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I like to think (and 
the sooner the better!) 
of a cybernetic meadow 
where mammals and computers 
live together in mutually 
programming harmony 
like pure water 
touching clear sky. 
 
I like to think 
(right now, please!) 
of a cybernetic forest 
filled with pines and electronics 
where deer stroll peacefully 
past computers 
as if they were flowers 
with spinning blossoms. 
 
I like to think 
(it has to be!) 
of a cybernetic ecology 
where we are free of our labors 
and joined back to nature, 
returned to our mammal 
brothers and sisters, 
and all watched over 
by machines of loving grace. 
 
 
All Watched Over by Machines of Loving Grace 
Richard Brautigan, 1967 
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Abstract 

Evaluating how plants respond to dry conditions is critical to managing and 

predicting the effects of climate change on vegetation. Water in the soil and plant are 

connected via the xylem, a network of dead and elongated hollow cells that provide 

conduits through which water flows during transpiration. Water movement is a tug of 

war between the competing water status of the plant and the soil; when conditions 

are favourable, water is pulled from the soil under a ‘metastable’ state of tension 

established via transpiration and capillary action in the leaf. As soil moisture declines 

during drought, capillary action in the soil microstructure resists the movement of 

water into the plant causing tension in the xylem to rise.  

Under tension the xylem is highly vulnerable to bubble nucleation, which results in 

rapid embolism of xylem conduits, reducing xylem hydraulic conductance.  This 

limits the supply of water for transpiration and photosynthesis. Excessive drought 

conditions cause catastrophic damage as embolism propagates through the xylem 

leading to plant dieback and death. The tension at which this occurs defines the 

absolute threshold of drought tolerance, and across species there are a range of 

thresholds reflecting the diversity in adaptation to different levels of water 

availability. Traits incorporating these thresholds can be used as powerful predictors 

of drought survival under extreme climate conditions, however the limited number of 

accurate and reliable measurements currently available significantly underrepresents 

the diversity of vegetation.   

Although there are a number of techniques for assessing xylem vulnerability, most 

are only suitable for in-depth study of xylem anatomy and physiology, and the few 

that have the capacity for broad-scale measurements are limited in access, restricted 

to short-vesseled species and can be susceptible to artefacts under some conditions. 

The aim of this thesis was to find a technique that could be used for accurately 

measuring the vulnerability of xylem to embolism in large numbers of species or 

individuals. 

In the first chapter I provide a brief introduction to the evolutionary history of the 

xylem, and the development of our understanding of xylem physiology. In detail I 

describe the mechanisms of xylem water transport, and discuss the limitations in the 
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context of climate change. Finally, current methodologies for assessing xylem 

vulnerability are reviewed. 

In the second chapter I explore a novel approach for reducing the number of 

measurements required to assess intraspecific variation, and use the approach to  

demonstrate significant variation in drought tolerance between two populations of 

Eucalyptus globulus.  

In the third chapter I develop procedures to expediate the process of assessing xylem 

vulnerability using a desktop scanner, and use the procedure to find significant 

differences in vulnerability between juvenile and adult Eucalyptus globulus.  

In the fourth chapter I develop a novel system based on the latest optical method of 

vulnerability assessment. Combining modern electronics, 3D printing technology and 

collaborative platforms, I develop a cheap, accurate, reliable, widely accessible and 

Open Source device for assessing drought tolerance, with a broad appeal to plant 

physiologists, ecologists, forestry managers and educators. This system provides the 

only current mechanism by which a large and diverse number of species can be 

measured without significant investment in facilities and training.  

In the final chapter I evaluate the approaches presented in the thesis and discuss 

future applications.  
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Chapter 1 - Introduction  

The evolution of a homoiohydric system that enabled plants to maintain hydration 

with a limited supply of water was essential to the ecological success of plants in the 

terrestrial environment (Raven, 1977). Bathed in the necessary water and resources 

to survive and procreate, the algal progenitors of land plants had little concern of 

desiccation and nutrient acquisition, but on land these resources were harder to 

acquire, not least because they were spatially separated – CO2 (and light) in the aerial 

environment, and water and nutrients in the ground below (Raven, 1977; Kenrick 

and Strullu-Derrien, 2014). In response, plants themselves became spatially 

segmented, evolving photosynthetic aerial parts protected from desiccation by a 

waterproof waxy outer layer, the cuticle, and rooting structures to extract water and 

to mine nutrients from the soil (Kenrick and Crane, 1997). Adjustable pores in the 

cuticle - the stomata - combined with extensive intracellular spaces, were early 

innovations that helped maximise CO2 exposure to the photosynthesising cells 

(Raven, 1977; Kenrick and Crane, 1997).  

An unavoidable consequence of exposing internal surfaces to air is that water vapour 

can be lost via the same pathway - in the words of the eminent botanist John Raven, 

“neither man nor nature has been able to produce a material which has a high 

permeability to CO2, but a low permeability to H2O” (Raven, 1977). To avoid the 

deleterious effects of desiccation, close coordination is required between stomatal 

conductance to water vapour and plant water status (McAdam and Brodribb 2012; 

Brodribb et al. 2017), and water must also be replenished at a rate equivalent to loss, 

thus there must be provision of a low-resistance pathway through which water can be 

efficiently supplied from the soil (Edwards, 2003). The evolution of the xylem, a 

network of hollow cells that facilitate the bulk flow of water from the soil to the 

shoots, enabled plants to maximise CO2 uptake for photosynthesis (Edwards, 2003), 

while a diversity of adaptations in stomatal density, size, shape, and in the control of 

stomatal aperture, allowed plants to finely tune the permeability of the cuticle to 

optimise CO2 uptake for water loss under different levels of water availability 

(Edwards, Kerp and Hass, 1998; Raven, 2002).  
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The xylem is composed of two types of cells for conducting water: tracheids, long 

single-celled conduits, and vessels, composed of series of smaller single-celled 

conduits called vessel elements (Tyree and Zimmermann, 2002). Tracheids were the 

only form of water-conducting cell in plants for the first 300 million years or so but 

are still present in most vascular plant groups today. Vessels, which almost certainly 

evolved from tracheids, are found almost exclusively in angiosperms (Tyree, Davis 

and Cochard, 1994). Both types of cell are lignified and dead with the apoplast 

removed at maturity. 

The xylem represents one part of the plant vascular system, along with the phloem, 

and this system allows efficient transport of water and nutrients from the roots to the 

sites of photosynthesis, and from the sites of photosynthetic activity to the rest of the 

plant (via the phloem). Together with processes for optimising CO2 uptake for water 

loss and protection of reproductive structures, the vascular system enabled vascular 

plants (the tracheophytes) to extend the range of habitats in which they lived and 

colonise the land to the extent we see today (Brodribb et al., 2009; Haworth, Elliott-

Kingston and McElwain, 2011; McAdam and Brodribb, 2012). 

The relationship between plant water status, water uptake, and stomatal conductance 

defines the evolutionary development and ecological diversity of plants in the 

terrestrial environment (Brodribb et al. 2017). Understanding how this relationship 

was resolved in the physiology of plant water relations is now of critical concern as 

plants face rising temperatures and increases in the occurrence, duration, and severity 

of droughts due to climate change (Allen et al., 2010; Parmesan and Hanley, 2015). 

