
 

Non-invasive imaging of drought-induced 

cavitation in plants 

 

By 

 Alice Gauthey (BSc, MSc) 

 

A thesis submitted in fulfilment of requirements for the award of the 

degree of Doctor of Philosophy 

Hawkesbury Institute for the Environment 

Western Sydney University 

March 2021



 i 

Acknowledgements 

First, I would like to thank my principal supervisor Brendan Choat for being so available 

through the completion of this work, for not minding me dropping by unannounced to your 

office and for the fascinating work discussions. I would also like to thank my co-supervisors 

David Tissue and Belinda Medlyn, thank you for your permanent good mood, your kind words 

and for helping me think outside the box.  

I was lucky to be hosted and collaborate with Tim Brodribb, Lucas Cernusak, Damien Maher, 

Sylvain Delzon, Jordi Martinez-Vilalta and Maurizo Mencuccini. Thank you all for the great 

opportunities to share my work with you. 

I would like to thank my colleagues Jen Peters, Ximeng Li and Leah Koladin that  provided   

amazing guidance, Diana Backes, Jeff Balland, Russell Alam and Anthea Challis for the 

fieldwork help and all the great conversations during those long drives, my M14 team, Coline 

Deveautour, Elisa Stefaniak, Julia Ryland, Desi Quintans, Chathurika Daulagala and Kate 

Fuller (last both absolutely incredible housemates too), Victoria Perez Martinez and Scott 

Nacko for the support and the fun lunch breaks, and my colleague and friend Adriano Losso 

who helped me survive this Covid-crazy last year. I would also like to thank my friends from 

back home, for their constant care and support, you made being away from home bearable.  

I want to express my gratitude for the technical assistance of Burhan Amiji, Craig Barton, Gavin 

McKenzie and Marcus Klein and the administrative support of David Harland, Patricia Hellier, 

Jenny Harvey and Lisa Davison, thank you for sorting out all my last-minute TEMS requests.  

Last but not least, I would like to dedicate this thesis to my family, for always encouraging me, 

from the other side of the world and to Alex, I cannot thank you enough for your love, your 

endless ‘joie de vivre’ and your unconditional support. 



 ii 

Statement of authentication 

 

The work presented in this thesis is, to the best of my knowledge and belief, original except as 

acknowledged in the text. I hereby declare that I have not submitted this material, either in 

full or in part, for a degree at this or any other institution. 

.............................................................. 



 iii 

Table of contents  

Acknowledgements ................................................................................................................... i 

Statement of authentication .................................................................................................... ii 

Table of contents ..................................................................................................................... iii 

List of figures ............................................................................................................................ v 

List of tables ............................................................................................................................ vii 

List of abbreviations ............................................................................................................. viii 

Abstract .................................................................................................................................... ix 

Chapter 1: General introduction ............................................................................................ 1 

1.1. Literature review ........................................................................................................ 1 

1.2. Research objectives .................................................................................................... 9 

1.3. References ................................................................................................................ 12 

Chapter 2: Visual and hydraulic techniques produce similar estimates of cavitation 

resistance in woody species ................................................................................................... 22 

2.1. Abstract .................................................................................................................... 22 

2.2. Introduction .............................................................................................................. 23 

2.3. Materials and methods ............................................................................................. 27 

2.4. Results ...................................................................................................................... 37 

2.5. Discussion ................................................................................................................ 45 

2.6. Conclusions .............................................................................................................. 49 

2.7. Supplementary figures ............................................................................................. 51 

2.8. References ................................................................................................................ 54 



 iv 

Chapter 3: Absence of embolism repair after long-term drought recovery observed with 

micro-computed tomography in Eucalyptus saligna ........................................................... 60 

3.1. Abstract .................................................................................................................... 60 

3.2. Introduction .............................................................................................................. 61 

3.3. Materials and methods ............................................................................................. 64 

3.4. Results ...................................................................................................................... 70 

3.5. Discussion ................................................................................................................ 77 

3.6. Conclusions .............................................................................................................. 82 

3.7. Supplementary figures ............................................................................................. 83 

3.8. References ................................................................................................................ 85 

Chapter 4: The role of hydraulic failure in a massive mangrove die off event ................ 91 

4.1. Abstract .................................................................................................................... 91 

4.2. Introduction .............................................................................................................. 92 

4.3. Materials and methods ............................................................................................. 95 

4.4. Results .................................................................................................................... 100 

4.5. Discussion .............................................................................................................. 103 

4.6. References .............................................................................................................. 109 

Chapter 5: Summary and synthesis ................................................................................... 114 

5.1. Synthesis of experimental chapters ........................................................................ 115 

5.2. Conclusion and future directions ........................................................................... 121 

5.3. References .............................................................................................................. 125 



 v 

List of figures  

Chapter 2 

Fig. 2-1 Visualization of embolism in stems of Wisteria brachybotrys during 
dehydration by microcomputed tomography (microCT) and the optical 
vulnerability (OV) technique. 

38 

Fig. 2-2 Vulnerability curves for three diffuse porous angiosperm species 
produced using visual and hydraulic techniques. 

40 

Fig. 2-3 Vulnerability curves for three diffuse porous angiosperm species 
produced using visual and hydraulic techniques. 

41 

Fig. 2-4 Vulnerability curves for one ring porous and one liana angiosperm 
species produced using visual and hydraulic techniques. 

42 

Fig. 2-5 Vulnerability curves for two conifer species produced using visual and 
hydraulic techniques. 

43 

Fig. 2-6 Correlations between P50 values obtained with microcomputed 
tomography (CT), optical vulnerability (OV) and hydraulic methods (HM) 
across seven species. 

44 

Figure S2-1 Example of stem reconstruction for four species with different 
xylem anatomy using the software DRISHTI 

51 

Figure S2-2 Relationship between the bagged leaf water potential measured 
using a Scholander chamber and the stem water potential measured using a 
psychrometer across three species with different xylem anatomy. 

51 

Figure S2- 1 Transverse surfaces of Cedrus deodara visualized by SEM and 
X-ray microCT. 

52 

Figure S2- 2 Transverse slices produced with the OV technique for Acacia 
aneura. 

52 

Figure S2- 5 P50 with CIs for the three different techniques and across seven 
species. 

53 

Chapter 3 

Figure 3- 1 Mean water potential (-MPa) and transpiration rate per plant (g h-
1) according to the treatment and the time of measurement. 

71 

Figure 3- 2 Mean percentage loss of vessels (PLV) at different time points 
during two treatments. 

72 

Figure 3- 3 Micro-CT scans of Eucalyptus saligna at different times during 
dry down and recovery.  

73 

Figure 3- 4 Micro-CT scan of Eucalyptus saligna after 6 months recovery from 
severe drought stress. 

74 



 vi 

Figure 3- 5 MicroCT scans along the plant axis of an individual after 6 months 
of recovery. In this individual, the upper stem died after severe drought and a 
new shoot was regrown after rewatering. 

76 

Figure 3- 6 Percentage loss of vessels as a function of (stem water potential) 
at different time points.  

77 

Figure S3-7 Description of the experimental timeline of the watering 
treatments throughout the different stages of the experiment. 

83 

Figure 3- 8 Transpiration rate on leaf area basis (mmol m-2 s1) at different 
timepoints during medium drought and severe drought.  

84 

Chapter 4  

Figure 4-1 Map showing the field site in Queensland (A) and a detail of 
transects and sampling sites (B). 

96 

Figure 4- 2 Effect of the degree of impact (MI minimal impact, II intermediate 
impact and SI severe impact) on water potential (-MPa) (A) and percentage of 
loss of conductivity (B). 

100 

Figure 4- 3 Vulnerability curve (VC) from Avicennia marina trees sampled on 
the sites of minimal impact 

101 

Figure 4- 4 Native embolism measurements with percentage of loss of 
conductivity in function of the water potential in branches sampled in sites of 
different impact. 

102 

Chapter 5  

Figure 5- 1 Conceptual framework of the thesis highlighting the dynamics of 
xylem embolism during a cycle of drought and recovery 

115 

 

  



 vii 

List of tables 

Chapter 2 

Table S2-1 P50 (in bold characters) with confidence intervals for the three 
different techniques and across seven species. 

53 



 viii 

List of abbreviations 

BD 

CA 

ENSO 

K (kg m-1 s-1 MPa-1) 

MD 

Micro CT 

NSW 

OV 

PLC (%) 

QLD 

Rx 

SD 

VC(s) 

WP (-MPa) 

WW 

Y 

Y12 

Y50 

Y88 

Bench dehydration 

Cavitron 

El-Niño Southern Oscillation 

Stem specific conductivity 

Medium drought 

Micro-computated tomography 

New South Wales 

Optical vulnerability technique  

Percentage of loss of conductivity  

Queensland 

Recovery x time after rewatering 

Severe drought 

Vulnerability curve(s) 

Water potential 

Well-water 

Stem water potential 

Y causing 12% of loss of conductivity in the xylem 

Y causing 50% of loss of conductivity in the xylem 

Y causing 88% of loss of conductivity in the xylem 

 

 

 



 ix 

Abstract 

The increased frequency of extreme events, associated with climate change, can lead to loss of 

biodiversity and forest dieback. Intense drought has disastrous effects on plants growth and 

physiology and maintaining hydraulic conductivity during time of water stress is necessary for 

plants survival. However, during drought, the blockage of the hydraulic pathway by air-seeding 

results in the loss of conductivity by embolism formation. Therefore, it is essential to be able 

to accurately measure the conductivity, leading to a better prediction of species vulnerability 

through vulnerability curves (VCs). The measure of vulnerability thresholds is necessary in 

order to evaluate the causes of forests dieback. Moreover, understanding the mechanisms 

behind drought-recovery and embolism repair can contribute to the advance of models used to 

predict the impact of drought on vegetation dynamics. This PhD was designed to test the 

accuracy and applicability of new visual techniques and aim to provide alternatives to invasive 

methods for measure of VCs. 

While invasive techniques measure conductivity on cut samples, visual techniques allow for 

measurements on intact samples.  However, the question of the accuracy of visual methods are 

still discussed on the ground that they do not provide a direct measurement of conductivity 

(PLC) but instead use a proxy through the measurements of loss of vessels (PLV). In the first 

experimental chapter (chapter 2), we build vulnerability curves for 7 species with different 

xylem anatomy (diffuse-porous, ring-porous, liana and conifer) using two visual techniques 

(micro-computated tomography -microCT- and the optical vulnerability -OV- technique) and 

one invasive technique (bench dehydration or centrifuge-flow technique). Through the 

comparison of their Y50 (i.e. water potential at which the plant loses of 50% of conductivity) 

and their vulnerability curves, the methods were found to be non-significant from one another. 

In addition, a strong relationship between PLC and PLV was obtained. These results provided 



 x 

further confirmation for the validation of visual techniques and aimed to valorise these methods 

as they can present interesting insight in the visualisation of embolism dynamics.  

Following the validation of visual methods, microCT was used to investigate drought recovery 

in Eucalyptus saligna. Embolism repair via refilling (i.e. refill of gas-filled vessels) has been 

proposed as a possible mechanism to restore hydraulic conductivity after water-stress. 

However, this mechanism may be impossible while plants are still under tension due to 

thermodynamics constraints. In the second experimental chapter (chapter 3), E. saligna was 

submitted to a cycle of drought of different intensity (mild and severe) and recovery during 

which transpiration rate (E), water potential (Yx) and PLV were monitored.  Both droughts led 

to an increase in PLV, with severe drought driving a higher PLV than mild drought. During 

long-term recovery (1 to 3 weeks after rewatering), PLV was observed the be higher than at the 

peak of drought. Embolism repair via refilling was not observed in either treatments but, after 

6 months of recovery, growth of new vessels was found to be the main mechanism allowing 

the restoration of conductivity through the xylem. This study provided further evidence that 

refilling may not be a common mechanism for drought recovery in plants.  Furthermore, these 

results showed that lagged mortality in forests may be the result of an intense drought, emerging 

from a fragility of the xylem resistance by embolism accumulation.  

While controlled experimental works are necessary for the understanding of specific 

mechanisms, the study of natural events is often complicated as multiple uncontrolled factors 

are present. In the third experimental chapter (chapter 4), we investigated a natural dieback 

event that occurred during the summer 2015/2016 and led to the mortality of 7400 ha of 

mangrove vegetation in the Gulf of Carpentaria (Queensland). This event was suspected to be 

the result of an intense ENSO (El-Niño Southern Oscillation) event that generated a drop in sea 

level, high temperatures and low precipitation rates in northern Australia. On this coastline, a 

natural gradient of impact (severely impacted on the saltpan, minimally impacted close to the 
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sea) provided a good platform to study the causes of this mortality. For this study, we used 

another visual technique, the OV technique, that provides a portable and effective alternative 

to other methods for field-based studies. We measured native embolism along this gradient in 

the dominant mangrove species, Avicennia marina and we generated a vulnerability curve for 

this species to test its vulnerability to drought-induced embolism. The results of this study 

showed that trees growing on the saltpan experienced very high water stress that led to a high 

proportion of embolised vessels in their xylem, compared to trees growing  on the edge of the 

water where native embolism values were very low and were associated with high predawn 

water potentials. Even though this species exhibited a low P50 (-9.6MPa), mangroves growing 

on the saltpan experienced predawn water potentials that were able to generate up to 12% of 

embolism. This study showed that, as a result of intense drought, hydraulic failure, in 

combination with other factors, was responsible for this massive dieback event.  

In conclusion, my PhD research addresses the use of visual techniques as an accurate alternative 

for invasive methods and aims to provide further knowledge concerning mechanisms that 

regulates drought-induced embolism and recovery, under controlled conditions as well as in 

field-based studies.  The results of this research suggest that (1) visual techniques may be used 

with all xylem anatomy, but need precise implementation in order to avoid erroneous results, 

(2) embolism repair via refilling is not a common for E. saligna and severe drought may be 

responsible for lagged-mortality also observed in the field and that (3) hydraulic failure driven 

by drought-induced embolism was one of the factors that contributed to the massive dieback of 

A. marina in northern Australia. Overall, drought-induced embolism may lead to forest 

mortality and lagged-mortality in many ecosystems, and the understanding of species-

dependant embolism recovery responses is necessary to determine species resistance and 

resilience to extreme events and climate change. 
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Chapter 1: General introduction 

 

1.1. Literature review  

Forest mortality 

Trees are incredible organisms that provide the main pathway of water movement from soil to 

atmosphere (Meinzer et al., 2001). Each year forests store approximately 30% of the global 

carbon and redistribute almost 40% of the rainfall to the environment (Canadell & Raupach, 

2008; Ent et al., 2010; Schlesinger & Jasechko, 2014; Ellison et al., 2017; Pugh et al., 2019). 

Unfortunately, these delicate cycles are perturbed by human activities and are part of a feedback 

system that strongly influences global climate change (Saxe et al., 2001; Curtis et al., 2018). 

As climate change is predicted to increase the severity and frequency of extreme natural events 

(Cook et al., 2018; Mukherjee et al., 2018; Madakumbura et al., 2020), drought-induced 

mortality has been observed more frequently in the past few decades, leading to massive forest 

dieback (e.g. in Australia, Duke et al., 2017, Nolan et al., 2021; in California, Fettig et al., 

2019; in Canada, Michaelian et al., 2011; in Europe, Senf et al., 2020) and ecosystem shifts 

(Allen & Breshears, 1998; Mueller et al., 2005; Martínez-Vilalta & Lloret, 2016; Liu et al., 

2018). A striking example of this process is the increased occurrence of the extreme climatic 

ENSO events (El-Niño Southern Oscillation) (Wang et al., 2019), with local shifts induced by 

ENSO driving reductions in forest biomass (Rolim et al., 2005; Riascos et al., 2018). ENSO 

coincides with periods of low sea level in the Indo-Pacific region and vulnerable coastal 

ecosystems, such as mangrove forests and wetlands, are directly impacted by these changes 

(Drexler & Ewel, 2001; Duke et al., 2017; Lovelock et al., 2017).  
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Drought-induced mortality can be explained by three main non-exclusive mechanisms: (1) 

carbon starvation, (2) hydraulic failure and (3) biotic attack (McDowell et al., 2008; Adams et 

al., 2017). Although carbon starvation and hydraulic failure are believed to be intertwined 

mechanisms responsible of tree dieback during drought (Yoshimura et al., 2016; Tomasella et 

al., 2017; Kono et al., 2019; Savi et al., 2020), recent studies have minimized the importance 

of carbon starvation in drought-induced mortality (Camisón et al., 2020; Arend et al., 2021). 

The loss of hydraulic efficiency during drought is considered to be the main mechanism that 

lead to widespread forest mortality while carbon status is more often associated with recovery 

from drought (Trifilò et al., 2017; Savi et al., 2020). Carbon pools are used during recovery to 

repair embolised conduits (refilling or regrowth, see chapter 3) but might be depleted during 

drought, thus accelerating mortality and reducing recovery rates.  

The carbon starvation mechanism advances as water-stress progresses, signals associated with 

leaf cell turgor loss and soil drying cause plants to close their stomata to reduce water loss 

through the leaves (Rodriguez-Dominguez et al., 2016). Consequently, access to atmospheric 

carbon dioxide is restricted, and plants must survive the drought by relying primarily on their 

internal carbon storage (Breshears et al., 2009; Adams et al., 2013). In more anisohydric species 

(i.e. species maintaining high photosynthetic rates during water stress), photosynthetic carbon 

gain is often favoured over regulation of water loss and could accelerate hydraulic failure during 

drought (Kumagai & Porporato, 2012; Li et al., 2020b). While stomata remain open, the tension 

in the water column increases proportionally to the intensity of drought, thus increasing the 

chances of the rupture of the water column by cavitation (Barigah et al., 2013; Rowland et al., 

2015). Although it is important to mention that most species will regulate their stomata so 

minimal embolism is formed in the xylem. These two mechanisms (i.e. carbon starvation and 

hydraulic failure) can occur simultaneously and are interdependent to a large degree (Sevanto 

et al., 2014; Trifilò et al., 2017; Kono et al., 2019). The third hypothesis is biotic attack by 
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insects and pathogens. However, in most cases, biotic attacks become more likely to cause 

mortality when trees are already stressed (Anderegg et al., 2015; Das et al., 2016). In this thesis, 

I will focus on drought-induced mortality by hydraulic failure.  

  

Drought and cohesion-tension theory  

Drought is a major limitation for plant growth as water is required for photosynthesis, nutrient 

uptake, temperature regulation and other metabolic processes. In higher plants, the cohesion-

tension theory proposes that water is transported from the roots to the shoots through the 

conductive tissue (i.e. xylem) following a pressure gradient (Dixon & Joly, 1894). Because the 

pressure is usually quite high in the soil (~0MPa) and low in the atmosphere is (~-100MPa), it 

creates a natural gradient by which water can be “pulled up” even through the tallest trees. The 

energy required to transport water up the plant against gravitational gradient is supplied by the 

sun and surrounding air; as water evaporates from the interior of leaves, a negative pressure 

develops behind air-water menisci in the pores of leaf cell walls. Because the osmotic potential 

(Ys, -MPa) is very low in xylem sap, the pressure potential (Yp, -MPa), physically equivalent 

to a tension, is comparable to xylem water potential (Yx= Yp+ Ys, -MPa). This continuous 

water-flow through the plant is known as the soil-plant-atmosphere continuum (SPAC) (Sperry 

et al., 2003; Zimmermann et al., 2004).  

