increasing concurrently with decreasing leaf P50 

does not necessarily lead to longer survival time during drought. This is because a 

plant’s survival capacity depends on the interaction of multiple traits that impact the 

rate of water loss after stomatal closure such as minimum leaf transpiration (water loss 

through the leaf cuticle and due to the stomatal leakiness) and hormonal regulation 

(such as ABA) (Blackman et al., 2016). Future work is needed to integrate these 

mechanisms with our current understanding of leaf hydraulic decline.   

Only the deciduous species in the literature synthesis had negative safety margins 

between Pclose and leaf embolism formation (Figure 3). These species had a ‘riskier’ 

hydraulic strategy where they would continue to fix carbon at water potentials close to 

those inducing hydraulic dysfunction.  



164 
 

This is consistent with other studies that have found deciduous species tend to favour 

maximising photosynthetic assimilation whereas evergreen species favour increased 

leaf lifespan due to their higher carbon investment (Zhang et al., 2017, Kröber et al., 

2014). In addition, and in contrast to what has been reported for conifers, deciduous 

species can sustain higher level of native embolism and are unable to recover only if 

their water potential dropped below the pressure inducing 88% xylem embolism in the 

stem (Urli et al. 2013). 

While many studies proposed that leaf embolism is primarily responsible for whole-leaf 

hydraulic decline during dehydration (Brodribb et al., 2016, Skelton et al., 2017b), this 

was often based on indirect evidence (Cochard et al., 2002; Nardini et al., 2003; Trifilo 

et al., 2003; Johnson et al., 2009). Whereas others have suggested that hydraulic 

conductance outside the xylem is the main driver of Kleaf decline particularly prior to 

Pclose or Ptlp and may help protect the xylem from incurring embolism (Scoffoni et al., 

2017a, Scoffoni et al., 2017b, Trifilo et al., 2016, Scoffoni et al., 2014). It is important to 

be able to separate these two hydraulic pathways in a leaf when considering a species’ 

vulnerability to drought-induced failure as extra-xylary decline in Kleaf (prior to stomatal 

closure and/or turgor loss) is often rapidly recoverable (Scoffoni et al., 2014, Zhang et 

al., 2016) when compared to declines due to embolism in the leaf xylem which require 

longer recovery times and can cause long-lasting depressions of gas exchange (Skelton 

et al., 2017b). Indeed, rapid declines in Kleaf at high water potentials prior to leaf xylem 

embolism have been observed for some species (Brodribb and Holbrook, 2006).  
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One important distinction between our study and those that have found negative 

safety margins, i.e. embolism formation occurs while stomata are open (e.g. Bartlett et 

al., 2016), is that the OV method (used in this study and the additional studies included 

in the literature synthesis) provides a direct observation of leaf vulnerability to 

embolism. Whereas, many other common leaf hydraulic techniques such as the 

rehydration kinetic method or the Evaporative Flux Method measure bulk Kleaf, 

incorporating both xylary and non-xylary pathways when quantifying leaf hydraulic 

vulnerability to drought. By not disentangling the extra-xylary contribution to Kleaf 

decline during desiccation, we could be vastly overestimating the species’ ‘non-

recoverable’ vulnerability to hydraulic dysfunction, particularly during the initial 

vulnerability at mild water deficits (Scoffoni et al., 2017b). This lack of distinction could 

help explain some of the observations of negative stomatal safety margins (due to 

rapid extra-xylary reductions in Kleaf) as well as observations of diurnal cycles of 

hydraulic loss of conductivity and recovery in concert with midday depressions of 

stomatal conductance (Zufferey et al., 2011, Johnson et al., 2009, Brodribb and 

Holbrook, 2004) given the increasing evidence showing that embolism refilling under 

tension is rare (Charrier et al., 2016, Cochard and Delzon, 2013). It is clear that our 

understanding of the mechanisms responsible for the desiccation-induced decline 

in Kleaf is still far from complete, however the ability to easily measure leaf embolism 

accumulation in isolation from the extra-xylary pathway using the OV technique 

provides an important step in quantifying non-reversible leaf hydraulic decline under 

drought. 