For example, stem and leaf xylem differ significantly in structure and function as the 

xylem shifts in role from structural support and long-distance transport in the stem, 

to irrigation of the leaf lamina where the xylem branches into reticulated or 

longitudinal vein networks so that water can be efficiently delivered to the 

evaporating surfaces of the leaf mesophyll (Brodribb, Feild and Sack, 2010). We are 

now beginning to realise that the classical theory of hydraulic segmentation 

(Zimmermann, 1978), where peripheral and expendable organs are preferentially  

sacrificed during periods of stress to save more costly tissues, is not consistent 

among species (Skelton, Brodribb and Choat, 2017). This has important implications, 
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for example, in accurately representing species vulnerability to drought in climate 

vegetation models (Anderegg, 2014). 

Methods of evaluating xylem traits are essential to understanding the physiology of 

water stress and the capacity of plants to tolerate drought and our ability to predict 

and model the effect of climate change on vegetation. This forms the overarching 

theme of this thesis, but before presenting the thesis aims and overview of chapters, 

and indeed the chapters themselves, it is useful to first provide some historical 

context to our understanding of plant water relations, the physiology of water 

transport and the causes of failure under drought conditions and implications in the 

context of climate change, and a review of the current methods of evaluating xylem 

traits relevant to drought survival. 

1.1 Historical context 

The first empirical understanding of water transport in plants can be traced back to 

the 18th century and the work of Stephen Hales. Hales pioneered the measurement of 

blood pressure in animals and was compelled to understand the equivalent 

mechanism in plants having noticed sap being driven from the cut end of a vine 

(Hales, 1727).  

Before Hales there had been speculation as to the mechanism of water uptake in 

plants, most notably from Andrea Cesalpino, the Italian physician and botanist, who 

in 1583 correctly linked the uptake of water by roots with the way water is absorbed 

by cloth (Kramer and Boyer, 1995), but Hales was the first to seek a quantitative 

understanding through a series of cutting-edge experiments published in Vegetable 

Staticks in 1727, that measured rates of transpiration and absorption for different 

species and organs under a range of environmental conditions (Hales, 1727). His 

experiments demonstrated that rates of transpiration and absorption varied between 

species, were influenced by light and temperature, and that the source of pressure 

driving water transport in plants was not the same as in the vascular system of 

animals - there was, for example, no apparent pumping mechanism. He demonstrated 

a clear relationship between the absorption of water in the roots and the transpiration 

of water from the leaves, and linked the movement of water with capillary action and 
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root pressure (Hales, 1727). Indeed, it is quite remarkable given how close the 

description to the accepted cohesion-tension theory of water transport, that it was 

over a century before any more significant progress was made. Nonetheless, in the 

19th century several key processes involved in vascular transport became understood, 

including diffusion, osmosis, permeable and selective membranes, and turgor. In 

addition to a more detailed understanding of the link between water absorption and 

transpiration (Kramer and Boyer, 1995) these developments culminated in the 

publication of Henry Dixon and John Joly’s seminal paper of 1895 describing the 

cohesion-tension theory of sap ascent in plants (Dixon and Joly, 1895). 

1.2 Water transport and the cohesion-tension theory 

1.2.1 Water transport 

There are two processes by which water uptake and transport occurs in plants: 

diffusion and pressure-driven bulk flow (Taiz and Zeiger, 2006).  

Diffusion occurs because of the random movement of molecules colliding in a 

solution, and assuming all else is equal, probability dictates that molecules will move 

from a region of high to low concentration as they mix and assume a random 

distribution (Taiz and Zeiger, 2006). The rate of movement, CR, can be described 

using Fick’s first law (Fick, 1855): 

!" = −%&
!&
'  

where DS is the diffusion coefficient of the substance, CS is the concentration 

gradient, and L is the distance. From this we can derive the time, T, it takes for 

diffusion to occur over a distance, L: 

( = 	 '
*

%&
 

This relationship indicates that the speed of diffusion decreases dramatically with 

increasing distance, and that water transport over a long distance must occur by a 

process other than diffusion. Over shorter distances diffusion is useful, and in 

combination with pressure-driven flow caused by cell turgor, provides the process of 
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osmosis by which water and solutes enter into cells and are transported from cell to 

cell (Taiz and Zeiger, 2006). 

Understanding long distance transport, and the mechanism by which the vast 

majority of water is moved in plants, brings us to the cohesion-tension theory. First 

the concept of water potential must be introduced, and this helps us describe water 

status and the forces acting on, and the direction of water movement in plants and 

soils (Taiz and Zeiger, 2006).  

1.2.2 Water potential 

Water potential (Y) represents the free energy of water per unit volume (Joules m-3), 

and is therefore equivalent to a pressure. Y is typically reported in pascals (P; 1 

newton per square meter) and usually in the range of megapascals (MPa; 1MPa = 106 

Pascals). In its simplest form, Y integrates four components: the effect of dissolved 

solutes on a liquid (solute potential, Ys), pressure (pressure potential, Yp), gravity 

(Yg), and the adsorption of water on a surface (matric potential, Ym): 

Y	 = 	Y+ +	Y- +	Y. +Y/ 

Dissolved solutes reduce the free energy of water and thus Ys is always negative, and 

reduces Y. Yp describes the hydrostatic pressure of a liquid; if a liquid is 

compressed, Yp increases, if a liquid is stretched, a tension is generated and Yp 

becomes negative. Yg describes the influence of gravity, which exerts a downward 

force on the liquid as it increases with height. Ym is associated with the electrostatic 

attraction of water to a surface, and is typically excluded from studies of water 

potential, as we shall do here, because it bears little influence on water potential until 

water is a very thin film. In thin films of water the effect becomes substantial, but is 

then more usefully represented in changes in Yp and Ys, especially in the context of 

capillarity, as we shall see below. 

Water moves from high to low total Y. Applying this to diffusion, for example, we 

can see that a solution of water with a higher concentration of dissolved solutes has a 

more negative Ys, and thus a lower Y, and therefore water will move to this solution 
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from one with a lower concentration as the solutes diffuse the down the 

concentration gradient in accordance with Fick’s first law. 

1.2.3 The cohesion-tension theory 

The cohesion-tension theory describes the extraction of water from the soil and 

subsequent flow through the plant via a gradient of Y established in the leaves by a 

process of evaporation and capillary action (Dixon and Joly, 1895). 

Capillary action is the spontaneous movement of water in a capillary – a space such 

as a pore or tube. The movement is caused by the electrostatic attraction and 

adsorption of water to the walls of the surrounding container which causes the air-

water interface to curve (the meniscus) and exert a pull on the surface layer (Taiz and 

Zeiger, 2006). The interaction of water molecules at the air-water interface results in 

a strong surface tension that resists and transfers the pull back through the water 

column causing water to be drawn further into the capillary (Zimmermann, 1983). 