However, this mechanism comes with a cost. To be able to undergo such pressures without 

turning into gas, water has to be in a metastable state. Water must remain liquid at sub-

atmospheric pressures below its vapor pressure (Tyree & Sperry, 1989). This phenomenon is 

possible because of the strong bonding between water molecules and the lack of suitable 

nucleation sites within the xylem conduits. As long as the intermolecular force holds, the 

negative pressures allows the liquid sap to be pulled to the leaves through the water column 
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(Domec, 2011; Denny, 2012). Thus, as drought intensifies, the tension in the xylem increases, 

eventually leading to the formation of gas bubbles (i.e. emboli) inside the vessels and/or 

tracheids. Embolism can spread through the conductive system, leading to the obstruction of 

the water transport and a decline in xylem hydraulic conductivity (Tyree & Sperry, 1989; Sperry 

& Tyree, 1990). The spread of emboli through the xylem is thought to occur by a process known 

as “air-seeding”, in which air enters the vessels and/or tracheids from neighbouring xylem 

elements via bordered pits (Jarbeau et al., 1995; Zimmermann, 2013). Increasing amounts of 

embolism in the xylem is associated with declining rates of photosynthesis (Hubbard et al., 

2001; Nardini et al., 2001; Cochard et al., 2002; Ennajeh et al., 2008), branch and leaf shedding 

(Rood et al., 2000; Li et al., 2018; Cardoso et al., 2020), frost damage (Maruta et al., 2020), 

gene regulation (Secchi & Zwieniecki, 2011; Secchi et al., 2011),S as well as whole plant 

mortality (Venturas et al., 2016; Nolan et al., 2021). Hydraulic failure by drought-induced 

embolism is considered to be one of the primary mechanisms causing tree mortality and forest 

dieback (Anderegg et al., 2012). 

 

Assessment of hydraulic vulnerability 

The measure of the quotient of the flow rate and pressure gradient is called hydraulic 

conductivity (Kh). Its value is often correlated to xylem and wood traits (Steppe & Lemeur, 

2007; Zanne et al., 2010), photosynthetic rates (Santiago et al., 2004), as well as the 

environment (Atkinson & Taylor, 1996; Brodribb & Feild, 2000; Zach et al., 2010; Lens et al., 

2011). The vulnerability of plants to embolism is usually assessed through analysis of 

vulnerability curves (VCs), which measure the percentage of loss of conductivity (PLC) (i.e. 

the amount of embolism in the plant) as a function of the water potential. Vulnerability curves 

follow a sigmoid shape characterised by a slow increase of PLC as the water potential becomes 
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more negative until a critical threshold value of water potential is reached, after which a steep 

increase in embolism occurs, leading finally to another slow plateau corresponding to the last 

phase before plant death (Cochard et al., 2013). Typically, the curves are used to estimate three 

parameters: (1) Y12 (i.e. water potential at which 12% of the conductivity is lost) is often 

associated with stomatal closure, although depending on the species, this point can be closer to 

Y50 (Brodribb et al., 2010; Martin‐StPaul et al., 2017) or before any embolism occurs (Creek 

et al., 2020). (2) Y88 is considered to be the threshold of a plant survival, the point of no-return 

(Choat et al., 2012; Urli et al., 2013). (3) Y50 is used to compare vulnerability across species, 

biomes (Nardini & Luglio, 2014; Anderegg, 2015) or among organs (Nolf et al., 2015; Zhu et 

al., 2016; Johnson et al., 2016; Rodriguez-Dominguez et al., 2018; Losso et al., 2019). 

Variation in Y50 is correlated to climate and precipitation regime where a lower Y50 corresponds 

to a higher resistance to drought-induced embolism and can be found in species growing under 

arid and mesic climates; on the other hand, species in tropical ecosystems usually have a higher 

Y50 as the water is not a constraint (Trueba et al., 2017; Oyanoghafo et al., 2020). As studies 

usually focus on one particular organ (i.e. stem, leaf or roots), it is important to recognise that 

cavitation resistance may differ between organs within a plant. This idea comes from the 

hydraulic segmentation hypothesis (Zimmermann, 2013) that proposes that organs representing 

lower carbon investment (i.e. leaf, branch) will be isolated during drought stress in order to 

reduce water loss from transpiration and protect proximal organs (i.e. stem, trunk) (Tyree & 

Ewers, 1991). Although recent studies showed that segmentation seems to be a species-specific 

trait (Nardini et al., 2001; Li et al., 2020a), it was believed that leaves and stems were more 

resistant than roots (Sperry & Ikeda, 1997) and petioles were the most vulnerable organ (Tsuda 

& Tyree, 1997; Hochberg et al., 2016) and would work as “hydraulic fuses” slowing the spread 

of cavitation through the plant (Nardini & Luglio, 2014).  
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Methods of assessment  

The capacity to accurately measure Y50 is essential to predict forest mortality. Methods that 

were originally developed to measure hydraulic conductivity required samples (branches, 

leaves, roots) to be excised from the plant and increasing the possibility of artefacts related to 

destructive sampling (Choat et al., 2010; Cochard et al., 2010; Wheeler et al., 2013). As water 

is transported in a metastable state, disturbance could rupture the hydrogen bonding between 

water molecules and create embolisms inside the plant. Although cutting a branch or a stem 

could introduce embolisms and lead to erroneous results, requirements such as cutting and 

keeping segments under water for 30 min to 1 hour have been established in order to reduce the 

artificial formation of embolisms (Wheeler et al., 2013; Torres-Ruiz et al., 2017; López et al., 

2019). 

Among the “destructive” techniques, bench dehydration (Sperry & Tyree, 1988) is the most 

commonly used. It uses gravitational force to measure conductivity inside a living wood 

segment. Hydraulic conductivity (K, kg s-1 m-1 MPa-1) is calculated following equation (1): 

K =
𝑄	. 𝑙
𝐴	.D𝑃!

	 (1) 

Where Q, sap flow rate (kg s-1); l, segment length (m); A, xylem cross- sectional area (m2); and 

DP, pressure drops across a segment of conducting tissue (MPa). 

Another common invasive method, the centrifuge technique (Holbrook et al., 1995), was 

popularised by development of the Cavitron (Cochard, 2002). This method has been shown to 

be very accurate with tracheid-bearing species (Cochard et al., 2005, 2010), but might be prone 

to the “open-vessel” artefact in angiosperms leading to an overestimation of vulnerability 

(López et al., 2019). The principle of this method is to measure the sample conductivity while 

generating a known water potential using centrifugal force.  
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Although these methods provide direct evaluation of how embolism reduces xylem hydraulic 

conductivity, samples need to be cut (with precautions) in order to be measured. In the past 

decade, new non-destructive imaging methods such as microCT (Cochard et al., 2015) and the 

optical technique (Brodribb et al., 2016) have been developed and provide a measure of 

percentage of loss of vessels (PLV) for microCT or percent loss of area (PLA) for OV. 

Although, PLV and PLC show good agreement (Li et al., 2020a), these techniques are often 

criticised on the basis that they are not measuring an actual conductivity. This argument rests 

on the fact that the xylem network is complex, and measures of conductivity need to account 

for pit membrane resistance, the complexity of conduit connectivity ,as well as the vessels 

length and diameter, that will not be captured by counts of embolised vessels or of area 

embolised in cross section (Mrad et al., 2018; Venturas et al., 2019).  

Among imaging methods, micro-computated tomography (microCT) and the optical 

vulnerability techniques have been widely used in the past years. MicroCT was first developed 

for medical applications and has recently been applied to plant physiology (Pajor et al., 2013; 

McElrone et al., 2013). The principle of this method is to use X-rays to visualise a three-

dimensional volume of a segment of an intact plant. Water-filled and air-filled vessels can be 

easily differentiated in reconstructed images due to high contrasts between regions of differing 

density. Through image analysis, PLV can be calculated at each targeted water potential. 

Although this method assesses PLV, a theoretical PLC can be calculated with the Poiseuille-

Hagen law as: 

𝐾" =
𝜋𝜌
128𝜂2

(𝑑#$)
%

#&'

(2) 

With h the coefficient of viscosity of water, d the conduit diameter (m) and ρ the density of 

water. 
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On the other hand, the optical technique (Brodribb et al., 2016, 2017) does not allow a 

calculation of PLC. This technique uses differences in transmitted or reflected light between 

embolised and water-filled conduits to detect embolism when it occurs in a stem, leaf or root. 

To proceed, a window is gently cut into the bark of the intact sample and the exposed xylem is 

placed under a camera. As the reflectance is higher in embolised vessels than in water-filled 

conduits, embolism events can be measured by recording the changes in the transmission of 

light through the xylem (Brodribb et al., 2016). Through image analysis, these events can be 

isolated and translated in percent of loss of area (PLA). 

While debate exists concerning their accuracy (Venturas et al., 2019; Pratt et al., 2019), these 

imaging methods have been widely used in the last few years to examine the impact of drought 

(Cochard et al., 2015; Choat et al., 2016; Hochberg et al., 2016; Brodribb et al., 2017; Losso 

et al., 2019; Creek et al., 2020) and drought recovery (Lee & Kim, 2008; Brodersen et al., 2010, 

2018; Choat et al., 2015) on plant vulnerability and mortality.  

 

Recovery of hydraulic conductance after drought 

Recovery of hydraulic conductance following drought is necessary for plant survival. 

Depending on the drought magnitude (length and intensity), the plant might be severely 

impacted in terms of loss of hydraulic capacity. So, in order to restore hydraulic conductivity 

through the xylem, two main strategies have been proposed: (1) growing new xylem tissue 

(Brodribb et al., 2010) and/or (2) repairing embolised conduits (i.e. refilling) (Tyree & Yang, 

1992; Tyree et al., 1999). Refilling appears to be possible in species that are able to create 

positive pressure within the xylem via the establishment of a strong root pressure, leaf water 

uptake, low transpiration and/or unlimited water supply (Sperry et al., 1987; Cochard et al., 

1994; Hacke & Sauter, 1995; Hao et al., 2013; Mayr et al., 2014; Charrier et al., 2016; Gleason 
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et al., 2017; Miller, 2020). This mechanism is often reported for winter embolism after freeze-

thaw events (Utsumi et al., 1998; Cobb et al., 2007). While this mechanism is well documented 

under positive pressures (Schenk et al., 2020), refilling under tension goes against the laws of 

thermodynamics. Despite this paradigm, several studies have reported occurrence of embolism 

repair under negative pressures in herbaceous species or in trees (Stiller et al., 2005; Nardini et 

al., 2008; Taneda & Sperry, 2008), although recent studies question still this mechanism. In 

order to recover from drought, some species might adopt a different strategy such as growing 

new conduits (vessels and/or tracheids) (Ameglio et al., 2002; Brodribb et al., 2010; 

Christensen-Dalsgaard & Tyree, 2014). However, this strategy takes longer to be effective and 

the cost of carbon is likely to be higher.  

 

1.2. Research objectives  

The use of non-invasive techniques was a primary objective of this dissertation. After checking 

for their accuracy, these methods are used to explore hydraulic vulnerability and recovery 

strategies of different species. 

 

Are new non-invasive methods accurate to measure hydraulic vulnerability? 

The main criticism directed towards non-destructive techniques is the absence of direct 

measurements of hydraulic conductivity (i.e. PLC vs PLV/PLA) (Jacobsen et al., 2015). Since 

their establishment, many studies have provided evidence to support (Nardini et al., 2017; Nolf 

et al., 2017; Brodribb et al., 2017; Savi et al., 2017)  or evidence against (Venturas et al., 2019; 

Pratt et al., 2019) the accuracy of non-destructive methods. However, the debate is still ongoing. 

In chapter 2, we investigate this controversy by comparing the two newer non-destructive 
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techniques (CT and OV) with the most commonly used invasive one (BD). We hypothesised 

that different techniques would give similar results and that the VCs would be similar. In order 

to analyse the VCs, we used Y50 as an indicator. Xylem anatomy has been found to be a problem 

implementing some techniques, so we measured seven plant species with different xylem 

anatomy (Cochard et al., 2005, 2010; Ennajeh et al., 2011). 

 

What happens to the hydraulic pathway after drought? Use of micro computated-tomography 

in a controlled experiment. 

After drought, it is critical for trees that have survived to be able to restore their hydraulic 

conductivity in order to live. Understanding the processes leading to recovery of the hydraulic 

pathway is therefore essential. Two main strategies have been discussed in the past few years: 

(1) embolism repair (i.e. refilling) and/or (2) growth of new xylem. In chapter 3, we use 

microCT to investigate the strategy used by Eucalyptus saligna, a common species growing in 

the Sydney Basin, to recover after drought. We subjected potted saplings of E. saligna to a 

cycle of mild and severe drought, and subsequent rewatering, and monitored the transpiration 

rate over ~6 months (few days of drought and 6 months recovery). The same plants were also 

scanned at regular intervals during dry down and recovery. Following a previous study on the 

same species (Choat et al., 2019), we hypothesised that refilling might happen if positive 

pressures were generated through the xylem (i.e. unlimited water availability and limited 

transpiration rate); otherwise, growing new xylem would be the preferred strategy.  
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Can intense drought lead to extreme mangroves dieback? Use of the optical technique in the 

field. 

The use of non-destructive techniques was explored in chapters 2 and 3. In chapter 4, we 

investigated the cause(s) of a massive mangrove dieback in the gulf of Carpentaria, QLD, using 

the optical technique (OV). This dieback was linked to an strong El-Niño event and represented 

an important mangrove mortality event due to the magnitude of its spread and its short timeline 

(Duke et al., 2017). We hypothesised that the environmental conditions at the time of El-Niño 

(e.g. low sea level, high temperatures) might have been responsible for hydraulic failure in a 

dominant mangrove species in the gulf, Avicennia marina, thus facilitating the intense mortality 

event.  
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2.1. Abstract 

Hydraulic failure of the plant vascular system is a principal cause of forest die-off under 

drought. Accurate quantification of this process is essential to our understanding of the 

physiological mechanisms underpinning plant mortality. Imaging techniques are increasingly 

applied to estimate xylem cavitation resistance. These techniques allow for in situ measurement 

of embolism formation in real time, although the benefits and trade-offs associated with 

different techniques have not been evaluated in detail. Here we compare two imaging methods, 

micro-computed tomography (microCT) and optical vulnerability (OV), to standard hydraulic 

methods for measurement of cavitation resistance in seven woody species representing a 

diversity of major phylogenetic and xylem anatomical groups. Across the seven species, there 

was strong agreement between cavitation resistance values (P50) estimated from visualisation 

techniques (microCT and OV) and between visual techniques and hydraulic techniques. The 

results indicate that visual techniques provide accurate estimates of cavitation resistance and 

the degree to which xylem hydraulic function is impacted by embolism. Results are discussed 
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in the context of trade-offs associated with each technique and possible causes of discrepancy 

between estimates of cavitation resistance provided by visual and hydraulic techniques.  

 

2.2. Introduction 

Drought has a defining influence on the structure and productivity of terrestrial ecosystems 

(Ledger et al., 2011). Extreme drought events combined with heat waves have the potential to 

reduce primary productivity and trigger mass forest die-off (Ciais et al., 2005; Michaelian et 

al., 2011; Duke et al., 2017). Increasing temperatures associated with climate change may lead 

to droughts of greater intensity and duration (Trenberth et al., 2014). Such amplification of 

drought stress by high temperatures has already been detected in some recent extreme drought 

events (Adams et al., 2009; Park Williams et al., 2013). The impact of drought on plants is 

mediated by a complex interaction of traits that define drought tolerance, which include 

physiological, morphological and anatomical traits that govern water uptake and loss. 

Cavitation resistance has emerged as a mechanistic trait of primary importance in determining 

approximate thresholds of water stress that contribute to tree mortality (McDowell et al., 2008; 

Choat et al., 2018). 

According to the cohesion-tension theory proposed by Dixon and Joly (1894), liquid water is 

transported through the xylem under tension. While the cohesion-tension mechanism allows 

large volumes of water to be transported from the roots to the leaves at little direct energetic 

cost to the plant, it relies on a system that is inherently unstable. Limited soil moisture and high 

evaporative demand cause increasing tension on the xylem water column. When tension reaches 

critical values, the water column ruptures (cavitation) leading to the formation of gas bubbles 

or “emboli” in xylem vessels and tracheids. Although the resultant air emboli are isolated within 

individual vessels or tracheids, embolism spreads rapidly through the network of xylem 
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conduits via air-seeding when critical xylem tensions are reached. Gas emboli block the 

transport of water and cause a progressive loss of xylem hydraulic conductivity until complete 

hydraulic failure occurs (Tyree & Sperry, 1989). 

Xylem cavitation resistance, also referred to as vulnerability to embolism, is described by the 

relationship between the xylem water potential (YX in MPa) and the loss of hydraulic 

conductivity relative to a maximum reference state (PLC in %). This trait defines limits on the 

magnitude of water stress that a plant can withstand before complete loss of functionality occurs 

in the xylem. Cavitation resistance varies dramatically across species in accordance with site 

aridity (Brodribb & Hill, 1999; Pockman & Sperry, 2000; Choat et al., 2012; Li et al., 2018) 

and has been quantitatively linked to lethal (minimum recoverable) water potential (Brodribb 

& Cochard, 2009; Urli et al., 2013; Hammond & Adams, 2019). Although drought tolerance 

and mortality processes are complex, hydraulic failure via cavitation is considered to be a 

principal cause of drought-induced tree mortality  (Adams et al., 2017; Choat et al., 2018) and 

a key trait for understanding the evolution and ecology of plant species in relation to aridity 

(Pittermann, 2010; Larter et al., 2017). It is therefore imperative that we have confidence in the 

accuracy of measurements and threshold values determined by standard measurement 

techniques. 

Cavitation resistance is typically assessed by generating vulnerability curves for a given species 

or population of plants. Species hydraulic thresholds are often compared using the water 

potential at which 50% of conductivity is lost (P50), with more negative P50 denoting greater 

cavitation resistance. Techniques used to quantify cavitation resistance have traditionally relied 

on measurements of water flow rates through detached plant organs (stems, roots, or leaves). 

While these techniques have provided the foundation for the field of plant hydraulics, a number 

of experimental artefacts associated with flow based methods have been identified in the last 

decade (Rockwell et al., 2014). These artefacts are primarily related to cutting the xylem while 
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it is under tension (Wheeler et al., 2013) or the generation of embolism by centrifugal force 

(Choat et al., 2010; Cochard et al., 2010) and air injection (Ennajeh et al., 2011). It is important 

to note that while these artefacts may cause significant errors in the estimation of cavitation 

resistance, they can be largely eliminated by use of the appropriate precautions and selection of 

appropriate techniques for a given xylem anatomy (Torres-Ruiz et al., 2017; López et al., 2019). 

Additionally, in the last two decades, advances in imaging technologies have facilitated the 

development of new techniques to measure cavitation resistance (Cochard et al., 2015; Choat 

et al., 2015; Brodribb et al., 2016). These methods are non-invasive or in-situ and allow us to 

visually detect embolism in intact plants while providing high spatial and temporal resolution 

of embolism spread through the conductive tissue. 

X-ray computed micro-tomography (microCT) is an imaging technique that can provide non-

invasive measurements of xylem functional status and cavitation resistance in intact plants 

(Choat et al., 2016; Losso et al., 2019). The very high spatial resolution (down to 1 µm/pixel) 

attainable by microCT (Cochard et al., 2015) also allows the location and spread of embolism 

in the xylem to be observed at a level of detail that was not previously possible (Brodersen, 

2013). Although microCT can potentially be applied to any species or plant organ, its use is 

constrained by access to synchrotron facilities or high cost laboratory instruments. Plants are 

also exposed to high doses of X-ray radiation, which may cause injury to living cells within the 

xylem (Kim & Lee, 2010; Choat et al., 2016; Nardini et al., 2017; Petruzzellis et al., 2018). 

However, it is unlikely that X-ray exposure reduces the efficacy of microCT to measure 

cavitation resistance because the tracheary elements are dead at maturity and there is no 

evidence that X-rays generate cavitation events during scanning (Choat et al., 2016; Venturas 

et al., 2019). 

The optical vulnerability (OV) technique (Brodribb et al., 2016, 2017) is an in-situ imaging 

method initially developed to study cavitation in the leaf mid-rib and vein network. It allows 
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the dynamics of embolism formation to be followed during propagation in the venation system 

(Brodribb et al., 2016). This method was subsequently adapted and used to visualise cavitation 

in flowers (Zhang & Brodribb, 2017), stems (Brodribb et al., 2017) and roots (Rodriguez-

Dominguez et al., 2018). Stem P50 values estimated by the OV technique closely agree with 

values produced by a centrifuge based hydraulic method in 13 conifers species (Brodribb et al., 

2017), although disagreement between hydraulic and OV estimates of stem P50 have been 

reported for some angiosperm species (Venturas et al., 2019; Pratt et al., 2019). The OV 

technique is inexpensive and portable (i.e. can be used in the field or in the lab) with flexible 

configurations enabling increased automation and throughput. Potential limitations of the OV 

technique include the small region of the xylem surface observed, that only emboli in the outer 

layers of the xylem are captured, and that removal of the bark may potentially generate 

artifactual drying tissue or embolism (Venturas et al., 2019). While the OV technique provides 

unparalleled temporal resolution when successful, incorrect implementation of this method, 

particularly by incomplete or interrupted image capture, can produce errors and vulnerability 

curves that are artificially vulnerable. 