166 
 

In conclusion, our results demonstrate that embolism in the leaf xylem does not form 

while the stomata are open but after stomatal closure. It is therefore unlikely xylem 

embolism-mediated reductions in leaf hydraulic conductivity act as a signal for 

stomatal down-regulation during water limitation. Instead early stomatal closure 

provides an important pre-emptive safety mechanism against hydraulic dysfunction in 

leaves by reducing plant transpiration and therefore the risk of reaching water 

potential values that would induce the formation of embolism in the xylem. Therefore, 

this study shows that plants have converged towards a strategy of embolism resistance 

rather than tolerance, at the expense of carbon fixation.  
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5.6 Supplementary information  

Table S1. Species names, family and functional group of the species included in the literature 

synthesis.  

Species Family Functional 

Group  

Reference 

Bursaria spinosa Pittosporaceae evergreen (Brodribb et al., 2016) 

Eucalyptus globulus Myrtaceae evergreen (Brodribb et al., 2016) 

Eucryphia moorei  Eucryphiaceae evergreen (Brodribb et al., 2016) 

Senecio minimus Asteraceae annual (Brodribb et al., 2016) 

Solanum lycopersicum Solanaceae annual (Skelton et al., 2017a) 

Vitis vinifera Vitaceae deciduous (Hochberg et al., 2017) 

Quercus agrifolia Fagaceae evergreen (Skelton et al., 2018) 

Quercus douglasii Fagaceae deciduous (Skelton et al., 2018) 

Quercus kelloggii Fagaceae deciduous (Skelton et al., 2018) 

Quercus lobata Fagaceae deciduous (Skelton et al., 2018) 

Quercus sadleriana Fagaceae evergreen (Skelton et al., 2018) 

Arbutus unedo Ericaceae evergreen Present study 

Ligustrum japonicum Oleaceae evergreen Present study 

Prunus persica Rosaceae deciduous Present study 
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Figure S1. Accumulation of leaf embolism with decreasing water potential (-MPa) during 

desiccation measured using the Optical Vulnerability method in this study is shown for a) 

A.unedo , b) L.japonicum , c) P.persica. Each colour represents an individual replicate for each 

species (n=3).  
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Figure S2. Accumulation of leaf embolism over time during desiccation measured using the 

Optical Vulnerability method in this study for a) A.unedo , b) L.japonicum , c) P.persica. Time 

represents the number of hours since the cessation of pot watering for each individual. Dotted 

lines represent the time of stomatal closure (Pclose). The different colours correspond to a 

separate replicate for each species (n=3). 
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Figure S3. Comparison of water potential measurements using two techniques for the three-

study species. Manual stem water potential measurements were compared with the 

corresponding water potential as measured by the stem psychrometers at the same time point 

in a) A.unedo , b) L.japonicum and c) P.persica. Long dashed line represents the 1:1 line and 

short dotted lines represent ±0.5MPa above and below the 1:1 line.  
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Chapter 6 

Summary and synthesis  

There is one other argument in favour of the existence of that state of tension of the sap 

which we assume in the foregoing, and that is the difficulty of explaining the evasion of 

such a state. For the conditions inevitably lead to it. What are these conditions? 

Dixon and Joly (1895) 

 

For hundreds of millions of years, plants have had the ability to propel water vertically 

from their roots, through their stems and into their leaves. However, the process by 

which they achieve this, in some species to a height of more than 100m, has continued 

to intrigue and confound present-day research. The field of plant hydraulics has come a 

long way since the seminal paper by Dixon and Joly (1895), with novel techniques such 

as high-resolution computerised tomography and magnetic resonance imaging finally 

allowing a glimpse of the ‘accent of sap’ in action (Torres-Ruiz et al., 2015, Choat et al., 

2015, Knipfer et al., 2015, Skelton et al., 2017). With improved understanding of the 

nature of water transport in plants, we have come to realise that breakdown of this 

transport system, such as during drought, can be catastrophic for plants, with the 

‘hydraulic-failure hypothesis’ positing that drought-induced hydraulic failure of the 

water transport as a result of blockage by xylem embolism (Tyree and Sperry, 1988) 

plays a central role in many of the dieback events we are seeing in the world’s forests 

(Allen et al., 2010, Dai, 2012, Adams et al., 2017).   
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These observations have pushed xylem vulnerability to the forefront of water relations 

research as a potential ‘super trait’, enabling predictions of which plants or broader 

communities will be most vulnerable to drought in our changing climate (Anderegg et 

al., 2016). Although xylem vulnerability has been shown to reliably inform us when a 

plant will die under drought (Urli et al., 2013, Brodribb and Cochard, 2009), we are 

increasingly discovering that plants are more resistant to embolism than previously 

thought (Wheeler et al., 2013), and high levels of xylem embolism may only occur 

under the most extreme drought scenarios (Dietrich et al., 2018, Cochard and Delzon, 