The hydrostatic tension (-Yp) generated by capillarity is related to the surface tension 

of water (T; 7.28 x 10-8 MPa m), the radius of the capillary (r) and the contact angle 

between the meniscus and container wall (a; Tyree and Sperry, 1989): 

Y- = 	
−2( cos 4

5  

Thus the narrower the capillary the greater the pulling force.  

During transpiration, water evaporates from the cell walls of the leaf mesophyll into 

the intracellular spaces, then out through the stomata on the leaf surface 

(Zimmermann, 1983). Cell walls are made of an intricate matrix of cellulose 

microfibrils that represent a vast network of nano-scaled capillary pores that generate 

a substantial -Yp and low Y (Zimmermann, 1983). Indeed, given a pore 20nm in 

diameter the theoretical pull is 14MPa (Hacke and Sperry, 2001).  

Soil and leaf water are connected via a continuous column in the xylem, and as water 

evaporates from the cell walls of the leaf mesophyll into the intracellular spaces of 

the leaf lamina, capillary action in the cell walls resists the receding meniscus and 
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tension is transferred down the water column through the xylem conduits, and more 

water is drawn from the soil (Zimmermann, 1983; Hacke and Sperry, 2001). 

It is important to realise the distinction between, for example, water sucked through a 

straw in a glass, and water drawn from the soil via the leaves. In the first instance, 

there is practically no tension within the water itself as it is drawn up through the 

straw - the electrostatic forces of attraction between water molecules are immense, 

well in excess of 100MPa (Pickard, 1982), and the resistance of the straw is 

negligible, and thus the water moves through the straw as one.  

Conversely, water flow in plants encounters substantial resistance in the soil to leaf 

pathway (Sack and Holbrook, 2006). The soil itself, like the walls of the mesophyll, 

represents a vast microstructure of pores and crevices that contribute a substantial 

source of capillary resistance to water flow into the plant, especially under drought 

conditions, as we shall see below. Water also encounters hydraulic resistance as it 

flows along the multitude of narrow xylem conduits, in accordance with Hagen-

Poiseuille’s law of laminar flow: 

67 =
128	:
;%7<

 

where h is the viscosity index of water (1.002×10-9 MPa s at 20°C) and DL is the 

conduit diameter. Water also encounters resistance as it flows between conduits 

(Pickard, 1982) and Yg (the influence of gravity) adds a resistance equivalent to 0.01 

MPa per metre of height  (Ryan and Yoder, 1997), dependent on water density. 

The net effect of these resistances is that the water column - the water bonds 

themselves - become stretched, placing xylem water in a volatile ‘metastable’ state 

that renders the xylem highly susceptible to the explosive growth of bubbles in the 

presence of nucleation bodies (Sperry and Tyree, 1988). 
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1.3 Drought and water transport failure 

1.3.1 The risks of metastable water 

Metastable water in the xylem should boil (Zimmermann, 1983). That is, tiny 

bubbles trapped in the microscopic crevices of the xylem should rapidly expand as 

their internal vapour pressure becomes greater than their surface tension and the 

declining (and ultimately negative) pressure outside (Pickard, 1982). Xylem water 

does not boil, however, because xylem development excludes air, and air bubbles in 

the soil water are filtered at the roots, although dissolved air remains (Zimmermann, 

1983). Vapour bubbles can form de novo in a metastable water column, a process 

known as cavitation, but this requires a tension in excess of 20 MPa (Caupin and 

Herbert, 2006), substantially more tension than is typically experienced by plants 

(Sperry and Tyree, 1988). Nonetheless, this illustrates the precarious nature of a 

system operating at a tension below atmospheric pressure and the risk of exposure to 

external air.  

A system operating at a tension below atmospheric pressure that is at risk of 

exposure to external air is precarious because air can easily enter the xylem due to 

damage (herbivory, weather, etc.), or forced out of solution in cold environments 

where xylem water freezes and then thaws (Sperry, 1993). Once a conduit has been 

exposed to air it rapidly transitions and becomes embolised, a term often, and 

confusingly used interchangeably with cavitation, and without a system in place to 

stop embolism from spreading to neighbouring conduits, any slight damage to the 

xylem would risk the integrity of the entire network (Sperry and Tyree, 1988).  

1.3.2 Protection from hydraulic failure 

Protection from hydraulic failure is given by bordered pits - porous structures in the 

xylem cell wall that facilitate water flow between adjoining conduits (Sperry and 

Tyree, 1988). Pits are regions where modified primary cell wall is exposed through 

an opening in the secondary cell wall, which is thickened and overarches to create a 

pit chamber (Choat, Cobb and Jansen, 2008). In angiosperms and some conifers, 

water flows through the pores of the primary wall and middle lamella, while in the 

most conifers the primary cell wall and middle lamella differentiates into a centrally 
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thickened, non-porous region, the torus, suspended by a ring of highly porous fibres 

called the margo (Choat, Cobb and Jansen, 2008). 

The remarkable mechanisms by which pits prevent the spread of embolism is 

different for torus-margo pits vs pits with a homogenous membrane. For torus-margo 

pits, the sudden pressure differential between an embolised and non-embolised 

conduit causes the margo to deflect against the pit border opening, causing it to shut 

like a valve and preventing the passage of air (Tyree and Zimmermann, 2002; 

Cochard et al., 2009; Delzon et al., 2010). In pits with a homogenous membrane, as 

the embolising conduit fills with air and water is drawn into surrounding conduits, 

the receding air-water interface reaches the pit membrane and breaks into small 

menisci at the opening of each pore and is drawn in (Tyree and Zimmermann, 2002; 

Choat and Pittermann, 2009). Pore capillarity arrests the receding meniscus as the 

surface tension balances the pressure difference across the pore (Sperry and Tyree, 

1988). The resulting barrier is only broken when the pressure difference exceeds 

safety thresholds. 

1.3.3 Exceeding safety thresholds 

The biophysical properties of the pits can only be effective when co-ordinated with 

the tensions experienced by the xylem; as with any safety valve, the operating range 

should be appropriate to the system being protected. If the pit pores are too large then 

the capillary force will be too weak to prevent the propagation of air through the pit 

membrane, and if the torus-margo pit is not sufficiently robust to withstand the 

pressure differential, then it could deform, rip or dislodge and allow air to pass 

through the margo (Sperry and Tyree, 1988).  

Critically in the context of drought, pits will also fail if the xylem tension exceeds 

their capacity. Xylem tension is predominantly influenced by two sources – vapour 

pressure deficit (VPD) and soil water (Taiz and Zeiger, 2006). VPD represents the 

difference in vapour pressure between the intracellular spaces of the leaf and the 

atmosphere. Increases in VPD due to changes in temperature and humidity will cause 

a higher rate of evaporation from the leaf mesophyll and reduce leaf Y. As soil 

moisture declines, solutes in plant cells become concentrated and Ys becomes more 

negative, as does Yp due to capillarity as water recedes deeper into the geometry of 
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the soil microstructure. Soil and xylem water potential are part of the same 

continuum, and so as soil Y declines so does xylem Y. 