Imaging methods have been criticised on the grounds that they do not directly measure the 

impact of drought stress on xylem flow rates, instead relying on detection of embolism in xylem 

conduits at discrete locations (Jacobsen et al., 2015). Errors may occur in the translation of 

conduit diameter measurements into theoretical flow rates (Venturas et al., 2019), or if 

immature conduits that are fluid-filled but not yet functional are counted as functional conduits 

(Pratt & Jacobsen, 2018; Bouda et al., 2019). Discrepancies between visual and hydraulic 

techniques could also occur if the area of embolised conduits observed is unrepresentative of 

decreases in xylem hydraulic conductivity caused to drought. Thus, a number of unresolved 

issues cloud our interpretation of cavitation resistance data and the application of various 

methods to the study of plant hydraulic function. In this study we compared estimates of 



 27 

cavitation resistance generated by two in-situ imaging techniques (microCT and OV) with those 

obtained by standard hydraulic methods (bench dehydration or centrifuge). The principal 

objective of the study was to determine whether imaging and hydraulic techniques provided 

significantly different estimates of cavitation resistance. 

Measurements were made on seven woody species encompassing a broad range of xylem 

anatomies, allowing us to evaluate trade-offs associated with each technique in relation to 

xylem anatomical grouping. Specifically, we tested the hypothesis that visual and hydraulic 

techniques would provide a similar estimate of cavitation resistance despite differences in the 

way the impact of embolism is quantified, i.e. vulnerability curves based of percent of 

embolised conduits, embolised area of xylem, and loss of hydraulic conductivity all produce 

similar estimates of P50. The results are discussed in the context of advantages and 

disadvantages of techniques used. 

 

2.3. Materials and methods 

Vulnerability curves were constructed for each of the target species using three different 

methods: two in-situ imaging methods, Micro-computed tomography (CT) and the optical 

vulnerability method (OV), and one destructive method, either benchtop dehydration (BD) or 

the cavitron flow-centrifuge method (CA). The latter two are common hydraulic methods (HM) 

used to measure xylem cavitation resistance.  

 

Plant material and experimental design 

Plant material was selected in order to cover a range of xylem anatomies (tracheid bearing 

conifers, diffuse-porous and ring-porous angiosperms) and drought vulnerability. Plant material 
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from Australia included the following: 18 Angophora costata (OV=4, CT=4, BD=10) and 12 

Eucalyptus crebra (OV=3, CT=4, BD=5) saplings from PlantsPlus Nursery (West Pennant 

Hills, NSW, Australia); 18 Acacia aneura (OV=3, CT=5, BD=10), 19 Wisteria brachybotrys 

(OV=3, CT=5, BD=11), 13 Fraxinus oxycarpa (OV=3, CT=4, BD=6), and 16 Cedrus deodara 

(OV=3, CT=5, BD=8) saplings from Plantmark nursery (Vineyard, NSW, Australia). All plants 

except Acacia aneura were grown in 20 cm deep, 4 litres plastic pots, using potting mix from 

the original nursery. At the point of measurement, plants were approximately 1 m to 1.50 m tall 

and between 1 and 3 years old. Saplings of A. aneura were raised from seed by Greening 

Australia (Richmond, NSW, Australia) and then replanted and grown in 25 L woven bags filled 

with native loamy sand soil, local to dry sclerophyll forest in Menangle (Menangle Sand & 

Soil, Menangle, NSW, Australia). At the time of the experiment, the Acacias were 18 months 

old. All plants were grown in a sunlit poly-tunnel under ambient environmental conditions on 

the Hawkesbury campus of Western Sydney University (Richmond, NSW, Australia). In 

France, measurements were made on 20 individuals of Pinus pinaster (CA=12, CT=5, OV=3) 

from Plantfor nursery (Uchacq, France) and grown on the INRA campus (Bordeaux, France). 

Individuals from the same species were purchased together and therefore age and height 

differed between but not within species. Note that some techniques produce curves that are 

composites of individuals points (BD and CT) while others produce full curves for each 

replicate individual (OV and CA).  

All plants were maintained in well-watered conditions until experiments commenced in order 

to minimise native embolism formation in our samples. All experiments were carried out within 

2 months of purchasing the plants. OV, BD and CA measurements were made either directly 

before or after CT measurements were undertaken at synchrotron facilities. Due to low sample 

size for the CA technique applied to Pinus pinaster, data for an additional 10 individuals were 
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added. These measurements were made on the same plants material and did not differ from P50 

values obtained from the initial measurements. 

 

Water potential 

Stem water potential was assessed with a pressure chamber or stem psychrometer depending 

on experimental requirements. Stem water potential (Yx) was measured by sealing a leaf in 

plastic film covered in aluminium foil for a minimum of 30 min before excision and 

measurement (McCutchan & Shackel, 1992). Three leaves per plant were selected and 

measured at each time point. Leaves were slowly pressurized in a Scholander pressure chamber 

(PMS Instrument Company, Albany, OR, USA) until water was visible on the cut end of the 

petiole (Scholander et al., 1965). Stem water potential was also recorded using a PSY1 Stem 

Psychrometer sensor coupled with a microvolt data logger used to store data (ICT International, 

Armidale, NSW, Australia) every ten minutes. The psychrometer was installed mid-plant, 

approximately 30 to 50cm from the point where PLC was measured. The bark was removed 

gently, and the xylem washed with Milli-Q (deionised and filtered water). Then the sensor was 

installed on the bare xylem and parafilm was wrapped around it to effectively seal the chamber. 

As the Yx decreased, the waiting and cooling times were increased, to ensure a sufficient 

volume of water condensed onto the thermocouples during measurement cycles. For the 

benchtop dehydration measurements, water potential was measured on non-transpiring leaves 

using the Scholander pressure chamber. For OV and microCT measurements, a psychrometer 

was installed on the stem of the sample, recording water potential every ten minutes. Stem 

psychrometer and pressure chamber measurements were compared regularly and showed close 

agreement (Fig. S2-1).  
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Benchtop dehydration 

The benchtop dehydration method was applied following Sperry and Tyree (1988) and Choat 

et al. (2010). This method was selected for six of the seven target species because it is generally 

considered to be a reliable method (Cochard et al., 2013). In this case plants were dehydrated 

intact, rather than as cut branches. Plants were transported to the lab where their roots were 

washed gently with tap water to remove soil and facilitate dehydration. Plants were allowed to 

dehydrate freely for varying lengths of time and then sealed in a plastic bag for 30 mins, so the 

water potential of the leaves would equilibrate with the stem and thus stem water potential 

measured. When the desired water potential was reached, plants were cut at the base of the stem 

under water. The cut end of the sample was then submerged in water for approximately 30 

minutes. This allowed the xylem tension in the branch segment to relax, significantly 

minimising potential artefacts associated with cutting xylem under tension (Wheeler et al., 

2013). The first cut was made at ~30 cm upstream (i.e. at the base) from the intended final cut. 

The sample was slowly cut back from either end until only a final segment of approximately 

~10 cm in length with a diameter between 0.4 cm and 1.2 cm remains. If the sapling had more 

than 3 developed branches, then 2 to 3 sample per plant may have been used. The segment was 

then connected to silicone rubber tubing filled with filtered perfusing solution (deionised water 

and KCl, 2mmol/L) and attached to the flow meter (LiquiFlow L13-AAD-11-K-10S; 

Bronkhorst High-Tech B.V., Ruurlo, the Netherlands). This first measurement yielded the 

initial hydraulic conductivity (Kini, kg s-1 m-1 MPa-1) of the sample which was calculated as: 

 

𝐾#%# =
𝑄. 𝑙
𝐴.D𝑃 
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with Q the sap flow rate (kg s-1), l the segment length (m), A the xylem cross-sectional area 

(m2) and D𝑃 the pressure drops across a segment of conducting tissue (MPa). 

The segment was then connected to a pressurized tank filled containing a degassed and filtered 

perfusing solution under 100-150 kPa for 30 minutes. This step flushed the sample, dissolving 

emboli inside the conduits and replacing it with the solution to regain maximum conductivity. 

Thus, when the segment was subsequently connected to the flowmeter (Liqui‐Flow L10, 

Bronkhorst High‐Tech BV, Ruurlo, Gelderland, The Netherlands), the hydraulic conductivity 

was assumed to be at its maximum. The percentage loss of conductivity was determined by: 

𝑃𝐿𝐶 =
𝐾()* − 𝐾#%#

𝐾()*
× 100 

where PLC is the percentage loss of conductivity and Kmax is the maximum hydraulic 

conductivity attained after flushing. 

 

Cavitron 

The cavitron technique (Cochard, 2002) was used to measure cavitation resistance in Pinus 

pinaster. This technique uses centrifugal force to create tension (negative pressure) in the xylem 

by spinning stem samples at their centre. The loss of hydraulic conductance is measured while 

the sample is spinning (under tension) in the centrifuge by generating a positive hydrostatic 

pressure difference between the two ends of the sample. Although centrifuge based techniques 

are prone to an “open vessel” artefact when applied to some angiosperm species  (López et al., 

2019), previous validation experiments have shown that the cavitron technique is reliable for 

tracheid bearing species such as conifers (Cochard et al., 2005, 2010) . 
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Measurements were performed at the University of Bordeaux (Talence, France) using a custom-

built honeycomb rotor (SamPrecis 2000, Bordeaux, France) mounted on a Sorvall RC5 

superspeed centrifuge (Thermo Fisher Scientific, Munich, Germany). Samples were cut under 

water with all of the bark carefully removed. The stem was then recut under water to obtain a 

22 cm sample in order to fit the stem into the cavitron. Both ends of the sample were sealed in 

plastic cuvettes filled with water. A solution of ultrapure and degassed water including 10mM 

KCl and 1 mM CaCl2 was used as the reference solution for hydraulic measurements. Flow 

rates through samples were measured by following the progress of a meniscus with a CCD 

camera. Cavi_soft software (University of Bordeaux, v 5.0) was used to control centrifuge 

speed and each sample was stepped a set of increasing tensions. Meniscus position was logged 

for 1 minute at each step after the desired rotor speed was reached. Sample hydraulic 

conductivity and percentage of loss of conductivity was calculated by Cavi_soft software at 

each step. At least two measures of PLC were taken for each pressure step until the sample 

reached 100% of PLC. 

 

MicroCT 

X-ray microCT enables non-invasive generation of xylem vulnerability curves from intact 

plants by means of visualisation (McElrone et al., 2013; Choat et al., 2016). Data were acquired 

at two synchrotron facilities, the Australian Synchrotron (Clayton, VIC, Australia) and 

Synchrotron SOLEIL (Gif-sur-Yvette, France). All species except Pinus pinaster were scanned 

at the Australian Synchrotron, using the Imaging and Medical Beamline (IMBL). Samples were 

positioned in the beam using a robotic arm (Kuka, KR1000 Titan) and scanned on the main 

stem axis with a field of view of 28 mm x 20 mm. Scans were conducted at an X-ray energy of 

30 keV while the sample was rotated through 180 degrees using continuous rotation with 
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images recorded at 0.1° angle increments. This yielded 1800 projections with additional flat 

field and dark field images recorded before and after each scan. Exposure time at each angle 

was 0.45–0.60 s giving a total scan time of 18–23 min. Scan volumes were reconstructed using 

XLICT Workflow 2015 (CSIRO) using either the Gridrec or FBP (Paganin et al., 2002) 

reconstruction algorithm, which resulted in better image contrast based on X-ray phase retrieval 

The final resolution of images was 9.7 μm per voxel. Imaging of Pinus pinaster was undertaken 

at SOLEIL using the PSICHÉ beamline. Scans were carried out using a 25 keV monochromatic 

X-ray beam, while samples were rotated from 0° to 180° using a continuous rotation mode. The 

scan time was 75 s for each sample and yielded a stack of 1500 TIFF image slices and a field 

of view of 6 mm x 1.5 mm. Tomographic reconstructions were conducted using in PyHST2 

software (Mirone et al., 2014) and resulted in images with a resolution of 2.9 μm per voxel. 

Cross-sections were compiled to generate 3D rendering using the free software Drishti 

(http://anusf.anu.edu.au/Vizlab/drishti/) (Fig. S2-2).  

Dehydration of plant material followed a similar protocol to that described for bench 

dehydration hydraulic measurements. Potted plants were transported to the facility where their 

roots were gently washed to facilitate dehydration. During dehydration, Yx was primarily 

monitored by stems psychrometers with occasional measurements using pressure chamber as 

described above. After installation of psychrometers, plants were initially scanned while they 

were still fully hydrated and then placed outside to dry. When plants reached the desired Yx (to 

generate a vulnerability curve for each species), they were rescanned at the same site. The stem 

scan location was marked on each plant with correction fluid, which provided a marker that 

was easily identified in X-ray images. This procedure continued until more than 80% of the 

vessels were embolized (approximately 4 scans per plant). A final scan was made of each plant 

after the stem was cut just above the scan location to ensure all vessels were filled with air, 
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providing us with the number of total vessels embolised which was assumed to be equivalent 

to a PLC of 100%. Dehydration of plants occurred over a period of five days. 

MicroCT images provided good contrast between water-filled (grey) and air-filled (black) 

vessels. Image analysis was performed on a median scan (10 middle scans were compressed to 

make a single scan) by counting embolised vessels (darker than water-filled ones) using the 

‘Threshold’ and ‘Analyse Particles’ functions in ImageJ, or by counting vessels manually using 

the “multi-point” action (Nolf et al., 2017). For all angiosperm species  and Pinus pinaster, 

vulnerability curves were based on the percentage of conduits embolised at a given Yx. 

Percentage embolism was calculated for each scan image following: 

%	𝑒𝑚𝑏𝑜𝑙𝑖𝑠𝑚 =
𝑁𝑢𝑚𝑏𝑒𝑟	𝑜𝑓	𝑣𝑒𝑠𝑠𝑒𝑙𝑠	𝑒𝑚𝑏𝑜𝑙𝑖𝑠𝑒𝑑
𝑇𝑜𝑡𝑎𝑙	𝑛𝑢𝑚𝑏𝑒𝑟	𝑜𝑓	𝑣𝑒𝑠𝑠𝑒𝑙𝑠 	× 	100 

Vulnerability curves for Cedrus deodara were based on measurement of embolised xylem cross 

sectional area, since the spatial resolution of images attained at IMBL was not sufficient to 

count individual tracheids in this species. The embolised area of tracheids was transformed to 

an estimate of percentage embolised tracheids with the aid of light microscope images, which 

allowed tracheid number per area to be accurately assessed (Fig. S2-3). In selected species, we 

examined the relationship between the percentage of embolised conduits and the percentage of 

loss of theoretical conductivity (PLC). The theoretical hydraulic conductivity (Kh) for a given 

stems was calculated from conduit diameters measured in microCT images following the 

Poiseuille-Hagen law (Tyree & Ewers, 1991; Nolf et al., 2017):  

𝐾"
𝜋𝜌
128𝜂2(𝑑#$)

%

#&'
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Where h = coefficient of viscosity of water (=10-9 MPa s at 20 °C), D = conduit diameter (m) 

and r = the density of water (=998.2 kg m−3).  

 

Optical vulnerability technique 

The optical vulnerability (OV) method was initially described in Brodribb et al. (2017). Briefly, 

a Raspberry Pi single board computer (Raspberry Pi Foundation, http://www.raspberrypi.org) 

was used to control and store images produced by a 8-megapixel camera, which was contained 

within a 3D-printed clamp used to fix the sample in place. The sample field of view was 

magnified by a 20´ lens and illuminated by six bright light-emitting diodes (LEDs) that 

provided reflected light from the sample surface. Details of the clamp construction and data 

analysis are provided at  https://github.com/OpenSourceOV. 

Intact plants were installed on the benchtop and a small section (rectangle of 2.5 x 1cm) of the 

bark was removed from the stem 40 to 90cm from the root collar to expose the xylem. This 

distance varied between plants with differing stem diameters and lengths such that the target 

segment was of similar diameter between measurements. Stems ranged from ranged from 0.5 

to 1.2cm in diameter. Exposed xylem was covered with a conductive adhesive gel (Tensive®) 

in order to reduce heterogeneity in the speed of desiccation across different xylem layers. The 

camera clamp assembly was positioned to best view the prepared xylem and fixed in place. 

Stem water potential was measured concurrently using a stem psychrometer installed at the 

base of the stem between 30-50 cm form the camera. Images were recorded every 5 minutes 

until the sample was completely dry or until no more cavitation events were observed for at 

least 10 hours. Image sequences were downloaded from the Raspberry Pi and processed using 

ImageJ (Schneider et al., 2012) to calculate the area of embolism, which was coupled with a 
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concomitant measurement of water potential. Cavitation events were identified with the aid of 

image subtraction, which clearly reveals areas of embolism in the field of view (Brodribb et al., 

2016). These data were used to determine the percentage of embolism as: 

%	𝑒𝑚𝑏𝑜𝑙𝑖𝑠𝑚 =
𝐴+),
𝐴()*

	× 	100 

where Acav is the cumulative area of cavitated xylem at time t and Amax is the maximum area 

of cavitated xylem at the end of each sample dehydration (Fig. S2-4). 

 

Data analysis 

All statistical analyses were conducted with R 3.1.2 (R Core Team, 2017) using RStudio 

(RStudio Team, 2015). We compared P50 for techniques measuring loss of hydraulic 

conductivity (BD and CA) with techniques that allow for visual measurement of the percentage 

embolism (CT and OV). Vulnerability curves were fitted to a Weibull function with the fitplc 

package following methods developed by Duursma & Choat (2017). For two of the methods 

(CA and OV), a full vulnerability curve was generated for each replicate individual. For these 

methods, sample was incorporated as a random effect to account for repeated measures on a 

single individual. A 95% confidence interval (CI) for P50 was obtained using a standard 

profiling method. The CT and BD methods produce ensemble curves, in which measurements 

from multiple individuals are used to produce a curve. For these methods, a 95% CI for the 

estimate of P50 was generated using a bootstrapping approach with 2000 resamples.  

Previously, estimates of P50 from different techniques have been compared by testing whether 

95% CI’s overlap; P50 values generated from different methods have been considered to be 

statistically different if there is no overlap in the confidence intervals (Nolf et al., 2017; Bourne 

et al., 2017). However, it is possible for estimates to be statistically different even where CI’s 
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overlap (Cumming et al., 2007). Here, we compared estimates from different techniques by 

generating bootstrapped 95% CI’s for the difference in estimates between each pair of methods. 

Bootstrap distributions generated as part of curve fitting in fitplc were extracted for CT and BD 

methods. For OV and CA methods, bootstrap distributions were generated to represent the 

confidence intervals obtained. We then resampled 2000 values from each of these distributions 

and used them to generate a bootstrap CI’s for the difference between each pair of techniques. 

Where these CI’s do not overlap zero, there is no significant difference between these two 

methods.  

The relationship between theoretical PLC values and percent embolised vessels extracted from 

microCT images was examined using regression analysis. A Standardised Major Axis (SMA) 

approach was used to test the if the slope or elevation of the line differed from the 1:1 

relationship using the ‘smatr’ package (Warton et al., 2012). 

 

2.4. Results 

Imaging techniques (CT and OV) for measuring cavitation resistance were compared with 

standard hydraulic methods using a range of species with diverse xylem anatomy: two conifers 

(Cedrus deodara and Pinus pinaster), three diffuse porous angiosperms (Angophora costata, 

Acacia aneura and Eucalyptus crebra), a ring porous angiosperm (Fraxinus oxycarpa) and a 

liana (Wisteria brachybotrys). The degree of embolism and its impact on xylem hydraulic 

function was evaluated differently in each technique. MicroCT produces visualisation of 

embolism within a stem that can be viewed as two dimensional slices or three-dimensional 

volume renderings (Fig. 2-1a, b). In this case, images clearly showed the size and location of 

embolised conduits, allowing for counts and morphometric analysis. It was also possible to 

track how embolism spreads through the xylem with increasing water stress and to separate 



 38 

different regions of the stem for independent analysis. The OV technique detects the area of 

embolised conduits from one surface of the stem (Fig. 2-1c). While the full cross section of the 

xylem is not sampled, imaging occurs every 5 minutes allowing the temporal dynamics of 

embolism development to be explored in greater detail.  