2013, Charrier et al., 2018). Therefore, xylem vulnerability alone, is not enough to 

predict a plant’s performance under drought or its propensity for recovery. Given that 

hydraulic failure thresholds determine the absolute limit to plant productivity and 

survival, and that plants may operate within a narrow margin of this (Choat, 2013, 

Choat et al., 2012), we need a better understanding of the plant strategies that 

maintain plant water potential within a safe range and how these traits subsequently 

relate to photosynthetic capacity in order to reliably predict plant responses under 

environmental change. With this in mind, one of the primary objectives of this thesis 

was to examine the coordination of hydraulic strategies with gas exchange traits in 

determining plant response under water limitation. 
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Chapter Two examined the hydraulic processes in all major plant organs of the same 

plant (leaves, stems and roots) of three co-occurring tree species during desiccation. 

Significantly, we devised a novel method to assess the vulnerability of the entire root 

system, allowing us to compare the hydraulic vulnerability throughout the whole plant 

as well as hydraulic recovery of each organ after drought. Very few studies have 

considered root vulnerability to embolism in relation to the vulnerability of other 

organs, largely due to methodical limitations and the fragility of the roots, despite the 

critical importance roots play under water-limitation (Bartlett et al., 2016). We found 

diversity in drought response strategies even among co-occurring species. In 

agreement with the hydraulic vulnerability segmentation (HVS) hypothesis (Tyree and 

Ewers, 1991), leaves and/or roots of Acacia aneura and Eucalyptus coolabah were 

significantly more vulnerable to hydraulic failure than their stems suggesting that the 

ability to hydraulically isolate and/or shed distal organs under periods of drought stress 

may be crucial to maintain the hydraulic integrity of the rest of their water transport 

system (Tyree et al., 1993). Leaf shedding by E. coolabah under prolonged drought, 

appeared to mitigate water stress to the remaining leaves and slowed the rate of 

desiccation, maintaining leaf Ψ homeostasis (Chapter Three and Four). However, HVS 

was not a universal strategy, as E. populnea only showed minor variation in the 

hydraulic vulnerability of its leaves, stems and roots (Chapter Two) and E. melliodora 

did not shed leaves under prolonged water stress (Chapters Three and Four). 
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Water transport and photosynthetic productivity are intrinsically linked (Brodribb et 

al., 2017), with a common assumption being that that stomatal aperture is regulated in 

most species such that water loss is optimised relative to carbon gain (Klein and Niu, 

2014, Wolf et al., 2016, Sperry et al., 2017). Despite finding large variation in stomatal 

closure and xylem vulnerability in the different species considered in this thesis, a 

consistent observation across all thesis chapters was that stomatal closure was always 

the first response of the plant to water stress, occurring before any stem hydraulic 

dysfunction occurred. This strongly suggests that stomatal closure plays an important 

protective role in delaying the occurrence of extensive embolism in the stem 

(Hochberg et al., 2017, Martin-StPaul et al., 2017, Li et al., 2018). The relationship 

between leaf xylem embolism formation and stomatal closure was less clear, with 

stomatal closure coinciding with the beginning of leaf hydraulic decline as determined 

by bench-top dehydration leaf vulnerability curves in A. aneura (Chapter Two) and just 

after leaf Ψ12 in E. coolabah and E. melliodora (Chapter Three). However, this 

relationship did not hold when the sequence of traits was measured in situ during a 

prolonged experimental dry down in Chapter Three, where stomatal regulation 

occurred many weeks prior to declines in leaf Ψ under drought. This observation raises 

questions as to what was being measured when quantifying Kleaf via indirect methods 

such as relaxation kinetics of leaf water potential (Brodribb and Holbrook, 2003) which 

likely provide a measure of both xylary and extra-xylary pathways of water transport 

through the leaf (Sack et al., 2016, Scoffoni et al., 2017).  
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It is important to be able to separate these two hydraulic pathways in a leaf when 

considering a species’ vulnerability to drought-induced failure as extra-xylary declines 

in Kleaf (prior to stomatal closure and/or turgor loss) is often rapidly recoverable 