Both of these processes risk driving xylem Y to critical thresholds of membrane pore 

failure. In response to increasing VPD, plants can reduce stomatal aperture, or close 

the stomata entirely, thereby increasing stomatal resistance to diffusion and reducing 

transpirational flux (Jones and Sutherland, 1991; Cochard et al., 2002; Brodribb and 

Holbrook, 2003). This can also buffer moderate declines in soil Y, but under 

excessive conditions when the stomata have already closed, and soil Y continues to 

decline, there is little the plant can do to stop xylem Y reaching critical pore 

thresholds, other than physically disconnecting the roots from the soil (North and 

Nobel, 1997, 1998). 

Once pit safety thresholds have been exceeded, embolism propagates through the 

xylem, uncoupling conduits from the water column and reducing xylem hydraulic 

conductance (Sperry and Tyree, 1988). Loss of conductance caps rates of 

transpiration and photosynthesis (Brodribb and Feild, 2000), thus recovery is slowed, 

growth rate is diminished, susceptibility to pests and pathogens increases, and die-

back ensues (McDowell et al. 2008; Anderegg et al. 2015). 50-90% losses of 

conductivity are fatal (Blackman, Brodribb and Jordan, 2009; Brodribb and Cochard, 

2009; Urli et al., 2013). 

1.4 Xylem vulnerability and climate change 

Xylem vulnerability is commonly assessed as the Y resulting in a 50% loss of xylem 

conductivity (P50; Sperry & Tyree, 1988). Across species, this P50 ranges from ~-1 

MPa to -18 MPa (Choat et al., 2012; Larter et al., 2017) - an incredible tension close 

to theoretical thresholds of cavitation (Larter et al., 2017) - reflecting a diversity of 

adaptations to different levels of water availability. In general, gymnosperms can 

tolerate higher tensions than angiosperms, and species from xeric environments tend 

to have a lower (more negative) P50 than those from more mesic environments, a 

pattern that can be reflected across species distributions as well (Maherali, Pockman 

and Jackson, 2004; Choat et al., 2012; Brodribb et al., 2014; Larter et al., 2017). 
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The hydraulic safety margin (HSM) is the difference between the P50 and the 

minimum Y typically experienced in the field and represents the degree to which 

plants normally operate near dangerous levels of hydraulic failure (Choat et al., 

2012). Broad-scale analysis of HSMs across species indicate that plants operate 

within remarkably narrow safety margins (Choat et al., 2012). This may be 

surprising, but also a logical corollary of evolutionary optimisation - if safety comes 

with a cost, as suggested by Choat et al. (2012), then maintaining a system far in 

excess of the xylem tensions typically experienced would reduce fitness as more 

energy is invested in embolism resistance/recovery than growth and reproduction. 

Under climate change, where new conditions of drought and heat can push plants 

beyond their normal range of operation, narrow safety margins are a considerable 

cause for concern (Choat et al. 2012). And indeed, widespread drought-induced 

forest decline due to climate change is already a global phenomenon (Allen et al., 

2010; Allen, Breshears and McDowell, 2015). 

The HSM is currently the best predictor of drought-induced mortality (Anderegg et 

al., 2016), and the inclusion of species HSMs is seen as a vital component in the next 

generation of trait-based models predicting the effect of climate change on plants 

(Anderegg et al. 2016; Anderegg et al. 2015; Soudzilovskaia et al. 2013; Skelton et 

al. 2015). Accurately representing the vulnerability of plants using the HSM depends 

on the number of accurate and reliable P50 values and the spatial and temporal 

variability of P50 due to genetic and phenotypic variation, ontogeny, season and plant 

development (Anderegg, 2014). These axes of variation have been explored in 

remarkably few studies, yet the evidence indicates there is a range of variation with 

some species showing significant variation across their distribution (Schuldt et al., 

2016) while others appear to be remarkably consistent across broad distributions and 

environmental clines (Lamy et al., 2014). 

Assessing within-species variance in xylem vulnerability is also critical for 

identifying drought-tolerant genotypes that can be used for agriculture (Tester and 

Langridge, 2010) and in assisted migration (Aitken and Whitlock, 2013), which is 

increasingly being seen as one of the only viable methods of protecting key species 

under climate change (Aitken and Bemmels, 2016).  
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Thus a significant number of xylem vulnerability measurements are required, yet to 

date the most comprehensive dataset of measurements contains values for only 384 

angiosperms and 96 gymnosperms (Choat et al., 2012). For context, in Australia, a 

continent likely to be one of the most adversely affected by higher temperatures and 

drought under climate change (Butt, Pollock and Mcalpine, 2013; Booth et al., 

2015), less than 15 of the 900 species of eucalypts that dominate the vegetation have 

been assessed for xylem vulnerability (Choat et al., 2012; Blackman et al., 2017).  

Methods of assessing xylem vulnerability are critical to increasing the number 

measurements. These will now be reviewed. 

1.5 Measuring xylem vulnerability 

Assessing xylem vulnerability can be divided into two parts: inducing embolism and 

measuring embolism (Cochard et al., 2013).  

1.5.1 Inducing embolism 

Currently there are three methods of inducing embolism in the xylem: dehydration, 

air-injection and centrifugation (Cochard et al., 2013).  

Dehydration is the most widely used method of inducing embolism (Cochard et al., 

2013). It is simple and easy to implement, does not require additional equipment, and 

most closely matches the natural process of drought-induced decline in plant Y. For 

in-situ (Breda et al., 1993) or potted plants (Tyree and Yang, 1992) water can be 

withheld, and excised segments can be air-dried naturally (Sperry, 1986) or under 

controlled environmental conditions (Kikuta, Hietz and Richter, 2003).  

The main limitation of the approach is the inability to control the sample water 

potential, which is primarily driven by the rate of dehydration, but also osmotic and 

physical changes in the cells caused by decline in turgor (Taiz and Zeiger, 2006). 

This has two implications. The first is that the speed of a vulnerability assessment is 

limited by the rate of water loss, and for some species it can take many days to 

complete a cycle of dehydration. Secondly, if using a Scholander pressure chamber 

to destructively measure water potential (Scholander, 1964), then multiple sample 
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sections must be sacrificed to track the water status of the sample. This is necessary 

to target a range of Y sufficient to produce a valid vulnerability curve (Sperry, 

Donnelly and Tyree, 1988). Thus the approach can be both labour and sample 

intensive. Alternative psychrometric methods of assessing Y can provide regular and 

automated measurements within a single sample (Rodriguez-Dominguez et al., 

2018), and can therefore reduce the overall number of measurements. However, the 

cost of a commercial psychrometer, which can be in the region of several thousand 

dollars, can be prohibitive. 

In centrifuge and air-injection approaches the pressures necessary to induce 

embolism can be precisely controlled and generated in the sample (Crombie, Hipkins 

and Milburn, 1985; Sperry and Tyree, 1990; Holbrook, Burns and Field, 1995). Air-

injection works on the principle that the force acting on the menisci of the air-water 

interface at the pit membrane is equivalent whether derived from tension in the water 

column drawing the meniscus in, or from positive pressure in the adjoining air space 

pushing the meniscus in (Tyree and Sperry, 1989). Thus by applying positive air 

pressure embolism can be induced in the sample. Initially this was achieved by 

inserting one end of the sample in a pressure chamber and applying pressure 

(Crombie, 1983; Sperry and Tyree, 1990), but was later improved by the provision of 

a double-ended pressure chamber (the 'pressure-sleeve' method; Cochard et al., 1992; 

Salleo et al., 1992), in which a stem segment can be fitted such that the ends protrude 

from either side. This means the sample can be connected in line with apparatus to 

measure conductance while precise increments of pressure are simultaneously 

applied using a gas regulator to induce embolism (Cochard, Cruiziat and Tyree, 

1992; Salleo et al., 1992).  