 

Figure 2- 1 Visualization of embolism in stems of Wisteria brachybotrys during dehydration 
by microcomputed tomography (microCT) and the optical vulnerability (OV) technique. (a) 
Three-dimensional reconstruction of the stem volumes acquired by microCT. The accumulation 
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of gas-filled vessels during dehydration is shown in orange. (b) Single transverse slice from 
within the microCT volume showing the location of embolized vessels (black) within the stem. 
The xylem water potential (Y; MPa) corresponding to each microCT image is indicated in grey. 
(c) Cavitation events recorded during dehydration by the OV technique. A colour map shows 
the spatial progression of cavitation with declining Yx over the course of dehydration.  

 

Previous studies utilizing microCT to measure cavitation resistance have based vulnerability 

curves on calculations of theoretical hydraulic conductance from measured vessel diameters. In 

this study, we compared metrics derived from analysis of microCT images to estimate the 

impact of embolism on xylem hydraulic function. For species in which vessel diameters could 

be measured, we observed strong agreement (r2 = 0.94, P < 3.4844e-16) between theoretical 

PLC and PLV, with the slope and elevation of the regression line not significantly different 

from the 1:1 relationship (Fig. 2-2). This indicates that percent embolised vessels provides an 

accurate estimate of loss in hydraulic capacity for the target species. This is consistent with 

previous studies showing good agreement between PLC and PLV data (Li et al., 2020). 

However, we note that values of PLC and PLV may diverge when working with species that 

have bimodal distributions of vessel diameters and caution should be used in these cases. 
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Figure 2- 2 Vulnerability curves for three diffuse porous angiosperm species produced using 
visual and hydraulic techniques (blue line, hydraulic method (a, d, g); pink line, microcomputed 
tomography (microCT) (b, e, h); and orange line, optical technique (c, f, i)). Coloured lines 
show the relationships between stem water potential (Yx) and percentage of loss of conductivity 
(PLC, for hydraulic method), percentage of embolized conduits (for microCT) and percentage 
of embolized area (for optical technique). Each filled black dot is a measured datum. Vertical 
lines represent the P50 (thick line) and the 95% confidence interval (CI, dotted lines). Grey area 
represents the CI of the curve.  

 

Differences among methods were assessed by comparing P50 values produced for each species 

by the different methods (Figs. 2-3, 2-4, 2-5; Table S2-1). For some highly resistant species, it 

was not possible to obtain the final part of the HM and CT curves because of limitations in the 

measurement range of the pressure chamber (see Fig. 2-3a, b, Acacia aneura).  
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Figure 2- 3 Vulnerability curves for three diffuse porous angiosperm species produced using 
visual and hydraulic techniques (blue line, hydraulic method (a, d, g); pink line, microcomputed 
tomography (microCT) (b, e, h); and orange line, optical technique (c, f, i)). Coloured lines 
show the relationships between stem water potential (Yx) and percentage of loss of conductivity 
(PLC, for hydraulic method), percentage of embolized conduits (for microCT) and percentage 
of embolized area (for optical technique). Each filled black dot is a measured datum. Vertical 
lines represent the P50 (thick line) and the 95% confidence interval (CI, dotted lines). Grey area 
represents the CI of the curve.	 

 

The OV technique generates a full vulnerability curve for each replicate stem, providing more 

detailed data on the timing of cavitation events over the range of water potentials measured. 

For some species, cavitation resistance curves were very similar between replicate stems (e.g. 

Fig. 2-3f, Angophora costata; Fig. 2-5f, Pinus pinaster), while in others there were large 

differences between replicate stem curves (e.g. Fig. 2-4c, Fraxinus oxycarpa).  
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Results from the centrifuge-based measurements on Pinus pinaster yielded the least variation 

between replicate stems and the smallest confidence intervals around P50. 

 

Figure 2- 4 Vulnerability curves for one ring porous and one liana angiosperm species produced 
using visual and hydraulic techniques (blue line, hydraulic method (a, d); pink line, 
microcomputed tomography (microCT) (b, e); and orange line, optical technique (c, f)). 
Coloured lines show the relationships between stem water potential (Yx) and percentage of loss 
of conductivity (PLC, for hydraulic method), percentage of embolized conduits (for microCT) 
and percentage of embolized area (for optical technique). Each filled black dot is a measured 
datum. Vertical lines represent the P50 (thick line) and the 95% confidence interval (CI, dotted 
lines). Grey area represents the CI of the curve.  
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The target species covered a wide range of cavitation resistance values, with P50 ranging from 

-2.41 MPa in the liana species Wisteria brachybotrys to -13.18 MPa (Fig. 2-4d, e, f) in the arid 

land shrub species Acacia aneura (Fig. 2-3a, b, c). After creating a bootstrap CI for the 

difference between each pair of techniques, we found no significant differences for P50 between 

Figure 2- 5 Vulnerability curves for two conifer species produced using visual and hydraulic 
techniques (blue line, hydraulic method (a, d); pink line, microcomputed tomography (microCT) 
(b, e); and orange line, optical technique (c, f)). Coloured lines show the relationships between 
stem water potential (Yx) and percentage of loss of conductivity (PLC, for hydraulic method), 
percentage of embolized conduits (for microCT) and percentage of embolized area (for optical 
technique). Each filled black dot is a measured datum. Vertical lines represent the P50 (thick 
line) and the 95% confidence interval (CI, dotted lines). Grey area represents the CI of the curve.  
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techniques (i.e. CI overlap 0) for the majority of species and techniques (Fig. 2-6d, e, f). The 

only statistically significant differences were found between BD and CT and BD and OV for 

Angophora costata. However, the bootstrap CI did not fall far from zero and the magnitude of 

this difference was very small (0.04 between BD and CT and 0.33 between BD and OV). 

Overall, the results demonstrate strong agreement between techniques, despite differences in 

the way that hydraulic impairment from water stress is assessed. 

Figure 2- 6 Correlations between P50 values (means (95% confidence interval (CI)) 
obtained with microcomputed tomography (CT), optical vulnerability (OV) and hydraulic 
methods (HM) across seven species (a, b and c). The black line represents the 1:1 
relationship. Confidence intervals (CI) for difference between the extracted bootstrap of 
two techniques (d, e and f). If this CI overlaps zero, then the two methods are not 
significantly different. Asterisks highlight the significant differences between methods. 
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In this study, P50 represented the best characterised point in vulnerability curves across species 

and methods and therefore the best metric for comparison of techniques. While other 

vulnerability curves parameters such as P12 and P88 have functional significance, they were not 

ideal metrics for comparison in this dataset. We note that P88 was usually the least well 

characterised part of the curve because of difficultly reaching the required water potential 

values in very resistant species and limitation set by plant material and beamtime at synchrotron 

facilities. Estimates of P12 can be strongly influenced by the presence of native embolism, which 

introduces error into comparisons that is not associated with differences in methodology. For 

completeness, analyses differences between P12 and P88 values for each method and species are 

shown in Fig. S2-5. Despite variation unrelated to methodology, we observed good agreement 

between P12 and P88 values for the majority (75%) of comparisons.  

 

2.5. Discussion 

We found that visual and hydraulic techniques produced similar estimates of xylem cavitation 

resistance (P50) across a range of woody plant species. Our results demonstrate that visual 

estimation of embolised conduits can accurately capture the impact of cavitation and embolism 

on xylem hydraulic function. While some previous studies have compared visual and hydraulic 

techniques, this is the first study to compare microCT and OV techniques directly with 

hydraulic methods across a diverse range of species representing major xylem anatomical 

groupings (tracheid bearing, diffuse porous, ring porous). We note that our results contrast with 

some recent studies reporting differences in estimates of P50 obtained from visual and hydraulic 

methods for two angiosperm species (Venturas et al., 2019; Pratt et al., 2019). Below, we 
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discuss the advantages and disadvantages offered by each technique as well as causes of 

potential discrepancies between methods when estimating cavitation resistance.  

 

Measurement of cavitation resistance with microCT 

Trade-offs in sampling regime, image resolution, accessibility and expense were apparent 

between the techniques utilised in this study. MicroCT provides several advantages, including 

non-invasive assessment of plant hydraulic parameters and precise visualisation of embolism 

spread through the xylem network. However, it also requires access to specialised facilities and 

instrumentation. This precludes the application of microCT in remote field-based studies, while 

lab-based studies are usually limited by relatively short periods of beamtime or the expense of 

using commercial instruments. Additionally, recent work has identified potential sources of 

error and artefacts associated with microCT that bear further discussion.  

Potential errors and artefacts may be derived from damage to xylem tissue caused by high doses 

of X-ray radiation during scanning (Savi et al., 2017). With regards to measurements of 

cavitation resistance, there is no evidence that X-ray absorption during scanning causes 

cavitation; previous work has demonstrated that repeated scans do not alter the number of 

embolized vessels (Brodersen et al., 2010; Choat et al., 2016; Bouche et al., 2016; Venturas et 

al., 2019). In the current study, we observed no burning or damage to stems resulting from 

multiple scans. The strong agreement between hydraulic and microCT based estimates of P50 

shown here and in previous studies provides further evidence that any damage caused by X-ray 

radiation has little impact on measurement of cavitation resistance.  

Discrepancies between estimates of cavitation resistance may also arise from translation of 

microCT into theoretical hydraulic conductance, PLC, or PLV (Venturas et al., 2019). These 

effects could be derived from the presence of immature vessels, which appear water-filled but 
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are not yet active (Pratt & Jacobsen, 2018; Bouda et al., 2019), or the influence of network level 

properties that are not taken into account when estimates of Kh, PLC, or PLV are based are 

based on measurements of conduit dimensions in cross section (Bouda et al., 2019). Our results 

show agreement between vulnerability curves constructed with microCT imaging and hydraulic 

methods, indicating that any discrepancies associated with translating visual data into loss of 

hydraulic function were small. This is consistent with previous studies that have shown good 

agreement between vulnerability curves constructed with hydraulic methods and microCT 

(Torres-Ruiz et al., 2014; Choat et al., 2016; Losso et al., 2019). However, it is possible that 

small discrepancies observed between microCT and hydraulic measurements in our dataset are 

related to errors discussed above and these effects are important to consider when utilizing 

microCT for estimation of cavitation resistance. In some cases these effects can be easily 

accounted for; Nolf et al. (2017) demonstrated that P50 derived from hydraulic measurements 

matched most closely to the P50 of current year xylem estimated from microCT rather than the 

entire xylem cross section (Nolf et al., 2017). This provides an example of how our 

understanding of hydraulic dysfunction caused by water stress is enhanced by the application 

of non-invasive imaging techniques, which provide detailed information on the functional 

significance of embolism in different regions of the xylem.   

 

The optical vulnerability technique 

The OV technique provides a low cost and portable alternative to microCT that may be utilized 

in laboratory or field settings. When used in conjunction with psychrometers, the technique 

allows measurements of cavitation resistance to be fully automated, with water potential and 

cavitation monitored at short time intervals (Brodribb et al., 2017). This high temporal 

resolution reduces errors that may arise from less frequent sampling along the curve of one 
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individual or construction of curves from multiple individuals. The technique also requires less 

plant material as a full curve is acquired for each individual and can be applied to multiples 

organs or sites on a given individual, e.g. simultaneous measurement of leaf, stem and root 

vulnerability (Rodriguez-Dominguez et al., 2018; Skelton et al., 2018).  

In our dataset, P50 values obtained with the OV technique were in close agreement with values 

obtained from hydraulic techniques and microCT (Fig. 2-6). Likewise, Brodribb et al. (2017) 

reported that estimates of P50 provided by OV and hydraulic measurements matched closely for 

13 conifer species and one angiosperm (Brodribb et al., 2017). However, two recent studies 

have reported differences between vulnerability parameters derived from the OV method and 

hydraulic methods (Venturas et al., 2019; Pratt et al., 2019) and there are potential sources of 

experimental error that must be considered. Images are taken from a small region of the xylem 

on one side of a young stem and light only penetrates a short distance into the stem. This may 

create bias if the area of xylem visualised is not representative of the whole xylem cross section, 

e.g. if recently formed outer conduits are more vulnerable to cavitation than conduits located 

deeper in the xylem. Additionally, if cavitation events within the xylem are patchy, as observed 

in some individuals with microCT imaging, then estimates of P50 will depend upon the timing 

of cavitation in the particular area of xylem being visualised. Such effects may explain the high 

level of variation in P50 observed in some cases (e.g. Fig. 2-4c. Fraxinus oxycarpa), although it 

is also possible that this variation represents plasticity between samples measured. However, 

the ability of the OV technique to capture entire replicate curves at high temporal resolution 

may be especially helpful in the quantifying plasticity. Overall, the strong agreement between 

estimates of mean P50 for OV vs. hydraulic and microCT techniques provides confidence that 

experimental error associated with the OV techniques can be overcome by sufficient sample 

size and care in preparation of plant material. 
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Considerations for hydraulic measurements 

With reference to hydraulic techniques, we used the bench dehydration method for the majority 

of species in order to avoid issues associated with centrifuge and air injection techniques. 

Centrifuge based techniques offer advantages in terms of time and plant material required to 

construct vulnerability curves, but can significantly underestimate cavitation resistance in 

angiosperm species with long vessels (Choat et al., 2010; Torres-Ruiz et al., 2014) . However, 

centrifuge based techniques are reliable for conifer species regardless of the variant of technique 

applied (Alder et al., 1997; Cochard et al., 2005, 2010; Li et al., 2007). Therefore, although the 

flow centrifuge (cavitron) method was used for measurement of Pinus pinaster in our study, 

the estimate of P50 is directly comparable to those obtained from bench dehydration.  While the 

bench dehydration technique is labour intensive, it is regarded as the most reliable hydraulic 

technique for measurement of cavitation resistance and provides a direct measure of impacts 

on hydraulic conductance. Even so, we note that a number of sources of experimental error 

have been identified with the bench dehydration method, including those associated with 

excision of plant material (Wheeler et al., 2013) and measurement of xylem flow rates on the 

bench (Espino & Schenk, 2011; De Baerdemaeker et al., 2019). In this context, the close 

agreement between hydraulic methodology and in-situ visual techniques suggests that all 

techniques tested here produce reliable estimates of cavitation resistance if the appropriate 

precautions are taken. 

 

2.6. Conclusions 

MicroCT and OV techniques produced similar estimates of P50 to hydraulic techniques when 

applied to the same plant material. This result held across seven species with contrasting xylem 

anatomy, demonstrating the general applicability of the techniques examined here. This is 
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consistent with previous validation studies showing agreement between visual and hydraulic 

techniques for a further five angiosperm and 14 conifer species (Torres-Ruiz et al., 2014; Choat 

et al., 2016; Brodribb et al., 2017; Losso et al., 2019). We found that visualisation of embolism 

produced similar vulnerability curves to those based on measurements of xylem hydraulic 

conductivity despite differences in the way embolism was quantified, i.e. area of embolised 

xylem, counts of embolised vessels, theoretical hydraulic conductivity calculated from conduit 

diameter. Overall, these results provide confidence that a range of techniques can be employed 

to measure cavitation resistance, with the choice of technique dependent upon the particular 

questions posed, the location of experiments, and access to specialised facilities. The 

development of visual techniques presents numerous opportunities for improvements, including 

non-invasive observation of hydraulic function and full automation of measurements. Further 

work is required to resolve discrepancies between techniques observed by some authors 

(Venturas et al., 2019; Pratt et al., 2019), and to reduce potential sources of error that may arise 

from translation of visual data into loss of hydraulic capacity.     
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2.7. Supplementary figures 

 
Figure S2-1 Example of stem reconstruction for four species with different xylem anatomy 
using the software DRISHTI 
 

 

 

Figure S2-2 Relationship between the bagged leaf water potential measured using a Scholander 
chamber and the stem water potential measured using a psychrometer across three species with 
different xylem anatomy. 
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. 

 
 
Figure S2- 3 Transverse surfaces of Cedrus deodara visualized by SEM and X-ray microCT. 

 

 

Figure S2- 4 Transverse slices produced with the OV technique for Acacia aneura. 
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Figure S2- 5 P50 with CIs for the three different techniques and across seven species. 

 

Table S2- 1 P50 (in bold characters) with confidence intervals for the three different techniques 

and across seven species.  
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Chapter 3: Absence of embolism repair after long-term drought 

recovery observed with micro-computed tomography in 

Eucalyptus saligna 

 

Submitted as: Gauthey, A., Peters, J.M., Lòpez, R., Carins-Murphy, M.R., Rodriguez-

Dominguez, C.M., Tissue, D.T., Medlyn, B.E., Brodribb, T.J., Choat, B. 

 

3.1. Abstract 

The mechanisms by which woody plants recover xylem hydraulic capacity after drought stress 

are not well understood, particularly with regards to the role of embolism refilling. In this study, 

we evaluated the recovery of xylem hydraulic capacity in young Eucalyptus saligna plants 

exposed to cycles of drought stress and rewatering. Plants were exposed to moderate and severe 

drought stress treatments, with recovery monitored at time intervals from 24 hrs to 6 months 

after rewatering. The percentage loss of xylem vessels due to embolism (PLV) was quantified 

at each time point using non-invasive imaging (micro-computed tomography) with water 

potential (Yx) and whole plant transpiration (Eplant) measured concurrently. Plants exposed to a 

moderate intensity drought treatment did not exhibit any increase in PLV and recovered Yx and 

Eplant rapidly after rewatering. Plants exposed to severe drought stress suffered high levels of 

embolism (47.38 ± 10.97 % PLV) and almost complete canopy loss. No evidence of embolism 

refilling was observed at 24 hrs, one week, and three weeks after rewatering despite rapid 

recovery in Yx. In fact, mean PLV increased after rewatering in both moderate and severe 

drought treatments. Recovery of hydraulic capacity was achieved over a 6 months period by 

growth of new xylem tissue, with canopy leaf area and Eplant recovering over the same period.   
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3.2. Introduction 

Water is transported through the xylem as a liquid under tension (Tyree & Ewers, 1991; Tyree, 

1997; Steudle, 2001). In this physical state, water may undergo cavitation, resulting in the 

formation of gas emboli and blockage of xylem conduits. Water stress causes tension in the 

xylem to increase, which leads to a higher probability of cavitation. Although the structure of 

the xylem has evolved to limit the impact of embolism, at a critical tension, embolism will 

begin to spread rapidly through the network of conduits leading to a sharp decrease in xylem 

hydraulic conductivity (Brodersen, 2013; Lens et al., 2013; Knipfer et al., 2015b). As a 

consequence, the capacity of plants to move water from the roots to the leaves is reduced, 

affecting leaf gas exchange and tissue hydration (Nardini et al., 2003; Martorell et al., 2014; 

Knipfer et al., 2015b). During periods of severe water stress, embolism can lead to complete 

hydraulic failure in roots, stems and leaves, which has been linked to canopy dieback and whole 

plant mortality during drought.   