(Scoffoni et al., 2014, Zhang et al., 2016) when compared to declines due to embolism 

in the leaf xylem which require longer recovery times and can cause long-lasting 

depressions of gas exchange (Skelton et al., 2017b). In Chapter Five, using the newly 

developed Optical Visualisation (OV) method, we were able to visualise leaf embolism 

formation in intact plants. By combining this with stomatal conductance 

measurements on the same plants, we concluded that xylem embolism only occurred 

in leaves once stomata were closed, and often commencing many days after stomatal 

closure. The fact that stomatal closure generally occurs before the initiation of 

embolism despite costs to carbon gain suggests that avoidance of xylem cavitation is of 

paramount importance for the long-term survival of trees. 

We found no evidence of xylem embolism refilling when considering short-term 

recovery from drought, consistent with an increasing number of studies that suggest 

plants are unable to substantially refill xylem following severe drought (Brodribb et al., 

2010, Choat et al., 2015, Knipfer et al., 2017, Li et al., 2018a). Despite the lack of 

hydraulic recovery following drought, E. coolabah, E. populnea and A. aneura showed 

rapid recovery of leaf-level photosynthesis indicating that photosynthetic apparatus 

are highly resilient to drought stress and to a much greater extent than the stomatal 

and xylem hydraulic pathway (Chapter Two).  Given sufficient time to re-grow new 

xylem, complete leaf-level hydraulic and gas exchange recovery occurred in E. 



180 
 

coolabah and E. melliodora after being exposed to six months of severe drought stress 

(Chapter Three).  

This thesis has highlighted the importance of long-term detailed physiological studies 

in understanding plant response to drought and their capacity for recovery. To date, 

much of our understanding of thresholds for hydraulic failure have been determined 

by rapid desiccation experiments on small plants (Urli et al., 2013, Brodribb and 

Cochard, 2009), not accounting for a plant’s ability to adapt or acclimate to long-

term (Martorell et al., 2015) or repeated water stress (Menezes-Silva et al., 2017, 

Walter et al., 2011, Tombesi et al., 2018). We showed that xylem vulnerability 

thresholds do not always predict a plant’s performance under sustained non -lethal 

drought. E. coolabah, despite having the more vulnerable stem xylem, was better 

able to maintain Ψ above critical levels and sustained less stem PLC than E. 

melliodora which had the more resistant xylem (Chapter Three). However, this 

relationship only became apparent after three months of drought exposure. 

Additionally, plants exposed to a second period of water limitation, showed 

upregulated photosynthetic capacity and were able to minimise water loss via leaf 

area adjustments, relative to plants that had only undergone one drought event 

(Chapter Four). Significantly, we found plasticity in leaf hydraulic resistance of  E. 

coolabah, with lower leaf Ψ50 in plants previously exposed to severe water 

limitation. These results are consistent with other studies that have demonstrated 

that plants are able to dynamically respond and adjust to environmental stress 

(Cano et al., 2014, Flexas et al., 2009, Menezes-Silva et al., 2017), although our 
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knowledge of the plasticity of hydraulic traits and how that determines overall plant 

survival under prolonged or repeated drought remains lacking.  

Recent research in plant hydraulics has provided important insights into some of the 

mechanisms that lead to mortality during drought and determine a species absolute 

drought tolerance. However, this thesis has highlighted some important questions that 

remain unanswered. Despite increasing evidence that xylem embolism is not routine in 

trees (Cochard and Delzon, 2013), we still have a limited understanding of the 

processes that protect against hydraulic dysfunction and influence water loss from a 

plant after stomatal closure (Blackman et al., 2016) as well as enable recovery from 

drought stress. Future studies should incorporate traits that govern a plant’s water 

balance after stomata are closed such as cuticular conductance and capacitance to 

better understand how long trees can avoid the long-term damage caused by 

embolism. Additionally, the importance of extra-xylary tissues in controlling leaf- and 

whole-plant hydraulics during drought and facilitating recovery remain debated 

(Scoffoni et al., 2014), although new methods such as the Optical Visualisation 

technique have the potential to provide clarity on this controversial topic. Despite this 

study providing important insights in how tree water relations and carbon balance 

interact during prolonged drought; we still urgently require more long-term drought 

experiments across a broader range of plant groups to accurately forecast the fate of 

different ecosystems in our rapidly changing climate. 
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