Air-injection is a popular method that is still widely used (Cochard et al., 2013), and 

has also been adapted to measure embolism thresholds in individual vessels by using 

a microcapillary to precisely apply the necessary pressure (Melcher, Zwieniecki and 

Michele Holbrook, 2003; Choat et al., 2005). 

Centrifuge techniques, as the name suggests, use centrifugal force to generate tension 

in the xylem by spinning the sample to precise velocities in a rotor (William et al., 

1995). Early centrifuge designs were only used to generate the tension (Alder, 1997), 

after which the sample was removed so that the presence of embolism could be 
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assessed by other means. In later designs (Cochard et al., 2005; Li et al., 2008), and 

in particular in the ‘Cavitron’ implementation (Cochard et al., 2005), the system was 

adapted so that the conductance of stem segments could be simultaneously measured 

by maintaining both ends of the cut segment under water, and then inducing flow by 

increasing the volume of water at one end and creating a pressure differential 

(Cochard et al., 2005). 

The most significant limitation of centrifuge and air-injection methods is the 

susceptibility to an ‘open-vessel’ artefact caused by the presence of vessels open at 

one or both ends of the pressurised segment (Torres-Ruiz et al., 2014). This is most 

likely due to the introduction of nucleation bodies into open vessels that extend close 

to the centre of rotation and can result in a significant loss of conductance at higher 

water potentials leading to an overestimate of vulnerability (Cochard et al., 2013). In 

centrifuge systems that combine measurements of conductance, the open-vessel 

artefact places a limit on the maximum length of vessel that can be measured, which 

must be less than the diameter of the rotor (Cochard et al., 2013).  

Centrifuge and air-injection techniques are faster, use significantly less sample, and 

are less labour intensive than the other approaches mentioned. However, they require 

specialised equipment, and in the case of centrifuge-based systems, are limited to a 

few specialised facilities because the equipment is costly to build and setup, and 

training is required to ensure safety during measurement because of the inherent 

dangers of high-velocity rotors. Indeed, one solution to the open-vessel artefact is 

simply to build larger diameter centrifuges, but a significant investment in 

engineering and cost is required to ensure their stability and safety, and currently 

there is only one centrifuge capable of accommodating stems 1m in length (Charrier 

et al., 2018). 

1.5.2 Measuring embolism 

The simplest method of evaluating the presence of embolism is by observing axial 

sections of xylem through a microscope (Sperry, 1985), and indeed this method was 

used by early researchers to confirm the presence of air in the xylem (Haines 1935). 

Although the method is simple, it is also highly susceptible to artefacts because it is 

difficult to prepare sections without embolising functional conduits (Cochard et al., 
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2013), or dissolving embolisms and filling unfunctional conduits (Lewis, Harnden 

and Tyree, 1994). It is also labour and thus time intensive and the end result is a 

limited field of view. For all these reasons other less challenging methods with better 

resolution are favoured. 

Adding dyes such as crystal violet, safranin, and copper sulphate to the transpiration 

stream and taken up through functional conduits during active transpiration, or by 

applying moderate pressure (Newbanks, Bosch and Zimmermann, 1983; Sperry, 

1986; Jacobsen et al., 2007), can very simply and effectively differentiate between 

functional and non-functional conduits (Hietz et al., 2008), and indeed can provide 

quite detailed spatial resolution considering the simplicity of the method. Although 

xylem staining is still in use today, the procedure is labour intensive, has low 

temporal resolution, and is susceptible to artefacts because the stain can spread to 

non-functional conduits (Newbanks, Bosch and Zimmermann, 1983). 

Scanning electron microscopy (SEM), and in particular low-temperature SEM 

(CryoSEM), uses a focused beam of electrons to scan the surface of small sections of 

xylem tissue and provide unparalleled definition and spatial resolution of embolised 

conduits and structure of bordered pits (Zimmermann, 1983; Canny, 1997; Choat, 

Cobb and Jansen, 2008). The main limitation of SEM is the difficulty in preparing 

samples without influencing the xylem microstructure and inducing embolism 

(Cochard et al., 2015), the limited field of view, plus the cost and access to 

equipment, and the inability to capture dynamic processes (Choat, Cobb and Jansen, 

2008). For these reasons SEM is impractical for routine study, but excellent for in-

depth studies of xylem anatomy and physiology (for example see Li et al., (2016)).  

Magnetic resource imaging (MRI) was the first technique to provide non-invasive 

three-dimensional visualisation of embolism in the xylem (Holbrook et al., 2001). 

MRI works by manipulating strong magnetic fields to align water molecules (or 

indeed any other polar molecule) such that they share a combined magnetic field 

(Kathiravan, 2013). Radio waves are applied to the magnetic field causing the 

molecules to deflect and resonate, and when the radio emission is removed the 

molecules are released to their previous orientation and energy is liberated as radio 

waves (Kathiravan, 2013). The radio emissions are captured by receiver coils, and an 

image is constructed using the signal intensity (Kathiravan, 2013). Samples are 
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scanned in slices resulting in 2D image stacks that can be combined to produce a 

final tomographic 3D image (Kathiravan, 2013). 

The spatial resolution of MRI (~20µm) is only sufficient for imaging larger conduits, 

and scan times per slice are typically too large (>15 mins) to capture dynamic 

processes in detail (Tötzke et al., 2013). Additionally, working with strong magnetic 

fields adds practical limitations, for example electronic and metal devices cannot be 

near or attached to the sample during scans, and sample preparation can be difficult 

and laborious because samples must be fitted into the bore of the MRI magnet 

(Tötzke et al., 2013). MRI is costly and access to equipment is limited, and for xylem 

studies MRI is generally now deprecated in favour of other methods such as high-

resolution x-ray computed microtomography (MicroCT) that offer higher resolution 

and faster scan times. 

MicroCT functions much like standard x-ray imaging except that multiple beams are 

fired through the sample from different angles and combined to generate a more 

detailed image of the internal structure (Choat et al., 2016). MicroCT produces 3D 

tomographic images constructed from multiple image slices. The resolution of 

MicroCT (< 2µm) is much higher than MRI, and the scan times can be significantly 

faster which enables high resolution capture of dynamic processes. 

MicroCT is currently seen as the ‘gold standard’ for in-vivo xylem visualisation 

(Venturas, Sperry and Hacke, 2017), and has generated some of the most remarkable 

and highly resolved images of the xylem and sequences of xylem physiology in 

action (Brodersen et al., 2013). The main limitations of MicroCT are the narrow field 

of view, typically just a few millimetres, and the cost and access to equipment 

(Cochard et al., 2013; Venturas, Sperry and Hacke, 2017). It is also difficult to 

distinguish between non-embolised active conduits, and functional but non-

conductive immature conduits, thus the percentage of functional xylem lost to 

embolism can be underestimated (Perez-Donoso et al., 2006; Jacobsen and Pratt, 

2012; Jacobsen et al., 2015).  