Plants have developed a range of strategies to survive and recover from water stress, which 

include avoidance of water stress by stomatal regulation, leaf shedding, and access to ground 

water (Čermák et al., 1980; Molyneux & Davies, 1983; Robichaux et al., 1987; Cochard et al., 

1996; David et al., 2013), or tolerance of water stress due to high resistance to cavitation, low 

turgor loss points and wider hydraulic safety margins (Choat et al., 2012). However, regardless 

of strategy, when the xylem tension reaches critical thresholds set by cavitation resistance, 

blockage of xylem conduits by embolism will progressively reduce xylem hydraulic 

conductivity. Physiological mechanisms that restore xylem hydraulic capacity are a key 

component of recovery from drought stress.     
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A large body of research has focused on mechanisms that allow plants to refill embolized xylem 

conduits on short time scales (ca. 6-12 hrs), thus providing rapid recovery of hydraulic capacity 

after drought. The process of embolism repair (i.e. refilling) requires a mechanism by which 

gas is reabsorbed into the water and removed from xylem conduits. The exact physiological 

mechanisms responsible for refilling, and the prevalence of embolism repair across plant taxa, 

are issues that have been widely debated over the last 40 years (Sperry et al., 1988; Borghetti 

et al., 1991; Salleo et al., 1996, 2009; Tyree et al., 1999; Holbrook et al., 2001; Zwieniecki & 

Holbrook, 2009; Brodersen et al., 2010; Brodersen & McElrone, 2013). Pickard (1989) 

hypothesised that root pressure could dissolve gas bubbles during the night-time when 

transpiration was minimal and soil water availability was high. Springtime refilling is 

commonly observed in some plant species exposed to freezing conditions during winter, 

including vines and tree species that are known to generate strong positive root and stem 

pressures (Sperry et al., 1987; Pockman & Sperry, 1997; Utsumi et al., 1998; Ewers et al., 

2001; Cobb et al., 2007; Mayr et al., 2014; Christensen-Dalsgaard & Tyree, 2014). It is 

important to note that such springtime refilling is an adaptation to embolism caused by 

successive freeze-thaw cycles during winter and occurs in concert with major remobilisation of 

water and carbohydrates reserves after winter dormancy (Charrier et al., 2013; Mayr et al., 

2014; Plavcová & Jansen, 2015). It is therefore distinct in a number of important ways from the 

proposed diurnal refilling process or refilling after drought stress during the growing season 

(Klein et al., 2018).    

Without conditions creating positive pressures throughout the xylem, refilling is difficult to 

explain in terms consistent with the laws of thermodynamics (Holbrook & Zwieniecki, 1999; 

Zwieniecki & Holbrook, 2009). However, several studies suggest that refilling under tension is 

not only possible, but could be used on a daily basis in certain species to repair embolised 

vessels (Vitis vinifera, Jacobsen & Pratt, 2012; Quercus gambelii, Taneda and Sperry, 2008). 
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A number of theories have been advanced to explain refilling under tension, with most centring 

on osmotic activity of xylem parenchyma cells adjacent to embolised conduits and the isolation 

of refilling conduits from the transpiration stream (Clearwater & Goldstein, 2005; Salleo et al., 

2009; Zwieniecki & Holbrook, 2009; Nardini et al., 2011; Brodersen & McElrone, 2013). 

Observations suggest that refilling takes places over a period of hours, allowing restoration of 

xylem function within relatively short time periods (Nardini et al., 2011). An alternative 

mechanism of recovery is the growth of new xylem tissue. In this case, recovery of hydraulic 

capacity would occur over much longer time frame (weeks, months) and require significantly 

more investment of carbon. In conifer species, two studies have demonstrated that recovery of 

hydraulic capacity after severe drought stress is facilitated by growth of new xylem tissue rather 

than refilling of embolised tracheids 25/11/21 10:26:00 am. 

The application of non-invasive imaging techniques allowed researchers to visualise refilling 

in intact plants, including observations based on Magnetic Resonance Imaging (MRI) 

(Holbrook et al., 2001; Zwieniecki et al., 2013) and micro computed tomography (microCT) 

(Brodersen et al., 2010; Ryu et al., 2016; Gleason et al., 2017; Secchi et al., 2020). These 

studies have provided evidence of embolism repair in a limited number of species (grapevine, 

maize, poplar) capable of producing strong root pressure (Charrier et al., 2016). However, other 

studies using MRI and microCT have provided evidence that refilling does not occur after 

drought, despite water potentials recovering to pre-drought levels on short time scales 

(Clearwater & Clark, 2003; Brodribb et al., 2010; Choat et al., 2015; Knipfer et al., 2015b; 

Johnson et al., 2018; Choat et al., 2018). Additionally, there is evidence that observations of 

refilling based on hydraulic (flow-based) measurements may be flawed because of experimental 

artefacts relating to excision of samples under tension (Wheeler et al., 2013; Torres-Ruiz et al., 

2015; Lamarque et al., 2018). This work has raised questions regarding the generality of 
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embolism repair mechanisms across plant taxa and the processes that plants use to recover 

hydraulic capacity in the absence of refilling. 

In this study, we used microCT visualisation to investigate whether refilling is a routine 

mechanism of recovery from drought stress in the evergreen tree species, Eucalyptus saligna. 

In a recent study utilising microCT, we observed partial refilling in a small fraction of 

embolised vessels in Eucalyptus saligna plants recovering from drought stress, although this 

did not result in a significant decrease in the number of embolised vessels over all (Choat et al., 

2019). However, two studies have also suggested that X-ray damage caused by microCT scans 

may impact xylem physiological function, including mechanisms of embolism refilling that 

rely on the metabolic activity of living cells in the xylem (Savi et al., 2017; Petruzzellis et al., 

2018). In order to address this issue and avoid artefacts associated with X-ray damage, data in 

the current study were acquired from single scans of multiple replicate plants, rather than 

repeated scans on individual plants. Recovery of hydraulic capacity, plant water status, and 

canopy transpiration rates were evaluated in plants exposed to moderate drought (MD) and 

severe drought (SD) stress over time scales ranging from 24 hrs to 6 months. Monitoring 

recovery over longer time periods allowed us to examine embolism refilling and growth of new 

xylem tissue as alternative mechanisms of recovery.  

 

3.3. Materials and methods 

Plant material 

Eucalyptus saligna (Sydney Blue Gum) is fast growing tree species used extensively in timber 

plantations. It is native to mesic areas along the eastern coast of Australia in New South Wales 

and Queensland and is vulnerable to drought relative to other Eucalyptus species (Bourne et 

al., 2017). Thirty-three plants were purchased from PlantPlus Cumberland forest nursery 
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(Pennant Hills, NSW, Australia). Plants were grown in 4 litres plastic pots, using potting mix 

from the original nursery and were kept in a sunlit poly-tunnel on the Hawkesbury Campus of 

Western Sydney University (Richmond, NSW, Australia) for a few weeks. Plants were 

approximately 1-year-old and 1 meter in height at the beginning of the experiment. The 

experiment commenced in September 2017 and finished in March 2018. 

 

Drought treatment 

A first subset of plants were allocated to 2 different treatments: (1) medium drought (MD) (n=5) 

in which plants were dried to a water potential target of ~ -2 MPa and were then rewatered, (2) 

severe drought (SD) (n=9) in which plants were dried to a water potential target of ~ -3.5 MPa 

and were then rewatered. These water potential targets were based on previous studies (Bourne 

et al., 2017; Choat et al., 2019) and were expected to induce complete stomatal closure and 

~10% PLC in MD and ~50% PLC in SD. Whole canopy transpiration rate (Eplant) and bagged 

leaf water potential (Yx) were tracked during the drydown and the recovery for these two 

treatments (Fig. S3-1).  

The two drought treatments allowed us to assess recovery of leaf gas exchange as a function of 

the severity of the water stress (minimum water potential reached) and the impact on theoretical 

hydraulic conductivity. All plants were kept in a sunlit polytunnel for three weeks prior to the 

start of drought treatments. In order to impose uniform conditions during the application of 

drought treatments, individuals assigned to MD and SD treatments were moved to a controlled 

environment chamber (Thermoline, Australia) maintained at 21°C constant temperature with a 

11h/13h light/dark cycle with a photon flux density of 700 µmols m-2 s-1 and 60% relative 

humidity. Water was withheld from plants until the desired Yx for each treatment was reached. 

At this point, plants were moved to a second growth chamber and Eplant was measured (see 
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details below). Plants were returned to the poly-tunnel during the recovery phase and watered 

daily to maintain high plant and soil water status.   

In order to address issues regarding the impacts of X-ray radiation on xylem physiological 

processes raised in recent studies (Savi et al., 2017; Petruzzellis et al., 2018), the majority of 

plants included in this experiment were scanned only once. In this experimental design, changes 

in the number of embolised vessels at different time points were measured on separate cohorts 

of individuals, rather than by repeated measurements on individual plants. While this approach 

does not allow changes in the status of individual vessels to be tracked, it avoids any potential 

impacts of X-ray radiation on the activity of living parenchyma cells within the xylem, which 

theoretically drive embolism refilling. As such, a second subset of plants (n=19) was assigned 

to allow for micro-CT visualisation of xylem tissue at different points during drought and 

recovery treatments. Groups of plants scanned in this manner were assigned to well-watered 

(n=4), dried to MD (n=5), dried to SD (n=5), and dried to MD and rewatered 24 hours (R24h) 

before scanning (n=5). After initial scans, the well-watered group of plant was scanned three 

further times to allow for construction of a dehydration vulnerability curve (see below). 

Previous work has demonstrated that multiple scans on individual plants do not alter 

vulnerability curves (Choat et al., 2016; Gauthey et al., 2020). Canopy transpiration rates and 

water potential were recorded for each replicate plant immediately before microCT scans took 

place. In order to track long-term recovery from drought, SD individuals from the first plant 

subset were scanned after 3 weeks (R3wk) (n=5) and 6 months (R6mo) of recovery (n=4) after 

rewatering (Fig. S3.1).  
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Physiological and morphological measurements  

Bagged leaf water potential (Yx) was measured by sealing a leaf in plastic film, covered in 

aluminium foil, for a minimum of 30 min before excision and measurement (Choat et al., 2010, 

2016). Leaves were slowly pressurized with a Scholander pressure chamber (PMS Instrument 

Company, Albany, OR, USA) until water was visible on the cut end of the leaf (Scholander et 

al., 1965). Two to three leaves (or small branch tips when leaves became too dry) per individual 

were measured for each water potential measurement. When Yx could not be measured using 

the pressure chamber method because of canopy leaf loss, Yx was assessed using PSY1 Stem 

Psychrometer sensor coupled with a microvolt data logger used to store data (ICT International, 

Armidale, NSW, Australia). 

A separate growth-chamber was used to measure canopy transpiration rate (Eplant) throughout 

the experiment. The chamber environmental conditions were maintained at 25°C, constant light 

intensity of 700 µmols m-2 s-1 and 60% relative humidity during measurement periods. Plants 

were placed on a precision balance with a resolution of 0.1g (MS8001TS, Mettler-Toledo, 

Columbus, OH, USA) connected to a data logger (CR1000, Campbell Scientific, UT, USA). 

Changes in weight were recorded with LoggerNet software (Campbell Scientific, UT, USA). 

Prior to measurements, a plastic bag was sealed around the pots to cover the soil and minimise 

soil evaporation. Weight was logged from the balance every minute for a 1 to 2 hr period per 

plant with differences in weight attributed to plant water loss. Whole canopy transpiration rate 

(g hr-1) was calculated as the slope of a linear regression between plant water loss and time. 

Throughout the experiment, the canopy leaf area was recorded by counting the number of 

mature leaves on each plant. A relationship between leaf number, weight and area was 

established to allow calculation of total canopy leaf area at each time point.  
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Micro-CT scans 

MicroCT visualisations were undertaken at the Australian Synchrotron (Clayton, VIC, 

Australia) Imaging and Medical Beamline (IMBL) during two periods: late October of 2017 

and early March of 2018. Samples were positioned in the beam using a robotic arm (Kuka, 

KR1000 Titan) and scanned at the main stem axis with a field of view of 28 mm x 20 mm. 

Scans were conducted at an X-ray energy of 30 keV, while the sample was rotated through 180 

degrees using continuous rotation; images were recorded at 0.1° angle increments. This yielded 

1800 projections with additional flat-field and dark-field images recorded before and after each 

scan. Exposure time at each angle was 0.45–0.60 s giving a total scan time of 18–23 min. Scan 

volumes were reconstructed using XLICT Workflow 2015 (CSIRO) using either the Gridrec or 

FBP (Paganin et al., 2002) reconstruction algorithm. The final resolution of images was 9.7 μm 

per voxel. MicroCT images provided good contrast between water-filled (grey) and air-filled 

(black) vessels. Image analysis was performed on a median scan (10 middle scans were 

compressed to make a single scan) by counting embolised vessels (darker than water-filled 

ones) using the ‘Threshold’ and ‘Analyse Particles’ functions in ImageJ, or by counting vessels 

manually using the “multi-point” action (Nolf et al., 2017). Percentage of loss of vessels (PLV) 

was calculated for each scan image following: 

𝑃𝐿𝑉 =
𝑁𝑢𝑚𝑏𝑒𝑟	𝑜𝑓	𝑣𝑒𝑠𝑠𝑒𝑙𝑠	𝑒𝑚𝑏𝑜𝑙𝑖𝑠𝑒𝑑
𝑇𝑜𝑡𝑎𝑙	𝑛𝑢𝑚𝑏𝑒𝑟	𝑜𝑓	𝑣𝑒𝑠𝑠𝑒𝑙𝑠 	× 	100 

The strong correlation between PLV and PLC is supported by numerous studies (Gauthey et 

al., 2020; Li et al., 2020; Peters et al., 2020) which suggests that loss of conductivity in this 

species can be approximated by counting gas filled vessels. 

In order to estimate what percentage of new xylem was regrown after rewatering, we used 

cross-sections of the 6 months recovery plants to analyse the area of xylem occupied by newly 
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grown xylem or older xylem. Images were processed with ImageJ where pit and bark were 

removed and old and new xylem area where calculated.    

 

Vulnerability curve 

Three vulnerability curves (VCs) were generated using PLV and Yx measurements from plants 

in drought and recovery treatments. The first VC was fitted to data from plants that were 

scanned during the dehydration phase (dehydration curve). Plants that were scanned during 

recovery (i.e. after being rewatered for a set amount of time) were plotted at the Yx values 

measured after rehydration (rehydration points). These rehydration points were also transposed 

to the minimum Yx that the plant reached before rewatering, and a second VC was fitted to 

these data (transposition curve). A third VC was fit to the combined dehydration and 

transposition datasets.  

 

Statistical analysis 

All statistical analyses were conducted with R 3.1.2 (R Core Team, 2017) using RStudio 

(RStudio Team, 2015). Comparison of the physiological and morphological traits between the 

two treatments were tested for significant differences with a one-way ANOVA. Analyses were 

conducted on untransformed data which were normally distributed. Vulnerability curves were 

fit to PLA using the fitplc package following methods developed by Duursma & Choat (2017). 

Curves were fit with a Weibull function and the mean P50 and confidence intervals were 

extracted using a standard profiling method. For these methods, a 95% CI for the estimate of 

P50 was generated using a bootstrapping approach with 2000 resamples. To test for significant 

differences between vulnerability curves (dehydration and transposition), we generated a 
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bootstrap confidence intervals (CIs) for the difference in estimates of P50 for each dataset 

(Gauthey et al., 2020).      

 

3.4. Results 

Dynamics of transpiration and plant water status 

At the commencement of the experiment, plants in the SD treatment had high mean stem water 

potential (Yx = -0.44 ± 0.02 MPa) and a mean Eplant of 48.34 ± 2.65 g hr-1 (Fig. 3-1).  As SD 

plants were dehydrated to a mean Yx of -2.11 ± 0.21 MPa, stomata closed and Eplant was sharply 

reduced to 15.73 ± 3.03 g hr-1. When plants reached the severe drought target water potential 

(Yx = -3.17 ± 0.17 MPa), Eplant was further reduced to 1.89 ± 0.25 g hr-1. At this time point, 

leaves on all plants in the SD treatment had become severely wilted. Upon release from drought, 

stem water status slowly recovered to Yx = -2.1 ± 0.33 MPa at 24 hr after rewatering and to Yx 

= -1.34 ± 0.42 MPa at 1 week after rewatering. During this time, the majority of plants in the 

SD treatment experienced complete canopy loss (100% leaf death) and Eplant remained 

unchanged at 1.3 ± 0.28 g hr-1. By 3 weeks after rewatering, Yx had recovered to -0.37 ± 0.07 

MPa, excluding one individual that did not recover after rewatering (Yx = -5.00 MPa). At 3 

weeks post drought, two plants had recovered a small proportion (~30%) of their initial canopy 

area, while most other individuals were in the initial phases of resprouting from epicormic buds; 

mean Eplant remained low at 2.98 ± 1.7 g hr-1. Over the longer term, plants from the SD treatment 

fully recovered water status, canopy leaf area, and transpiration rate. At 18 weeks post drought, 

with mean Yx = -0.58 ± 0.08 MPa and mean Eplant of 44.85 ± 7.46 g hr-1. In all long-term 

recovery plants, some proportion of main stem axis had died, and recovery of leaf area occurred 

from growth of new branches and from epicormic buds. After 6 months under well-watered 

conditions, plants had 1.3 to 2.4 fold higher canopy leaf area and significantly higher canopy 
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transpiration rates (Eplant = 78.95 ± 5.29 g hr-1) than at the time of initial measurements, while 

plant water status remained high (Yx = -0.56 ± 0.04 MPa) (Fig. 3-1B and 3-1D). When 

transpiration rate was expressed on a leaf area basis (Ec), it was slightly, although not 

significantly, lower than at the initial measurement point (Fig. S3-2).  

In the MD treatment, stomatal closure reduced Eplant from an initial rate of 103.59 ± 3.62 g hr-1 

to 10.19 ± 0.42 g hr-1 at the peak of the drought treatment (Yx = -1.94 ± 0.14 MPa) (Fig. 3-1A 

and C). No canopy loss and only mild wilting was observed at the peak of this moderate drought 

stress treatment. At 24 hrs after rewatering, MD plants had recovered close to their initial pre-

treatment water status (Yx = -0.90 ± 0.20 MPa), while Eplant had recovered to approximately 
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half of initial values (55.82 ± 2.96 g hr-1) in all but one individual, for which Eplant was 3.93 g 

hr-1. Mean Eplant remained unchanged 5 days after rewatering, at 52.68 ± 1.57 g hr-1 for four 

individuals and 5.02 g hr-1 for one outlier. At 10 days after rewatering, two individuals 

experienced approximately 90% loss of canopy leaf area, leading to sharply lower Eplant (3.75 

± 2.23 g hr-1) for these two individuals compared to a mean Eplant of 45.96 ± 1.20 g hr-1 for the 

three individuals that retained their full canopies. At 2 weeks after rewatering, the three plants 

with canopy remaining had a mean Eplant of 48.86 ± 11.45 g hr-1 and mean Yx of -0.78 ± 0.07 

MPa (Fig. 3-1A and C). 

 

Refilling observation 

Well-watered plant exhibited negligible levels of native embolism for both the SD and MD 

treatments (Figs. 3-2 and 3-3).  

Figure 3- 2 Mean (± SE) percentage loss of vessels (PLV) at different time points (WW: well-
water; MD: medium drought; R24hr:recovery 24 hours; R1wk: recovery 1 week; R3wk: 
recovery 3 weeks; R6mo: recovery 6 months) during two treatments (A. medium drought, blue; 
B. severe drought, magenta). Grey points are individual saplings. PLV after 6 months recovery 
is shown as the PLV of the total stem cross-section in magenta, and the PLV of only the new 
ring of xylem in purple.  
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Figure 3- 3 Micro-CT scans of Eucalyptus saligna at different times during dry down and 
recovery. At left, well-watered (WW) treatment. In blue (top panel), medium drought treatment 
(medium drought MD, recovery at 24 hours R24h and recovery at 1-week R1w). In magenta 
(bottom panel), severe drought treatment (severe drought SD, recovery at 3 weeks R3wk, 
recovery at 6 months R6mo). Red dots highlight the embolised vessels. The corresponding 
water potential and PLC are indicated on each image. For the recovery treatment, Ψmin 
corresponds to the most negative water potential reached by the plant before rewatering. For 
the 6 months recovery, PLVtot is the PLC inside the whole cross section and PLVNX is the 
PLC measured in the new xylem ring. 

 

In the SD treatment, PLV increased to 47.38 ± 10.97 % at the peak of the drought (Yx = -3.26 

± 0.15 MPa). After rewatering in the SD treatment, the lack of transpiration due to leaf shedding 

and a well-watered soil were expected to offer favourable conditions for refilling. However, at 

3 weeks after rewatering, mean PLV was 64.72 ± 18.71 %, higher than PLV recorded for SD 

plants at the peak of drought stress. After six months under well water conditions, plants 

exposed to severe drought treatment retained very high levels of embolism in xylem that had 

been exposed to the severe drought treatment (Fig. 3-2B). New xylem growth with relatively 

few embolised vessels surrounded the core of embolised vessels in the old xylem (Fig. 3-4).  
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Figure 3- 4 Micro-CT scan of Eucalyptus saligna after 6 months recovery from severe drought 
stress (B). The xylem previously embolised by drought stress is highlighted in orange and the 
new ring of xylem responsible for the restoration of conductivity is highlighted in green. 
Percentage of xylem area occupied by the new growth is nearly 50% of the total xylem area 
(n=4) (A).   