X-ray beams from synchrotron facilities harvested as a by-product of particle 

acceleration using in MicroCT provide the fastest scan times and highest resolved 

low-noise images, however access to these facilities is costly, competitive and thus 
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very limited (Nolf et al., 2017). Smaller laboratory-based MicroCT solutions are 

rapidly improving in quality and affordability, but are still currently too prohibitively 

expensive for most labs, plus there is a trade-off in scan times and resolution (Nolf et 

al., 2017).  

Neutron radiography (NR) is a non-destructive imaging technique based on neutron 

absorption. Neutrons have a weak affinity for most materials but a strong affinity for 

hydrogen-containing compounds, and are therefore particularly sensitive to water 

and organic matter (Nakanishi and Matsubayashi, 1997). NR has been used to 

measure sap flow and root uptake from soils in plants (Oswald et al., 2008; 

Matsushima et al., 2009), but currently has only been used in one study to image 

xylem embolism (Tötzke et al., 2013). The resolution of NR is comparable to MRI 

and thus only capable of imaging larger conduits, however it can provide sufficient 

temporal resolution to image dynamic processes in 2D, and there is increasing 

capacity for 3D tomographic visualisation at a useful temporal resolution (Tötzke et 

al., 2017), although this has yet to be applied to the study of xylem vulnerability. For 

assessing xylem vulnerability MicroCT provides higher resolution than NR for the 

same cost and effort, but for some experimental setups, and especially for the study 

of plant and soil interactions and water uptake (Oswald et al., 2008; Tötzke et al., 

2017), the unique properties of neutron absorption are useful.  

Acoustic emissions (AEs) underpinned much of the early work investigating water 

stress in plants (Milburn and Johnson, 1966; Milburn, 1973; West and Gaff, 1976). 

As a conduit embolises the rapid transition causes vibration and acoustic emission in 

the audible to ultrasonic range which can then be recorded and analysed (Ritman and 

Milburn, 1988). AEs offer a number of benefits over other techniques; the 

assessment is non-invasive, provides high temporal resolution, and acoustic detectors 

are relatively inexpensive and can be attached to a plant in-situ to allow for active 

monitoring of drought stress. However, the significant limitation of the approach is 

that although the number and frequency of AEs correlates well with drought stress 

(Nolf et al., 2015), not all AEs emanate from embolising conduits, for example they 

can be the result of secondary processes related to drying, such as cell wall 

shrinkage, or embolism occurring in cells other than the xylem, such as parenchyma 

and fibres (Ritman and Milburn, 1988; Cochard and Tyree, 1990; Nolf et al., 2015). 
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Other methods are typically used in favour of AE analysis because of the ambiguity 

in emission source, however, recent studies have demonstrated that advanced 

analysis and filtering of acoustic signals can distinguish between embolism and non-

embolism events with a relatively high degree of accuracy (Wolkerstorfer, Rosner 

and Hietz, 2012; Nolf et al., 2015).   

One of the most promising techniques for assessing xylem vulnerability is the 

recently developed ‘optical method’ (Brodribb et al. 2016), which is based on 

evaluating visible-spectrum light transmission through the xylem. Embolised 

conduits reflect more light than water-filled conduits because of the additional air-

water interfaces and with sufficiently bright light transmission or reflection the subtle 

changes in light intensity that accompanies the transition to embolism can be 

detected using a standard light sensor (Brodribb et al. 2016). Working in the visible 

spectrum offers a significant reduction in the complexity and cost of equipment 

necessary to detect embolism formation in-vivo, offering a cost effective, non-

invasive and potentially more accurate and reliable alternative to existing methods. 

The approach is still in its infancy and only a handful of studies have applied the 

technique (Brodribb et al. 2017; Brodribb et al. 2016; Brodribb et al. 2016; Skelton 

et al. 2017; Hochberg et al. 2017; Johnson et al. 2018), however comparisons with 

bench-mark methods indicate it is both reliable and accurate for assessing both stem 

(Brodribb et al. 2017) and leaf (Brodribb et al. 2016) xylem.  

Finally, approaches that measure the loss of conductance (K) associated with 

embolism formation are the most widely used (Cochard et al., 2013), most cost 

effective and accessible methods of assessing species vulnerability using stem, leaf, 

and root xylem. In stem or root segments K can be determined by inducing water 

flow from a connected water reservoir and measuring the flow rate (mmol of water  

s-1) for a given head of pressure (MPa) (Sperry, Donnelly and Tyree, 1988). This is 

normalised by segment length to give specific hydraulic conductivity (k; mmol s-1 

MPa-1 m-1). For segments with low resistance, flow can be induced by simply raising 

the reservoir above the stem segment to create a pressure differential, while for 

segments with higher resistance positive pressures (Tyree et al., 1995) or a vacuum 

(Kolb, Sperry and Lamont, 1996) can be used to induce flow. 
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In detached leaves or shoots, water flow from a connected reservoir can be induced 

via rehydration when the stomata are closed (the ‘rehydration method’) (Brodribb 

and Cochard, 2009), or via transpiration when the stomata are open (the ‘evaporative 

flux method’) (Yang and Tyree, 1993; Sack and Scoffoni, 2012). Leaf Y provides 

the driving force, and the flow rate is determined by measuring the amount of water 

taken up divided by the duration of uptake. An alternative method of determining the 

flow rate is to route the water through a tube of known conductance, which can then 

be used to calculate the flow rate using the pressure drop across the tube measured 

via an in-line pressure transducer (Brodribb and Cochard, 2009). Leaf K (Kleaf) is 

normalised by leaf area (mmol s-1 MPa-1 m-2). Whole-plant K can be determined 

using sap-flow measurements divided by the difference in leaf and soil water 

potential, and root K can be measured using similar methods for detached shoots but 

with vacuum or positive pressure as the driving force (Marshall, 1958; Granier, 

1985; Steinberg, van Bavel and McFarland, 1989).  

A variant of the hydraulic conductance approach is to measure volume of air in the 

stem or leaf (the ‘pneumatic method’; Pereira et al. 2016; Ennajeh et al. 2011), which 

increases proportionally with the decline in K due to embolism.  

It should be noted that all invasive methods that involve cutting the xylem can be 

susceptible to an artefact relating to xylem exposure (Wheeler et al., 2013). Although 

segments are cut under water to ensure that exposed conduits are not immediately 

embolised on contact with air, the presence of air on the cutting blade or in exposed 

air spaces surrounding the cut can also seed embolism in exposed conduits under 

some conditions. Although precautionary steps can be taken to eliminate or mitigate 

the issue (Wheeler et al., 2013), it highlights the risk of using invasive techniques to 

measure a system inherently sensitive to exposure. 

To summarise:  

• Xylem sections and xylem staining are simple approaches for identifying 

embolism, but are labour intensive, susceptible to artefacts and provide only 

low temporal and spatial resolution.  

• SEM, MRI, MicroCT and NR are advanced techniques that can deliver 

exceptional spatial and temporal resolution, but are only suitable for in-depth 
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study of xylem anatomy and physiology because of equipment and facility 

costs, limited access to equipment, and the time and difficulty in preparing 

and measuring samples. 

• Centrifuge and air-injection methods can precisely the generate tensions 

needed to induce embolism and are thus much faster and less sample 

intensive than techniques that used dehydration. Systems that allow for 

conductance to be simultaneously measured while tensions are applied can 

provide the only viable high-throughput assessments of xylem vulnerability, 

but come at the cost of only being able to measure stem segments of short-

vesseled species because of physical limitations and the risk of artefacts.  

• Measurements of conductance used in combination with sample dehydration 

can provide reliable, accurate and cost-effective evaluations of xylem 

vulnerability, but can be sample intensive if using a Scholander pressure 

chamber to measure water potential, or less sample intensive, but expensive, 

if using a commercial psychrometer. 

• The optical method is non-invasive and can be used to measure both stem and 

leaf xylem, is not susceptible to any ‘open-vessel’ artefacts and therefore 

applicable to both short and long-vesseled species, and can provide a high 

degree of spatial and temporal resolution. However, the approach is still only 

recently developed.  

1.6 Thesis aim and chapters 

As we have seen, the biophysical properties of the xylem set ultimate thresholds of 

drought tolerance (Zimmermann, 1983), and the HSM, which incorporates the P50, a 

standard metric used to evaluate xylem vulnerability to hydraulic failure (Choat et 

al., 2012), is the best predictor of survival (Anderegg et al., 2016), and therefore vital 

for predicting drought-induced mortality due to climate change. However, the current 

number of vulnerability assessments is woefully inadequate to accurately represent 

vegetation in the next generation of climate change models (Anderegg et al. 2016; 

Anderegg et al. 2015; Soudzilovskaia et al. 2013; Skelton et al. 2015), both in 

breadth and sufficient resolution to capture the variation in vulnerability that may be 
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present among species populations and across distributions, or as a result of plant age 

and development (Anderegg, 2014).  

As discussed, few of the current methods available are capable of high-throughput 

assessments, and of these there are limitations in equipment availability, accessibility 

and affordability and, most crucially, in the type of plants that can be evaluated, 

which are limited to stem sections of short-vesseled species. Thus there is a 

significant gap in capacity for measuring herbaceous species, including grasses and 

most crop plants, and of the majority of angiosperms.  

Conductance-based techniques provide the right combination of broad accessibility, 

affordability, robust measurements, and capacity to measure short- and long-vesseled 

species using stem, leaf or root xylem, but the procedure can be time-consuming and 

sample intensive. 

Thus the research aim of the thesis was to determine: Is it possible to find a 

technique can be used for accurately measuring the vulnerability of xylem to 

embolism in large numbers of species or individuals. 

This question has been addressed in the following chapters: 
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Chapter 2 – Using a new ‘single-point’ approach to assess relative differences in 

vulnerability 

In this chapter I explore the application of a novel ‘single-point’ approach for 

assessing intraspecific variation in xylem vulnerability that can significantly reduce 

the number of measurements required for a conductance-based assessment. 

Chapter 3 - CaviScan: automated embolism imaging using a desktop scanner 

In chapter 3 I develop protocols to expediate the process of assessing xylem 

vulnerability with the optical method and a desktop scanner, and use the procedure to 

investigate variation in vulnerability associated with ontogeny and plant 

development.  

Chapter 4 - CaviCam and OpenSourceOV.org: a new device and online resource 

for assessing drought tolerance in plants 

In chapter 4 I present a new platform for assessing the drought tolerance of plants 

with a capacity to significantly increase the number of vulnerability assessments via 

affordability, broad accessibility, and the capacity to measure both stem and leaf 

xylem in short- and long-vesseled species. 

Chapter 5 - Conclusion 

In the final chapter I evaluate the approaches presented in the context of the research 

aims and discuss future applications. 

A note on chapter format 

Chapter 2 has been published but has been modified here to include additional detail 

in the methods and a new introduction that better fits the narrative of the thesis.  
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Chapter 2 – Using a new ‘single-point’ approach to assess 
relative differences in vulnerability  

A version of this chapter has been published in Functional Plant Biology: 

Lucani CJ, Brodribb TJ, Jordan G, Mitchell PJ (2018) Intraspecific variation in 

drought susceptibility in Eucalyptus globulus is linked to differences in leaf 

vulnerability. 

2.1 Introduction 

Predicting how vegetation responds to increasing water stress is a critical factor in 

addressing the challenges of a rapidly changing climate (Allen, Breshears and 

McDowell, 2015). Incorporating key functional traits in the next generation of 

dynamic global vegetation models is seen as a vital step in improving forecast 

accuracy, especially those that underpin plant productivity and response to drought 

(Soudzilovskaia et al., 2013; Yang et al., 2015). Xylem traits are relevant to both of 

these aspects of plant function (Brodribb, 2009), setting physical limits to 

photosynthetic capacity (Nardini and Salleo, 2000; Aasamaa, Sõber and Rahi, 2001), 

as well as vulnerability to hydraulic failure (Sperry and Tyree, 1988; Tyree and 

Zimmermann, 2002) - a key determinant of drought-induced mortality (McDowell et 

al., 2011).  

Catastrophic hydraulic failure occurs because once the stomata are closed, declining 

moisture within the soil continues to influence the pressure gradient in the xylem 

(Sperry and Tyree, 1988; Tyree and Zimmermann, 2002). The resulting increase in 

water column tension eventually causes gas emboli to form and propagate (Sperry 

and Tyree, 1988; Tyree and Zimmermann, 2002), reducing capacity to transport 

water, leading to acute water stress and eventual death by catastrophic desiccation 

(Tyree and Zimmermann, 2002). The tension at which this occurs is species 

dependent and highly variable between taxa and across environments (Brodribb and 

Hill, 1999; Maherali, Pockman and Jackson, 2004; Nardini and Luglio, 2014). Plants 

appear to function close to hydraulic failure thresholds (Choat et al., 2012), 
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highlighting the importance of this trait in predicting the effects of climate change on 

woody plants (Delzon and Cochard, 2014; Anderegg et al., 2016).  

Xylem vulnerability is typically reported as the tension (P; negative pressure, -MPa) 

associated with a 50% loss in conductivity (P50), and there are an increasing number 

of P50 values in the literature (Cochard and Delzon, 2013) and plant trait databases 

(Kattge et al., 2011) that can feed into dynamic global vegetation models. 

Understanding within-species variance is critical to improving the accuracy of 

vegetation models (Thuiller et al., 2008), yet few studies quantify intraspecific 

variation in xylem traits (Maherali & DeLucia, 2000; Martínez-Vilalta et al., 2009; 

López et al., 2013) and evidence suggests this variation could be substantial 

(Anderegg, 2014). Furthermore, most evaluations of vulnerability are limited to stem 

xylem, with few exploring vulnerability in the leaves, and fewer still assessing 

intraspecific variation in this trait (Blackman et al., 2017). Leaf xylem is functionally 

diverse (Blackman, Brodribb and Jordan, 2012; Brodribb et al., 2014), may be more 

vulnerable than stem xylem and has an integral role in plant productivity, 

contributing a substantial resistance in the hydraulic pathway (Sack and Holbrook, 

2006) that sets upper limits on stomatal conductance and photosynthetic capacity 

(Brodribb and Holbrook, 2005).  