 

MicroCT visualisation allowed us to quantify the level of embolism in the old xylem and the 

new xylem grown during the 6 months recovery period. This analysis yielded a mean PLV of 

xylem 8.01 ± 2.99 % for the new ring and mean PLV of 47.22 ± 5.10 % for the whole stem 

cross section (Fig. 3-2).  

MicroCT visualisations indicated that the MD treatment (Yx = -1.98 ± 0.17 MPa) resulted in a 

small increase in the number of embolised vessels (PLV of 7.8 ± 1.83 %), although this was 

not significantly different from native embolism in well-watered plants. In samples exposed to 

a MD treatment (Yx = -2.02 ± 0.21 MPa) and then allowed to recover for 24 hours, the PLV 
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was 4.98 ± 0.11 %, which was not significantly different from PLV observed for the MD 

treatment. However, in plants allowed to recover for one week after MD, the number of 

embolised vessels was significantly higher (PLV = 24.64 ± 9.02 %) than that observed for MD 

or 24 hours recovery treatments (Fig. 3-4A). It is notable that this increase was primarily due 

to higher PLV in two individuals, which were also the only plants to suffer significant canopy 

leaf loss as a result of the MD treatment (see above). The occurrence of higher PLV in plants 

that had been recovering from MD or SD treatments for 1 week and 3 weeks, respectively, was 

an unexpected result that could not be explained by differences in the minimum water potential 

reached in different treatments.    

No evidence of embolism repair was observed in microCT scans during the recovery period, 

regardless of drought stress intensity (MD or SD) or the time length of recovery (Fig. 3-2). 

Where recovery in hydraulic capacity did occur, it was over longer time frames (6 months) and 

was due to growth of new xylem tissue rather than embolism repair (Figs. 3-4 and 3-5).  
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Figure 3- 5 MicroCT scans along the plant axis of an individual after 6 months of recovery. In 
this individual, the upper stem died after severe drought and a new shoot was regrown after 
rewatering. A. Dead upper stem remains embolised. B. Pathway to upper stem remains 
embolised; functional xylem leads to shoot regrowth shown in C. D. Conductivity at stem base 
has been re-established by growing a new ring of xylem (shown in red) rather than by refilling 
the vessels. 

 

Vulnerability curves 

The hydraulic vulnerability curves during drought (VCD) indicated that saplings were mildly 

resistant with a P50 = -3.3 MPa. To further examine evidence of refilling, we developed 

vulnerability curves following recovery (VCR) by plotting the PLC of recovered plants versus 

the minimum water potential that they experienced during drought. We predicted that if the 

VCR and VCD were similar, then xylem refilling was unlikely to have occurred. The VCR 

exhibited a P50 of -3.1 MPa, which was not significantly different from the P50 estimated from 

the VCD. This provides evidence that embolism which occurred as a result of drought stress 

treatments was preserved in the xylem even after rewatering for a number of weeks (Fig. 3-6).  
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Figure 3- 6 Percentage loss of vessels as a function of (stem water potential) at different time 
points. VCD is constructed from dehydration points (yellow) and VCR transposed rehydration 
triangles (purple). Purple points represent samples that were dried and rewatered after 24h, 1 
week or 3 weeks. Purple triangles show the same PEV as the purple points but are transposed 
to the most negative water potential reached by the individual before rewatering. The purple 
curve (VCR) was constructed from these last triangles. The vertical solid lines indicate the P50 
values corresponding to the vulnerability curves and the two dashed lines represent the 95% 
confidence interval. 

 

3.5. Discussion 

We observed that recovery of xylem hydraulic capacity from severe water stress and high levels 

of xylem embolism was facilitated by growth of new xylem rather than embolism refilling in a 

diffuse porous angiosperm species, Eucalyptus saligna. Despite recovery in plant water 
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longer time periods (6 months), plants recovered xylem hydraulic capacity by growth of new 

xylem, while the older xylem remained embolised and non-functional. Whole plant 

transpiration rates recovered over this time period in proportion to re-expansion of canopy leaf 

area following rewatering. In plants that were subjected to moderate water stress, reductions in 

whole plant transpiration were observed, indicating stomatal closure, but there was no 

significant increase in mean PLV relative to pre-drought values. Plant water status and whole 

plant transpiration recovered rapidly after irrigation in the majority of MD plants, with 

individuals that suffered higher levels of embolism exhibiting more limited recovery.  Despite 

numerous studies suggesting that refilling can occur under low tensions in the xylem, we did 

not observe embolism repair in MD or SD treatments, even when xylem water potentials 

recovered to high values (> -0.5 MPa). These results provide further evidence that embolism 

refilling may not be a widespread mechanism of hydraulic recovery in woody plants following 

drought stress events.  

Previous experimental work provides contrasting evidence regarding the extent of embolism 

repair during recovery from drought. While some studies suggest that refilling is a routine 

process that occurs on diurnal timescales (Canny, 1997), other studies indicate that refilling 

does not play a major role in the recovery of xylem hydraulic capacity after drought (Clearwater 

& Clark, 2003; Brodribb et al., 2010; Choat et al., 2015; Knipfer et al., 2015b; Hammond et 

al., 2019; Choat et al., 2019). Similarly, our micro-CT observations demonstrated that 

embolism repair did not occur in E. saligna, regardless of water stress intensity or time period 

after rewatering (Figs. 3-4 and 3-5). The introduction of non-invasive imaging techniques has 

provided opportunities to examine the refilling process in unprecedented spatial and temporal 

detail, while avoiding artefacts associated with destructive sampling (Holbrook et al., 2001; 

Brodersen et al., 2010). However, a number of studies that utilize non-invasive imaging 

techniques have shown limited evidence of refilling after drought in angiosperm and 



 79 

gymnosperm species (Choat et al., 2015; Knipfer et al., 2015b; Choat et al., 2018; Lamarque 

et al., 2018; Rehschuh et al., 2020). 

While non-invasive methods have many advantages in the study of xylem function, recent work 

has highlighted potential artefacts associated with microCT studies of embolism repair (Savi et 

al., 2017; Petruzzellis et al., 2018). Expose to high doses of X-ray radiation during image 

acquisition have been observed to cause rapid cell death in some plant species. If mechanisms 

of embolism repair involve living cells in the xylem, which seems most likely, there is clear 

potential that X-rays may damage these living cells and inhibit refilling. Here, we eliminated 

the potential for tissue damage from microCT scans by using cohorts of plants, with each 

individual scanned once, rather than rescanning the same individuals many times during the 

experiment. While we could not track the status of individual vessels using this approach, it did 

allow us to assess the refilling mechanism by determining (a) differences in mean PLV values 

between treatments, and (b) the presence or absence of partially refilled vessels in the scans of 

recovering plants. Based on these observations, we concluded that no repair mechanism was 

operating in E. saligna during recovery from drought stress.       

Recovery of hydraulic capacity in the 6-month recovery treatment was achieved by growth of 

new xylem tissue, rather than refilling of existing xylem. This finding is consistent with studies 

that have tracked recovery in conifer species over long time periods (~11 weeks) using dye 

staining techniques (Brodribb et al., 2010; Hammond et al., 2019). In the SD treatment, we 

found that 50-98% of vessels were embolised due to water stress, while plants in the MD 

treatment exhibited minimal embolism in the majority of replicates. Over the 6-month recovery 

period, microCT visualisation revealed that a new ring of xylem had formed outside the older 

xylem, in which the vast majority of vessels remained embolised. The newly formed xylem 

contained low levels of embolism and was of equivalent cross-sectional area to the older xylem 

(Fig. 3-6). These results demonstrate that recovery of xylem capacity occurred via growth of 
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new xylem over a period of months, rather than by a refilling mechanism that repaired 

embolisms on a shorter time scale. The mechanism and rate of recovery observed in E. saligna 

has implications for our understanding of the overall ‘cost’ of xylem embolism to woody plants 

and for process-based models that simulate recovery of woody vegetation after drought.     

Interestingly, in the MD and SD treatments, the proportion of embolised vessels increased after 

rewatering; despite recovery of Yx, the proportion of embolised vessels was higher after 1-3 

weeks of recovery. This surprising and counter-intuitive result suggests embolism may continue 

to spread through the xylem network even after drought stress has been relieved. In the MD 1-

week recovery treatment, two individuals suffered almost complete canopy loss after appearing 

to have initially recovered at 24hrs post drought. Notably, these two individuals also suffered 

significantly higher PLV compared with the three other plants in the treatment block that 

maintained canopy. In the 3-week recovery time point, the higher mean PLV was driven 

primarily by one individual that never recovered Yx, suggesting that it died as a result of the 

severe drought treatment. The high PLV observed for some individuals at 1 and 3 weeks after 

rewatering has important implications for our understanding of mortality and canopy dieback 

processes in the field. In some instances, trees exposed to severe drought die well after being 

released from drought stress by significant rainfall events (Mueller et al., 2005; Breshears et 

al., 2009; Gu et al., 2015; Matusick et al., 2016). This has been interpreted by some as evidence 

that water stress and hydraulic failure and not playing a significant role in mortality (Gu et al., 

2015), however, the high level of embolism retained in stems post drought, and the possibility 

that this can spread further within the xylem while canopy transpiration is recovering, suggest 

that hydraulic injury continues to play a major role in mortality processes even after plant water 

status has improved.      

In terms of vulnerability to embolism, leaf turgor loss, and stomatal regulation during drought, 

E. saligna is sensitive to water stress relative to other Eucalyptus species (Bourne et al. 2017). 
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Consistent with this, Eplant declined rapidly as a result of stomatal closure with the onset of 

drought stress in both SD and MD treatments. This decrease in Eplant occurred prior to embolism 

formation and is consistent with previous studies showing that stomatal closure is coordinated 

to protect the plant from catastrophic spread of embolism within the xylem (Cochard et al., 

1996; Irvine et al., 1998; Bartlett et al., 2016; Martin‐StPaul et al., 2017). In the MD treatment, 

Eplant recovered to approximately half of pre-treatment values 24 hrs after rewatering and 

remained at this level for 2 weeks after rewatering, despite full recovery of plant water status 

within 24 hrs (Fig. 3-3). The post drought reduction in Eplant relative to pre-drought values 

observed for the MD treatment was not associated with xylem hydraulic limitations in three of 

the individuals, since PLV remained low in these plants. However, it is notable that one 

individual never recovered Eplant; this plant had higher PLV and shed its canopy 1 week after 

rewatering commenced. The dynamics of recovery in the MD plants provides evidence that 

elevated levels of xylem embolism lead to slower recovery of leaf gas exchange, consistent 

with other studies on this topic (Resco et al., 2009; Brodribb et al., 2010; Skelton et al., 2017). 

In the absence of increased embolism, reduced transpiration rates after drought likely reflects 

enhanced water use efficiency, which is commonly observed after moderate drought treatments 

(Pou et al., 2008; Martorell et al., 2014).    

The SD treatment induced high levels of stem embolism and complete canopy loss in the 

majority of individuals exposed to this level of drought stress (ca. -3.7 MPa), despite E. saligna 

having evergreen leaf phenology. Leaf shedding has been proposed as a “hydraulic fuse” 

allowing plants to reduce canopy transpiration and the probability of runaway embolism in stem 

xylem (Tyree et al., 1993; Pineda-García et al., 2013; Hochberg et al., 2017). It could also be 

that leaf water potential declined to more negative values than measured for stem water 

potential, leading to catastrophic embolism within the leaf and subsequent leaf mortality 

(Cardoso et al., 2020). In SD plants, Eplant recovered as plants were re-expanding leaf area, and 
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it was therefore difficult to assess the role that hydraulic limitation in the stem xylem played in 

recovery of leaf gas exchange. However, transpiration rates normalised to leaf area (Ec) were 

lower than pre-treatment levels at 3-weeks post rewatering, suggesting limitations to recovery 

caused by hydraulic dysfunction (Fig. S3-2). By 18 weeks after the SD treatment, Ec had 

recovered close to pre-treatment levels and this value remained unchanged at the 6 months 

recovery time point. This long-term recovery in transpiration rates was associated with growth 

of new xylem, as seen in microCT visualisation (Figs. 3-3, 3-4 and 3-5). 

 

3.6. Conclusions 

Our data demonstrate that recovery of xylem hydraulic capacity after a severe drought treatment 

was effected by growth of new xylem tissue rather than refilling of embolised vessels. There 

was no evidence of embolism repair, regardless of drought treatment (moderate or severe) or 

time point after rewatering. Over a time period of 6 months, plants exposed to severe drought 

stress recovered from complete canopy loss and very high levels of stem embolism. This is 

consistent with the ecology of Eucalyptus species, which are well adapted to recover from 

extreme drought stress by re-sprout from epicormic buds following canopy dieback. As such, 

our results suggest that slow recovery from catastrophic levels of embolism by growth of new 

xylem tissue is the most likely mechanism for Eucalypt species following a severe drought. 

These data suggest are consistent with recent studies suggesting that embolism repair is not a 

common mechanism of recovery in woody plants after drought recovery (Clearwater & Clark, 

2003; Brodribb et al., 2010; Knipfer et al., 2015a). However, other studies have provided 

evidence of embolism repair mechanisms, with some data suggesting that these mechanisms 

can operate while the xylem is under mild tension (Holbrook et al., 2001; Hacke & Sperry, 

2003; Brodersen et al., 2010; Yang et al., 2012). Clearly, we require further studies that address 

the impact of variable intensity and duration droughts, and the following recovery periods, to 
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determine whether xylem refilling is an important or common physiological process across 

woody species.  

 

3.7. Supplementary figures 

 
  

Figure S3- 9 Description of the experimental timeline of the watering treatments throughout 
the different stages of the experiment. At the beginning, all plants were kept well- watered. We 
formed five cohorts of plants. The first cohort was submitted to a cycle of mild drought and 
long-term recovery. The second cohort was submitted to a cycle of severe drought and long-
term recovery. The third one was submitted to a severe drought and short-term recovery. The 
fourth cohort was submitted to a severe drought. The fifth one was submitted to a mild drought 
and short-term recovery. Transpiration rate and embolism (via microCT) measurements were 
carried on all cohorts of plants in order to cover the whole period of drought and recovery.   
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Figure S3- 2 Transpiration rate on leaf area basis (mmol m-2 s1) at different timepoints during 
medium drought (blue) and severe drought (magenta).  
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Chapter 4: The role of hydraulic failure in a massive mangrove 

die off event 

 

In prep as: Gauthey, A., Backes, D., Balland, J., Alam, R., Maher, D.T., Cernusak, L.A., 

Brendan Choat 

 

4.1. Abstract 

Between late 2015 and early 2016, more than 7000 ha of mangrove forest died along the 

coastline of the Gulf of Carpentaria, in northern Australia. This massive die-off was preceded 

by a strong 2015/2016 El Niño event, resulting in lower precipitation, a drop in sea level and 

higher than average temperatures in northern Australia. In this study, we investigated the role 

of hydraulic failure in the mortality and recovery of one of the most dominant species, 

Avicennia marina, two years after the mortality event. We measured predawn water potential 

(Ypd) and percent loss of hydraulic conductivity (PLC) in surviving individuals across a 

gradient of impact. We also assessed the vulnerability to drought-induced embolism (Y50) for 

the species.  Areas with severe canopy dieback had higher native PLC (39%) than minimally 

impacted areas (6%), suggesting that hydraulic recovery was ongoing. The high resistance of 

A. marina to drought-induced embolism (Y50 = -9.6 MPa), indicates that severe water stress 

(Ypd < -10 MPa) would have been required to cause mortality in this species. Our data indicate 

that severe water stress was a causal factor in the mass die-off event, with the formation of 

embolism leading to hydraulic failure and mortality in A. marina. It is likely that lowered sea 

levels and less frequent inundation by seawater, combined with lower inputs of fresh water, 
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high evaporative demand and high temperatures, led to the development of hyper-salinity and 

extreme water stress during the 2015/16 summer.  

4.2. Introduction 

To support photosynthesis, woody plants must extract water from the soil and transport it to the 

leaves. Water is transported through the xylem conduits under tension and is prone to cavitation, 

leading to the formation of gas emboli that block the conduits and reduce hydraulic 

conductivity. As drought intensifies, tension in the xylem increases, increasing the probability 

of cavitation. This phenomenon can eventually lead to systemic failure of the water transport 

system and death by hydraulic failure (McDowell et al., 2008; Brodribb and Cochard, 2009). 

As a result, xylem vulnerability to cavitation, often represented as Y50 (i.e. water potential at 

which 50% of the xylem conductivity is lost), is considered to be an important component of 

drought tolerance in trees and the capacity of different plant species to survive during extreme 

drought events (Choat et al., 2012; Choat, 2013). 

Many woody ecosystems are already highly vulnerable due to changes in land use and climate 

change. In Australia, estuarine ecosystems and coastal wetlands, including mangroves and 

saltmarshes, are listed as one of the most vulnerable ecosystems (Laurance et al., 2011; Dixon 

et al., 2016). Their distribution is fragmented and narrow, making them more vulnerable to 

environmental stress that could lead to local extinctions (Duke et al., 2007; Laurance et al., 

2011). Increased temperature and heatwaves frequency as well as reduced rainfall can raise the 

vapor pressure deficit (VPD) and contribute to higher rates of plant water loss through 

transpiration. Mangroves are highly responsive to VPD as maintaining high water use 

efficiency in saline environment is essential for their survival (Reef and Lovelock, 2015). 

Reduced rainfall can also limit water availability in groundwater and lead to local droughts, 

resulting in a decrease in mangrove survival and a reduced biomass (Mafi-Gholami et al., 2020).  
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From a physiological perspective, mangroves are fascinating, with a range of adaptations that 

allow them to grow in saline, anoxic substrates and cope with frequent tidal inundation (Ball, 

1988a). An important consequence of growing in a high salinity substrate is having to overcome 

an enormous osmotic pressure gradient in order to extract water necessary for transpiration and 

growth. At the salinity of seawater, this pressure exceeds 2.5 MPa, which is physiologically 

equivalent to growth in extremely dry soils. Leaf water potential in mangroves is therefore 

consistently low, ranging from -2.7 to -5.7 MPa (Scholander, 1968). To cope with increased 

salinity, mangroves exclude and filter the salt in sea water. Some species secrete salt via salt 

glands situated at the leaf level, whereas others filter salt directly at the root level (Scholander, 

1968; Tomlinson, 2016). Similarly to species living in xeric environment, mangroves are 

resistant to water-stress (e.g. Y50 ranging from -4 MPa to -8.5 MPa) and can tolerate low water 

potentials without experiencing significant cavitation (Melcher et al., 2001; Jiang et al., 2021). 

Thus, while mangroves are effectively exposed to continuous and extreme water stress, they 

form a highly productive ecosystem (Bouillon et al., 2008). However, despite adaptions to 

growth at low water potentials, mangrove species are still impacted by drought and salinity 

stress (Ball and Pidsley, 1995; Mafi-Gholami et al., 2020).  

Mild or moderate drought events have been reported to reduce photosynthetic capacity of leaves 

(in A. germinans; Sobrado, 1999; Sobrado, 2006); increase salt secretion rates and decrease 

stomatal conductance (in A. germinans; Sobrado, 2002); lower growth rate (Sonneratia alba; 

Krauss et al., 2007); and cause a loss of canopy (A. marina and Rhizophera mucronate; Mafi-

Gholami et al., 2017). While mangrove ecosystems are known for being resilient to short-term 

drought periods (Galeano et al., 2017; Andrieu et al., 2020; Mafi-Gholami et al., 2020), more 

extreme drought events have been associated with mass dieback of mangrove vegetation (Duke 

et al., 2017; Lovelock et al., 2017).  
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In the tropics, many drought events are related to El Niño Southern Oscillation (ENSO) 

anomalies, leading to extensive tree mortality (Rice et al., 2004). In North-East Australia, El 

Niño is responsible for short-term drops in sea level, increased temperatures and reduced 

rainfall, which play a crucial role in mangrove dieback (Duke et al., 2017; Galeano et al., 2017). 

During the El Niño event of 2015-2016, northeast Australia experienced persistent and extreme 

high temperatures as well as severe drought due to an unusually long dry season over the 

previous year and below average rainfall. These conditions were coincident with a massive 

dieback event in mangrove forests growing along the Gulf of Carpentaria coastline. Over 

1000km of coastline was effected, with a total area of more than 7400 ha of mangrove forest 

impacted by dieback from late 2015 to early 2016 (Duke et al., 2017; Sippo et al., 2018). 

Another factor associated with the dieback was the extreme variation in sea level (20 - 30 cm 

lower) caused by weak winds and cool water (Hamlington et al., 2016; Harris et al., 2017). The 

drop in sea level affected tides, resulting in less inundation of upper areas of mangroves and 

increased water-stress. Although it is difficult to attribute direct causality for the dieback event, 

previous analyses of environmental data suggest that severe moisture deficit derived from high 

temperatures, low input of freshwater, and less frequent tidal inundation, was likely to be a 

central factor causing mass mortality of mangroves (Duke et al., 2017).  

Mass dieback of mangroves associated with extreme heatwaves and drought suggests that there 

are hard limits to the level of water stress that mangroves can survive and that these limits may 

be more frequently encountered with increasing global temperatures and more extreme drought 

events (Duke et al., 2017). The dramatic El Niño event of 2015/16 provided a unique 

opportunity to study drought-induced mortality in mangrove species and evaluate hydraulic 

vulnerability and thresholds of mortality. Despite their exposure to drought and salinity stress, 

very few studies have investigated the vulnerability of xylem to embolism in mangrove species 

(Sperry et al., 1988; Tyree and Sperry, 1989; Melcher et al., 2001; Ewers et al., 2004) or the 
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role of hydraulic failure in mangrove dieback events.  In this study, we focused on the dominant 

species found in the Gulf of Carpentaria, in north Queensland, Avicennia marina, in order to 

assess its vulnerability to water stress induced mortality. We determined Y50 using a non-

invasive (optical technique) method and provided an estimation of the impact of drought on 

plants growing along a natural gradient of water-stress. As A. marina is a resilient species, we 

expected to find it to be particularly resistant to drought and that the dieback was caused by 

intense climatic events. 

 

4.3. Materials and methods 

Site and plant material 

The study site was located in Karumba (Kuthant and Kurtjar countries), in the southern part of 

the Gulf of Carpentaria (north-west Queensland, Australia; 17° 28’S, 140° 48’ E). This site was 

chosen because of the gradient of tree mortality from seaward to landward zones observed after 

the 2015-16 dieback event. Trees growing on the landward zone fringing the saltpan, 

approximately 250 m from the ocean edge, displayed high rates of mortality, while trees 

growing on the ocean front exhibited no sign of impact and green canopies (Duke et al., 2017; 

Sippo et al., 2020). While mortality was not explicitly assessed in this study, the impact gradient 

was clearly visible based on satellite images (Fig. 1; mortality data also available from 

http://wiki.auscover.net.au/wiki/Mangrove) and was also assessed by Sippo et al. (2020).  

Avicenna marina (Forssk.) Vierh. var. eucalyptifolia (Zipp. ex Miq.) N. C. Duke, commonly 

known as the grey mangrove, is one of the most widely distributed mangrove species in the 

Gulf of Carpentaria, occurring between 30°N and 38°S (Duke, 1990). Its latitudinal range 

covers a wide spectrum of habitats, and its growth form is highly plastic, ranging from a shrub 
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(1-3m) to tall trees (5-10m) in the tropics. It has lanceolate glossy leaves with salt glands, and 

aerial roots (pneumatophores), which allow the plant to excrete salt from the sap and absorb 

oxygen, respectively.  

Three transects were established from the saltpan to the oceanfront. Three zones were defined 

along these transects: severe impact (landward adjacent to saltpan, SI), intermediate impact (II) 

and minimal impact (seaward fringe, MI) (Fig. 4-1). The impact severity was directly related, 

and increased with, the distance of the trees from the waterfront. Trees from MI zone did not 

show any sign of visible past or present impact whereas trees from SI zone had more than 75% 

of their branch dead or heavily impacted. Trees from II zone had between 25% and 75% of their 

branch dead or impacted. All measurements were done in August 2018, two and a half years 

after the dieback event that occurred in the summer of 2015/2016. During these two years 

between the dieback event and sampling, annual precipitation for this region fluctuated (970mm 

in 2017 and 536mm in 2018), while mean annual temperatures (34°C in 2017 and 33.8°C in 

2018) remained above the mean of the past 15 years (33.6°C) (data extracted from Australian 

Government Bureau of Meteorology, bom.gov.au).  

Figure 4-1 Map showing the field site in Queensland (A) and a detail of transects and sampling 
sites (B) (in blue sites with minimal impact, in magenta with intermediate impact and in red 
with severe impact). The satellite image was sourced from the Queensland Government 
(https://qldglobe.information.qld.gov.au/) and dated from 2018 (April to November 2018). 

Karumba, 
Queensland

Minimal Impact (MI)
Intermediate Impact (II)
Severe Impact (SI)

A B
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Native embolism 

Three branches from different trees were collected per zone per transect (i.e. 30 branches total 

as an additional SI sampling point was added) for native embolism measurements. We 

harvested branches from adult trees (i.e. >2.5 m tall). Branches that were collected from SI and 

MI zones had part of their canopy damaged from the previous die-back event but also exhibited 

regrowth. 

Branches over 1.5 m long (maximum vessel length ~ 20cm; from unpublished data) were 

collected prior to dawn to avoid hydraulic stress associated with the establishment of the 

transpiration stream occurring after sunrise. Branches were sealed in black plastic bags 

containing moist paper towels and transported to a temporary laboratory in Karumba. All 

measurements were undertaken within two hours after harvesting. One segment of 

approximately 10cm long per branch was measured (n=30). 

Native embolism was assessed by measuring percent loss of conductivity (PLC) of each branch 

as: 	

𝑃𝐿𝐶 =
𝐾()* − 𝐾#%#

𝐾()*
× 100 

where Kini is the initial hydraulic conductivity and Kmax is the maximum hydraulic conductivity 

(both, kg s-1 m-1 MPa-1).  

Segments of the branches were cut under water and left with the cut end submerged for 

approximately 20 min in order to release xylem tension and avoid introducing gas bubbles into 

the segment while cutting (Wheeler et al., 2013). The initial hydraulic conductivity (Kini) was 

measured by connecting the sample to a perfusing solution (deionised water and 20 mM NaCl) 
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and attached to a flow meter (LiquiFlow L13-AAD-11-K-10S; Bronkhorst High-Tech B.V., 

Ruurlo, the Netherlands). The maximum hydraulic conductivity was obtained by measuring the 

same sample after it was flushed. Flushing was carried out using a syringe filled with degassed 

perfusing solution that was pressurized using a calking gun. Segments were flushed at a 

pressure of ~ 100 kPa until Kmax measurements showed no further increase in conductivity 

(minimum of 20 minutes).  

 

Predawn water potential  

For each native embolism value (i.e. for each branch), predawn stem water potential (Ypd) was 

measured and averaged on 2 to 3 leaves. Measurements were conducted using a Scholander 

pressure chamber (PMS Instrument Company, Albany, OR, USA). Branches were kept in 

plastic bags for at least 1h before measurements, to ensure that leaf and stem water potential 

were equilibrated.  

 

Vulnerability curve  

Five healthy-looking branches (i.e. full canopy with intact green leaves) were collected for the 

vulnerability curve (VC). In order to avoid measuring branches with high native embolism that 

would yield misleading results (i.e. curves shifted towards more negative water potentials), 

branches were only collected from MI zones. Branches (~1.5m long) were harvested at predawn 

from adult trees and measured. The VC was obtained using the optical vulnerability technique 

(Brodribb et al., 2017).  

Segments ranging from 0.5 to 1.2 cm in diameter were selected for each branch and a small 

section of bark was carefully removed to expose the xylem. An 8-megapixel camera with a 
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magnified 20x lens and with light-emitting diodes (LEDs) was placed on the bare xylem and a 

Raspberry Pi board computer (Raspberry Pi Foundation, http://www.raspberrypi.org) was set 

to take pictures every 10 minutes. A PSY1 Stem Psychrometer sensor coupled with a microvolt 

data logger (ICT International, Armidale, NSW, Australia) was used to automatically log 

measurements of xylem water potential (Yx) during dry down. The psychrometer was set up on 

the base of the stem, at least 40 cm apart from the camera in order to minimise the effect of its 

installation. Bark was removed gently, and the xylem washed with Milli-Q (deionised and 

filtered water). Once the sensor was installed on the xylem, it was wrapped with parafilm to 

seal the chamber. Measurements were taken every 10 minutes to match the camera settings. 

Samples were left to dry under plastic bags, in order to limit excessive transpiration, until no 

embolism events were observed for at least 10 hours. Images were downloaded and analysed 

using ImageJ (Schneider et al., 2012) following established protocols 

(https://github.com/OpenSourceOV). After image subtraction, embolism events were clearly 

revealed, and the area of embolism was calculated for each sample. The percentage of 

embolism, or percentage of loss of area, was determined as:  

%	𝑙𝑜𝑠𝑠	𝑜𝑓	𝑎𝑟𝑒𝑎 =
𝐴+),
𝐴()*

	× 	100 

where Acav is the cumulative area of cavitated xylem at time t and Amax is the maximum area of 

cavitated xylem at the end of each sample dehydration.  

Each embolism event was coupled with water potential measurements, and vulnerability curves 

were obtained for every sample (n=5).  

  

Data analysis  
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For native embolism, results of PLC and Ypd were averaged for each zone (SI, II and MI). After 

testing for normality, we tested for variation in PLC and Ypd among zones with one-way 

analysis of variance (ANOVA).  

Vulnerability curves were fitted to a Weibull function using the fitplc package (Duursma and 

Choat, 2017) with branch incorporated as a random effect as the OV technique allows a series 

of repeated measurements on a single individual. Points of interest (Y12, Y50 and Y88; i.e. water 

potential corresponding to 12, 50 and 88% of embolism, respectively) and their 95% confidence 

intervals were extracted from the VC using a standard profiling method. 

All statistical analyses were conducted with R 3.1.2 (R Core Team, 2017) using RStudio 

(RStudio Team, 2015).  

 

4.4. Results 

Native embolism  

Predawn water potential differed significantly between sites SI (-7.5 MPa ± 0.2), II (-5.6 MPa 

± 0.5) and MI (-3.4 MPa ± 0.6) (all p-values < 0.05). While Ypd values were highly variable at 

the MI sites (-0.45 to -5.7 MPa), Ypd on the SI sites was less variable (-5.65 to -8.2 MPa) but 

indicated a high degree of plant water stress.  

PLC significantly differed between SI (38.8% ± 9.6) and MI sites (5.9% ± 3.1) (p-value = 0.01), 

but not with II sites (16.2% ± 7.8). On SI sites, PLC values were distributed in a wide range (0 

to 89.4%), whereas the distribution of the PLC values on MI sites was narrower (0 to 27.8%) 

and indicated less hydraulic stress (Fig. 4-2).  
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Figure 4-2 Effect of the degree of impact (MI minimal impact, II intermediate impact and SI 
severe impact) on predawn water potential (-MPa) (A) and percentage loss of area (B). The 
black horizontal lines represent the means and the edges of the boxes represent the standard 
errors. Whiskers extend to the maximum and minimum values and dark grey dots represent 
single measurements. Letters indicate significant differences from the ANOVA (p-value < 
0.05) between the sites.  

 

Vulnerability curves 

A. marina trees from the MI zone exhibited low vulnerability to embolism (Y12 -8.87 ± 0.93 

MPa; Y50 -9.59 ± 1.02 MPa; and Y88 -10.1 ± 1.71 MPa) (Fig. 4-3), indicating a capacity to 

withstand extremely low water potentials.  

Figure 4-3 Vulnerability curve (VC) from A. marina trees sampled on the sites of minimal 
impact showing the percentage of loss of area (PLA, %) against the water potential (Yx, -MPa). 
The average VC (blue) was built from 5 individual VCs (black). The vertical line shows Y50 
and the dotted lines the intervals of confidence (95%).  
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Comparison of native embolism and Ypd with the vulnerability curve (Fig. 4) provided a good 

opportunity to study hydraulic thresholds that were reached by A. marina on each impact zones. 

Although, the average Ypd for SI sites was very low at the time of measurements (Aug. 2018), 

when compared to the VC, mean values of Ypd for SI sites (-7.5 MPa ± 0.2) were just under the 

onset of cavitation (on VC, embolism starts at ~ -7.1 MPa), thus causing minimal cavitation. 

Due to intraspecies variation, it should be noted that some individuals collected to build the VC 

started embolising before this water potential (Fig. 4-3) and therefore low Ypd on SI sites could 

potentially cause embolism up to 13% in these individuals. The maximum native PLC measured 

at the time of the experiment (~89%) corresponded to a Yx of ~-10 MPa on the VC (Fig. 4-4).  
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Figure 4-4 Native embolism measurements with percent loss of conductivity as a function of 
the water potential in branches sampled at sites of different impact (blue minimal impact, 
magenta intermediate impact and red severe impact). The black sigmoidal curve represents the 
VC. Points represent an individual measure; triangles and diamond are the average of these 
points for each impact class. The dotted lines represent, from left to right, values of Y12, Y50, 
Y88, extracted from the VC. 

 

4.5. Discussion 

Mangroves growing adjacent to the saltpan (SI) exhibited higher values of native embolism 

(PLC) and lower predawn water potentials compared to mangroves growing on the seaward 

fringe (MI) (Fig. 4-2), indicating that SI individuals were more water-stressed than MI 

individuals. The vulnerability curve for A. marina (Fig. 4-3) exhibited low values of Y50, 

suggesting that this species was highly resistant to drought-induced embolism. We propose that 

the high PLC observed in SI plants was caused by severe water-deficit and high VPD associated 

with the previous intense climatic event (i.e. El-Niño). The high resistance to drought induced 
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embolism observed for this A. marina population, indicates that extreme levels of water stress 

would have been required to cause hydraulic failure in these plants. It is likely that individuals 

growing furthest from the waterfront and adjacent to the salt pan would have been subjected 

the highest levels of water stress during this time due to the development of hyper salinity in 

the soil.  

The strong El-Niño event of 2015 resulted in local drops of sea level and high temperatures, 

leading to increased soil porewater salinity while lower rainfall resulted in an absence of 

flushing of the substrate with fresh water and lower groundwater availability (Lovelock et al., 

2017; Wang et al., 2020). Consequently, mangroves experienced increased salinity, extreme 

soil water stress as well as high VPD.  

Significant differences in native embolism in A. marina along a transect of water-stress, 

approximately three years after the ENSO event, suggest that hydraulic failure played a central 

role in the dieback in 2015 in the Gulf of Carpentaria. Due to their distance to the waterfront, 

individuals that were found on the saltpan (SI) were expected to encounter higher water and 

salinity stress than individuals found on the oceanfront (MI). However, the difference in native 

embolism could not be explained by these gradients. Although SI individuals experienced very 

low water potentials, even prior to dawn, this level of water stress (~ -7.5 MPa), was not 

sufficient to cause significant cavitation, with vulnerability curves showing that embolism 

started at a mean Yx of -7.1 MPa. However, SI individuals exhibited high native embolism 

values (mean ~ 40% PLC) that corresponded to water potentials close to -8.6MPa, with the 

highest native embolism values corresponding to a water potential of -10MPa (maximum native 

PLC was 89%). This indicates that the high PLC values measured in SI individuals were likely 

caused by drought rather than by the normal range of water stress that the plants are exposed 

to. Therefore, the native embolism measured, and impact on surviving individuals observed, 

would most likely have been caused by a previous stress event such as the strong ENSO that 
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caused the mangrove dieback in 2015-2016. While the natural gradient may have accentuated 

the effect of this event, it was not the cause of the high embolism values measured in this study. 

In contrast, A. marina growing on the oceanfront (MI) experienced minimal stress as indicated 

by the high-water potential and low native embolism.   

The Y50 of A. marina was estimated at -9.6 MPa, with no embolism formation detected before 

-7.1 MPa (from the average VC). Low Y50 is correlated with high resistance to drought 

(Blackman et al., 2010; Corcuera et al., 2011; Nardini and Luglio, 2014) and often found in 

species growing in water limited environment (Nardini and Luglio, 2014; Trueba et al., 2017; 

Oliveira et al., 2019). A. marina is widely distributed in tropical and sub-tropical Oceania, and 

able to grow in areas with contrasting frequency of inundation, solar irradiation and rainfall 

patterns. A. marina is also known to be tolerant to changes in salinity (Ball, 1988b). While high 

concentrations of salt often negatively impact the plant by reducing photosynthesis (Li et al., 

2008), growth rate and stomatal conductance (Parida et al., 2004), A. marina can maintain 

constant water use efficiency with increasing salinity by reducing water loss in proportion to 

photosynthetic rate (Ball and Farquhar, 1984; Ball, 1988b; Patel et al., 2010). The high 

tolerance of A. marina to abiotic stresses and high adaptability to its environment (Dahdouh et 

al., 2004), in addition to a high variability of Y50 found across latitudinal gradient (Jiang et al., 

2021), may therefore explain the low Y50 found in this region. 

Our results are in agreement with previous studies showing that, among plant species, 

mangroves have been found to be relatively tolerant to drought-induced embolism (Sperry et 

al., 1988; Choat et al., 2012; Jiang et al., 2017; Zhu et al., 2018). Although A. marina was highly 

resistant to drought-induced embolism, the vulnerability curve exhibited a very steep slope after 

Yx reached Y50. The difference between Y50 and Y88 (0.51 MPa) was smaller than the 
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difference between Y50 and Y12 (0.72 MPa) indicating that the embolism spread accelerated 

after 50% of embolism was reached.  

The comparison of native embolism measurements with the vulnerability curve provided 

insights regarding the thresholds reached during the 2015-16 drought. In order to estimate this 

threshold of survival, we focused on branches where native embolism was highest (over 75%, 

n=3). As previously mentioned, the native embolism measured in SI sites was most likely 

caused by hydraulic failure from a past stress event, rather than by baseline stress resulting from 

their location adjacent to the saltpan. While SI individuals experienced significantly greater 

water-stress than plants in II and MI plots, the Ypd values were not low enough to generate the 

native embolism values measured here. These measurements were undertaken two years after 

the drought, so we assumed that the surviving individuals that were impacted by water stress 

would have recovered some proportion of xylem conductance lost during the 2016 dieback 

event. Recovery can  occur by either refilled (Ewers et al., 2004; Schmitz et al., 2012) or growth 

of new functional vessels in order to restore hydraulic conductivity through the branch. We 

therefore assumed that PLC values measured two years after the event were lower than at the 

time of the mortality event. Based on this assumption, we speculated that mangroves reached 

values of embolism that exceeded 75% (i.e. highest native embolism measured in SI branches). 

Studies investigating thresholds for drought induced mortality in woody plants indicate that 

water potentials causing 88% of loss of conductivity are a point of no-return for angiosperm 

species (Choat, 2013; Urli et al., 2013; Delzon and Cochard, 2014; Anderegg et al., 2015). A. 

marina survives higher stress than most plants due to high resistance to drought-induced 

embolism (Y12, Y50) and tolerance of high levels of embolism (Y88) before recovering. A higher 

resistance to drought-induced mortality would indicate that this species can endure extreme 

hydraulic stress.  
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In order to maintain a positive water balance, the leaf osmotic potential must be lower than the 

soil (Dixon and Joly, 1894). Despite this mechanism, some A. marina individuals in the seaward 

fringing plots experienced predawn water potentials higher than the water potential of the 

seawater (approximately -2.5 MPa). One explanation may be the existence of foliar water 

uptake during precipitation or when droplets of dew form on the leaves (Steppe et al., 2018). 

This phenomenon has been documented to improve leaf water status in a range of species and 

environments (Boucher et al., 1995; Yates and Hutley, 1995; Limm et al., 2009; Gerlein-Safdi 

et al., 2018). Mangrove species could also use foliar water uptake as a strategy to raise leaf 

water potential. The capacity of salt crystals located on the surface of the leaf to attract liquid 

and facilitate its entrance into the leaf has been discussed, although it seems unlikely due to the 

potential uptake of salty water through the stomata (Reef and Lovelock, 2015). However, A. 

marina is capable of taking up water from the leaf, which induces reverse sap flow through the 

plant and results in the restoration of favorable plant water balance and stem diameter growth 

(Steppe et al., 2018; Coopman et al., 2021). Leaf water uptake would also restore leaf hydraulic 

conductance and could help prevent hydraulic failure during drought (Fuenzalida et al., 2019; 

Coopman et al., 2021). 

Mangroves growing on the saltpan were at a higher elevation (~1 m to 1.5 m) than those 

growing on the edge of the water (Sippo et al., 2020) and this difference in elevation may partly 

drive the difference in water availability along the transect. With the drop in sea level and lower 

rainfall observed during El Niño, it is possible that the  soil water in SI areas was not sufficient 

to meet demand of water by these trees (Xia and Li, 2012; Sippo et al., 2020). Differences in 

native embolism through this gradient suggest that drought-induced mortality, enhanced by the 

effects of El Niño, was driven by hydraulic failure. With low sea level and low rainfall, the 

geochemistry of the sediment was also observed to change from reducing to oxidising ions such 

as iron (Fe). Fe levels in mangrove wood were reported being 30 to 90 higher in dead mangroves 
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than baseline Fe (prior dieback) (Sippo et al., 2020). Although A. marina may tolerate high 

concentrations of Fe (Johnston et al., 2016), Fe toxicity may still contribute to mangrove 

mortality during this event (Sippo et al., 2020). As changes in sediment biogeochemistry and 

drought were concomitant, it is possible that low water availability and Fe toxicity both 

contributed to the A. marina dieback. 

 

Conclusion 

Mangrove species are found in tropical and estuarine regions, so they often face major climate 

disturbances. In this study, our results suggest that water stress and hydraulic failure may have 

played an important role into the massive mangrove dieback that followed an intense El-Niño 

event. The impact was more important on trees that were growing further from the seafront, 

suggesting that the degree of mortality was dependant from water accessibility location. Most 

mangrove trees show the ability to recover within a few years after an extreme climatic event 

(Sherman et al., 2001; Alongi, 2008; Long et al., 2016), although recovery speed and efficiency 

is different between species and sites (Snedaker et al., 1992; Imbert et al., 2000). Even though 

this species was highly resistant to drought-induced embolism, low predawn water potentials, 

found at high impact sites, indicated that individuals growing on the saltpan were constantly 

exposed to more water stress because the higher substrate salinity (compared to trees growing 

on the oceanfront). However, since these values could not explain the high PLC measured in 

some individuals, native embolism was considered a good marker to identify hydraulic failure 

from the drought event.  
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Chapter 5: Summary and synthesis  

 

Decades ago, the first report on human-induced warming was released, highlighting the 

dangerous effects of greenhouse gases on the global climate (Hansen et al., 1988). Since then, 

an exponential number of studies have investigated the impact of climate change on biodiversity 

and the environment (Legagneux et al., 2018). As a result, forests have become increasingly 

vulnerable to extreme climatic events associated with drier and warmer future climates (Allen 

et al., 2010; Anderegg et al., 2013). The physiological mechanisms  underpinning mass forest 

mortality events associated with drought are still poorly understood, although there is now a 

consensus that hydraulic failure in plant vascular systems often play a central role where plants 

die from water stress (Dai, 2011; Adams et al., 2017). This involves a breakdown in water 

transport through the xylem (i.e. conductive tissue) caused by the blockage of xylem conduits 

by gas emboli. As such, vulnerability to drought-induced embolism is widely used as a proxy 

to predict plant mortality under water stress.  

The aim of this thesis was to investigate the consequences of drought stress and subsequent 

recovery across a range of native (and few non-native) Australian tree species. To do so, a key 

hydraulic trait (Y50) was measured using 3 different techniques and compared across 7 species 

with different xylem anatomy (chapter 2), with the objective to assess the accuracy of non-

destructive techniques to detect drought-induced embolism. These techniques were also utilised 

to examine drought recovery in Eucalyptus saligna, an important native tree species distributed 

in the Sydney basin (chapter 3). Finally, a mass forest mortality event associated with extreme 

weather provided an opportunity to study the underlying causes of plant mortality and recovery 

of a mangrove species, Avicennia marina (chapter 4).  
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Figure 5- 1 Conceptual framework of the thesis highlighting the dynamics of xylem embolism 
during a cycle of drought and recovery. For each chapter, the context is presented, and the 
shaded boxes indicate the results. 

 

5.1. Synthesis of experimental chapters 

Non-destructive methods can be used to measure stress-induced embolism 

The most common methods used to determine plant vulnerability to embolism require 

destructive sampling (Venturas et al., 2017). As water in the xylem is transported in a 

metastable state, any disturbance to the water column can result in the introduction of gas 

bubbles (i.e. embolism). Drought often results in higher xylem tensions, leading to a greater 

probability of drought-induced embolism through air-seeding (Zimmermann, 2013). While this 

phenomenon can be limited for a certain amount of time via the closure of stomata (Domec et 

al., 2004; Creek et al., 2020) and the integrity of pit membranes (Choat et al., 2008; Jansen et 

al., 2009; Delzon et al., 2010; Lens et al., 2013), the spread of embolism through the xylem can 
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(Choat, 2013). Therefore, excising stems or other plant parts in order to measure hydraulic 

conductivity may introduce air to the xylem and result in significant artefacts (Martin-StPaul et 

al., 2014). Visual measurement techniques on intact plants have shown great promise as non-

destructive assays of xylem vulnerability. They can also be used to resolve potential artefacts 

that afflict hydraulic techniques and the best manner in which these errors can be minimised. 

However, while visual methods can be applied non-destructively, they do not assess hydraulic 

conductivity directly, instead allowing quantification of embolised vessels (microCT) or of 

embolised area (OV), both referred to as PLV (percentage of loss of vessels), as a function of 

water stress. The indirect assessment of hydraulic conductivity using OV has led some authors 

to question the suitability of visual techniques to measurements of xylem embolism resistance.  

In chapter 2, estimates of Y50 were not significantly different between hydraulic and visual 

methods across seven species. This suggests that while xylem network and complexity impact 

hydraulic conductivity, loss of vessels provide an accurate proxy to measure Y50. These results 

were consistent with some previous studies (Brodribb et al., 2017; Chen et al., 2020) while 

contradicting others (Venturas et al., 2019; Pratt et al., 2019). The similarity between estimates 

of Y50 for visual and hydraulic methods observed in chapter 2 suggests that (a) errors associated 

with visual techniques in previous studies (presence of fluid filled, non-conductive vessels,  

(Pratt & Jacobsen, 2018), system level hydraulic resistance (Bouda et al., 2019) or the possible 

damage of X-rays on the plants (Savi et al., 2017)) were negligible, and (b) that hydraulic 

techniques can produce reliable data when the appropriate protocols are used according to 

species and xylem anatomical type. The differences between OV and invasive methods found 

by Venturas et al. (2019) and Pratt et al. (2019), could be due to imprecise implementation of 

the OV technique, such as the use of oil-based compounds to cover the xylem segment being 

observed.  
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The result of chapter 2 indicate that visual methods not only provide an accurate assessment of 

loss in xylem function associated with cavitation, but also offer advantages over hydraulic 

methods. MicroCT has been used to investigate xylem characteristics (e.g. vessel distribution 

and diameter), as well as a 3D reconstruction of the xylem that provided a more detailed picture 

of embolism dynamics in stems and roots (Peters et al., 2020; Wason et al., 2021). While both 

microCT and hydraulic techniques are able to detect native embolism (i.e. embolism formed 

before sampling), only microCT can provide the visualization of the location of this embolism 

as well as its possible repair (Cochard et al., 2015; Choat et al., 2015; Pratt et al., 2020). On the 

other hand, the optical technique provides very high temporal resolution for development of 

embolism and a cost-effective method to investigate vulnerability segmentation across 

environmental gradients (Skelton et al., 2018) or among organs (Rodriguez-Dominguez et al., 

2018).  

Thus, we used microCT to investigate embolism dynamics through a cycle of drought and 

recovery (chapter 3). MicroCT was used to track embolism formation and the presence and/or 

absence of embolism repair in the same individual trees over a long period of time. It was 

essential to use this technique as it allowed the visualization of whether embolism repair was 

occurring, and how embolisms were distributed across treatments and in new and old xylem, 

during long-term recovery. In chapter 4, we used the OV technique which was more convenient 

for field-base study.  

 

Embolism repair was not observed after drought 

After experiencing water-stress, different recovery strategies can co-occur in many species. 

While two main strategies have been observed (i.e. embolism repair and regrowth of conductive 

tissue), the presence of embolism repair under negative pressure is still controversial (Sperry, 
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2013). The first response to drought is often related to the closure of stomata, as a protective 

role of the hydraulic system. Stomatal closure occurs before, or at the beginning of, embolism 

formation in plants (Martin‐StPaul et al., 2017; Hochberg et al., 2017; Li et al., 2019). Despite 

this preventive measure, embolism can spread inside the xylem quickly once xylem water 

potential reaches a critical threshold. While some plants can survive long periods of drought, it 

is still essential for them to recover from these events once water is restored.   

In chapter 3, the first response of E. saligna to drought was a sharp decrease in water potential 

(Y) as well as a decline in the whole plant transpiration (E). These results suggested that mild 

and severe drought quickly led to stomata closure, delaying the formation of gas bubbles in the 

xylem. However, while mild drought did not lead to more than 20% PLV, severe drought 

increased PLV to approximately mortality thresholds (i.e. Y50) (Hammond et al., 2019). Leaf 

shedding under severe drought was likely used as a strategy to mitigate the effects of drought 

by minimizing any water loss that might otherwise occur from leaky stomata or cuticles (Wolfe 

et al., 2016; Machado et al., 2021).  

Similar recovery strategies were observed under both types of drought. During short-time 

recovery (24h, 1 week or 3 weeks after rewatering), PLV did not change significantly, 

suggesting the absence of refilling, even under favourable conditions (low E, high water 

availability). Surprisingly, we observed that PLV seemed to increase slightly over time, rising 

to values almost three times higher (after 1 week for MD) than the ones measured at peak of 

the drought. This result, while unexpected, would explain the widespread forest mortality 

observed after a cycle of drought and rainfall, and often referred to as lagged mortality  (Bigler 

et al., 2007; Klockow et al., 2018; Trugman et al., 2018). This event might be due to the high 

amount of embolized vessels in the xylem. After a rainfall event and subsequent increased water 

availability, the transpiration stream is restored, but the risk of embolism spread might increase, 

even at lower tension.   
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After long-term recovery (6 months), overall PLV was found to decrease but was still high. An 

evaluation of the PLV in pre-drought and post-drought xylem rings showed that the new tissue, 

on the edge of the stem, was responsible for restoring the xylem hydraulic capacity of the plant. 

The older xylem was found to be almost entirely embolized, exhibiting values of PLV higher 

than the ones measured at the peak of the drought. The newly grown xylem tissue had PLV 

values that were significantly lower than those of the older xylem tissue; however, PLV values 

were higher than for previously measured well-water individuals. This could suggest that the 

presence of high numbers of embolized vessels, responsible for lagged mortality, could be a 

mechanism affecting long-term growth and repair in E. saligna.  

While Choat et al. (2019) observed the accumulation of water droplets in embolized vessels of 

E. saligna after drought and rewatering, the absence of embolism repair and the slower 

restoration of the conductivity through the formation of new tissue suggested that refilling was 

not a routinely used mechanism in E. saligna during drought recovery. These findings agree 

with numerous studies that show that angiosperms are unable to refill following drought and 

rewatering (Cochard & Delzon, 2013; Choat et al., 2015, 2019; Knipfer et al., 2015).  

Although recovery of hydraulic conductivity is essential for trees in order to survive after 

drought, the mechanisms of this recovery are not always well understood. Moreover, the 

mechanisms of recovery could also depend on the intensity and duration of water stress. While 

controlled experiments can help understand the mechanisms behind drought and recovery 

(chapter 3), it is often difficult to isolate these patterns of mortality in nature (chapter 4).  

 

 Drought and recovery in an extreme ecosystem 

Climate change is responsible for the increased proportion and intensity of extreme climatic 

events (Harris et al., 2018). Some natural phenomenon such as ENSO (El-Niño Southern 
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Oscillation) may become longer, driving more extreme events (drought, floods, hurricanes, 

fires) that are the principal causes of forest mortality (Granzow-de la Cerda et al., 2012; Maza-

Villalobos et al., 2013; Duke et al., 2017; Riascos et al., 2018). With regards to drought-induced 

tree mortality, two interdependent physiological mechanisms have been proposed: carbon 

starvation and hydraulic failure (McDowell et al., 2008). While the latter is explained by the 

increased xylem tension during drought, creation of embolism and disruption of the water 

transport pathway, the carbon starvation hypothesis proposes that stomatal closure following 

water stress would decrease uptake of carbon, leading to depletion of non-structural 

carbohydrates (NSC) and death (McDowell et al., 2008). Since these two phenomena can 

happen concomitantly, they are difficult to separate. However, dying trees are often found with 

low conductivity but variable amounts of NSC (Adams et al., 2017), and the threshold of 

mortality is often linked to water potential generating high values of PLC (Anderegg et al., 

2016), suggesting that hydraulic failure might be responsible for most of the forest dieback 

during drought. 

In chapter 4, we investigated a massive mangrove die-off event in the Gulf of Carpentaria 

(QLD) which occurred in the summer of 2015/2016. In some areas, more dieback was observed 

on the saltpan than at the edge of the water, thus creating a natural gradient of impact. Even two 

years after the dieback occurred, native embolism and predawn water potential values measured 

in the dominant mangrove species, A. marina, varied across the gradient. Using the OV 

technique (chapter 2), A. marina was observed to be extremely resistant to drought-induced 

embolism, exhibiting a very low value of Y50 (-9.6 MPa). As expected, trees growing further 

from water were the most severely impacted, exhibiting PLC values close to mortality 

thresholds (i.e. Y88). Some of these trees were also highly stressed, exhibiting predawn water 

potentials predicted to generate ~12% PLC. Previous studies indicate that mangrove species are 

relatively resistant to drought-induced embolism (Sperry et al., 1988; Melcher et al., 2001; 
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Ewers et al., 2004; Jiang et al., 2017), although Jiang et al. (2017) reported higher Y50 values 

for A. marina (-5.7 MPa). It was previously observed that the vulnerability of another mangrove 

species, Rhizophora mangle, was dependent on its zonal distribution, with estuarine (i.e. low 

salt content/less stress) trees exhibiting a higher Y50 than coastal individuals. This suggests that 

this species, as with many other tree species, are highly plastic, and morphological and 

physiological traits may depend on their environment. Therefore, it is possible that the low Y50 

that we found in A. marina differed from that found by Jiang et al. (2017) because of plasticity 

in hydraulic traits.  

The differences in PLC and Y, observed between coastal and inland A. marina, suggests that 

water was one of the main factors leading to this dieback. El-Niño caused a drop in sea level, a 

reduction in precipitation, and an increase in temperature, causing respectively, a decreased 

frequency of inundation, a reduced supply of fresh water, and higher VPD. Hence, mangroves 

growing on the saltpan were likely to have experienced severe water stress leading to hydraulic 

failure. While other factors may also have contributed to this dieback event (Sippo et al., 2020), 

it is likely that water deficit and high evaporative demand were the main drivers of tree 

mortality. The high values of PLC found two years after the event also suggest that embolism 

repair via refilling was unlikely to have occurred in this species, consistent with our results for 

E. saligna found in chapter 3.  

 

5.2. Conclusion and future directions 

Observations of forest mortality may be accelerated by the effects of global climate change. 

With more extreme droughts, trees may be pushed closer to their vulnerability thresholds, given 

that hydraulic safety margins are already very narrow across the majority of forest biomes 

(Ymin-Y50) (Choat et al., 2012). Massive dieback events have been recorded in many regions 
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and ecosystems, generating shifts in vegetation (Gonzalez et al., 2010) and longer recovery 

intervals (Hughes, 2003). It is therefore essential to understand the mechanisms underpinning 

the causes of such mortality and the dynamics of recovery, so that we can incorporate this 

knowledge into model-based systems to predict the future of our forests.  

While species-specific vulnerability to embolism is a crucial trait to consider when assessing 

forest vulnerability, there is considerable debate over the reliability of different methodologies 

used to measure this trait. The results of this research showed that new imaging methods 

produce reliable estimates of species vulnerability parameters. Although some issues remain 

concerning their applicability to field-based studies (microCT) or the dynamics of stem 

embolism (OV), these techniques have the advantage, compared to flow-based techniques (BD, 

CA), that they can be used to measure vascular dysfunction in intact plants.  

Assessment of recovery after drought is also essential in order to understand forest resilience. 

In many cases, lagged mortality is observed as a result of an intense event (Bigler et al., 2007; 

Klockow et al., 2018; Trugman et al., 2018). Trees might die months later after intense drought 

even under unlimited water availability. While two non-exclusive mechanisms have been 

proposed to explain recovery of hydraulic capacity after drought (i.e. refilling and growth of 

new xylem), lagged mortality and embolism repair still require further study given the lack of 

long-term datasets. Our results, concentrating on one Eucalyptus species using microCT, adds 

to a growing body of evidence suggesting that embolism repair is not common. PLV values 

increased one week after restoration of water in the environment. The damage to vessels 

observed 6 months after rewatering suggests that lagged mortality could be due to a significant 

number of embolized vessels in the xylem, possibly leading to the expansion of embolisms at 

higher water potentials. 
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Specific mortality and recovery mechanisms are difficult to separate in the field as there are 

often many confounding variables. Even though controlled experimental work is essential to 

study mechanisms, in-situ studies are required to show that these mechanisms are important in 

mature trees exposed to natural drought. Chapter 4 followed the recovery of a mangrove forest, 

two years after an intense drought event, suggesting that, while this ecosystem is resilient, 

drought affected trees, which grew under stressed conditions. Although some gaps remain to 

be filled, the results of this research aimed to help resolve some issues that remain controversial.  

The results presented in this study provide important advances in the field of plant hydraulics, 

specially concerning measurements of drought-induced embolism and investigation of the 

mechanisms of recovery. While this work contributes towards comprehending the causes that 

lead to massive dieback events, some gaps still exist and can restrict our understanding of 

mortality during drought stress. The methods investigated here focused on stem measurements 

of embolism. However, since hydraulic segmentation (i.e. difference in organ’s vulnerability) 

can be an important strategy for drought resistance (Scholz et al., 2014; Hochberg et al., 2016; 

Zhang et al., 2020), it may be essential to confirm if these imaging methods will generate 

accurate measurements on all plant organs, as tissues might differ anatomically. While these 

methods have been previously used to look at embolism dynamics in leaf midrib and secondary 

veins (Johnson et al., 2018; Klepsch et al., 2018; Losso et al., 2019; Corso et al., 2020; 

Petruzzellis et al., 2020), roots and fine roots (Skelton et al., 2017; Rodriguez-Dominguez et 

al., 2018; Losso et al., 2019; Peters et al., 2020), the lack of comparison between techniques 

for these organs might induce erroneous results. This work also illuminated the potential 

mechanisms generating recovery of conductivity after drought. However, recovery mechanisms 

are known to be highly species-specific (Trifilò et al., 2019) as well as environment-dependant 

(Zeppel et al., 2019). Further work could extend the use of non-invasive techniques to 

investigate embolism repair, potential refilling, and long-term recovery to a larger number of 
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species. Finally, mechanisms leading to hydraulic failure and recovery might differ between in-

situ and controlled conditions. Field studies are valuable, but events observed in the field are 

due to many uncontrolled factors, and difficult to separate from one another. Hence, there is an 

important role for controlled environment studies to provide insight into specific mechanisms 

and physiological processes that drive the observations in the field.  
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