Traditional methods of assessing leaf vulnerability are labour intensive because 

analysis of the non-linear relationship between leaf hydraulic conductivity (Kleaf, 

mmol m-2 s-1 MPa-1) and leaf water potential (LWP) requires multiple measurements 

of Kleaf throughout the full range of LWP. This typically precludes the larger sample 

sizes required for a genetically robust assessment of variation within species. We 

hypothesised however, that if Kleaf in unstressed plants and the slope of the logistic 

response of Kleaf to LWP found most evergreen species (Blackman, Brodribb and 

Jordan, 2012; Brodribb et al., 2014) was consistent, it might be possible identify 

relative differences in vulnerability by comparing hydraulic conductance at a 

common water potential close to the inflection point where the response is most 

sensitive (Fig. 2.1). This would significantly reduce the number of measurements per 

individual and allow for a much broader assessment of variation. 

Eucalyptus globulus Labill. is an ecologically and economically important forest tree 

species with high genetic variation (Dutkowski and Potts, 1999; Freeman et al., 
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2001) that exhibits significant intraspecific variability in a number of traits, including 

drought susceptibility (Dutkowski and Potts, 2012). Using this novel single-point 

approach we compare intraspecific variation in leaf vulnerability between two 

populations of E. globulus with contrasting drought tolerance in situ and in a 

common garden. 

 

Figure 2.1 Three examples representing the range of vulnerability curves (sample 

points plus fitted 3-parameter sigmoid) from a reference dataset of 21 vulnerability 

curves (Table 2.2). Inset bar chart shows differences in Kleaf at a reference water 

potential of -4MPa (vertical dashed line; Kref). 
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2.2 Materials and Methods 

2.2.1 Study sites 

Dutkowski & Potts (2012) identified significant differences in drought susceptibility 

between genetically and geographically distinct subraces of E. globulus Labill. on 

the basis of the percentage leaf loss that occurred in field trials in Western Australia 

after a severe summer drought. On the basis of this analysis we selected two 

localities from provenances in the trial that were at the extremes of drought 

tolerance: Blue Gum Hill (43.047°S, 146.871°E) in Southern Tasmania (drought-

sensitive); and Jeeralang North (38.345°S, 146.509°E) in the Strzelecki Ranges in 

Victoria (drought-tolerant; Table 2.1). 

Foliage samples of Eucalyptus globulus ssp. globulus were taken for analysis from  

populations in-situ and progeny of the same populations grown in a common garden 

field trial operated by Sustainable Timber Tasmania at Oigles Road (43.161°S, 

146.859°E) near the Blue Gum Hill area in Southern Tasmania (Table 2.1). 

2.2.2 Sampling 

From the common garden in Southern Tasmania, a single tree from each of 9 

families (progeny from the same parent tree in the native stand) from Jeeralang 

North and 10 families from Blue Gum Hill were sampled. From in-situ stands at 

Jeeralang North in the Strzelecki Ranges and Blue Gum Hill in Southern Tasmania, 8 

mature trees, at least 80-100 metres apart, were randomly sampled thus limiting 

confounding genetic and environmental differences. For all sites 3-4 sun-exposed 

branches ~2-3m in length were cut from a canopy height of 3-6 metres.  Only 

branches that did not show significant stem or leaf damage were sampled. Cut 

branches were immediately bagged and sealed in thick clear plastic bags with damp 

tissue paper to reduce transpirational water loss and maintain photosynthetic 

function. From each branch a minimum of 3 fully expanded leaves from separate 

branchlets were used for measurement of hydraulic conductance. Sampling took 

place during the wetter months June-August 2014 and April 2015 to minimise risk of 

native embolism.  
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Table 2.1 Sampling sites and associated bioclimatic parameters (Fick and Hijmans, 2017). In Tasmania: Oigles Road (the common garden), 

Blue Gum Hill, Tolmans Hill and Pepper Hill. In Victoria: Jeeralang North in the Strzelecki Ranges. 

Locality Oigles Road 
Common Garden 

Blue Gum Hill Tolmans Hill Pepper Hill Jeeralang North 

Region Southern 

Tasmania 

Southern Tasmania Southern Tasmania North-East Tasmania Strzelecki Ranges, 

Victoria 

Latitude 43.1611°S 43.0469°S 42.9102°S 41.6322°S 38.3448°S 

Longitude 146.859°E 146.8714°E 147.3205°E 147.8313°E 146.5085°E 

Annual Mean Temperature 10.39 10.36 11.11 9.89 12.53 

Mean Diurnal Range (°C) 
Mean of monthly (max temp - min temp) 

7.63 7.98 6.89 8.97 9.33 

Isothermality (°C) 49.25 49.28 46.88 46.70 46.90 

Temperature Seasonality 
standard deviation *100 

275.79 287.06 281.02 362.23 369.73 

Max Temperature of Warmest Month (°C) 17.70 18.00 18.00 18.60 22 

Min Temperature of Coldest Month (°C) 2.20 1.80 3.30 -0.60 2.10 

Temperature Annual Range (°C) 15.50 16.20 14.70 19.20 19.9 

Mean Temperature of Wettest Quarter (°C) 7.47 7.32 8.03 5.92 10.1 

Mean Temperature of Driest Quarter (°C) 13.73 13.83 13.60 14.35 17.1 

Mean Temperature of Warmest Quarter (°C) 13.73 13.83 14.63 14.35 17.1 
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Table 2.1 continued      

Locality Oigles Road 
Common Garden 

Blue Gum Hill Tolmans Hill Pepper Hill Jeeralang North 

Mean Temperature of Coldest Quarter (°C) 6.87 6.70 7.72 5.47 7.9 

Annual Precipitation (mm) 1307 1255 885 927 993 

Precipitation of Wettest Month (mm) 146 139 93 104 107 

Precipitation of Driest Month (mm) 68 64 55 42 45 

Precipitation Seasonality (%mm) 
Coefficient of Variation 

22.07 22.28 16.64 20.94 21.57 

Precipitation of Wettest Quarter (mm) 413 396 256 287 302 

Precipitation of Driest Quarter (mm) 229 217 182 175 177 

Precipitation of Warmest Quarter (mm) 229 217 184 175 177 

Precipitation of Coldest Quarter (mm) 390 374 241 285 289 
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2.2.3 Determining a reference water potential 

In order to establish a reference water potential that could be used to compare 

vulnerability among the sampled populations, we calculated the median P50 from a 

pre-existing dataset of complete vulnerability curves for 21 individuals (Table 2.2), 

spanning a range of the species distribution in Tasmania (Table 2.1). Sampling was 

as above, but with ~30 leaves measured per branch, or across multiple branches. This 

pooled dataset, although substantial, was not in itself appropriate to assess 

intraspecific variance, but was suitable for indicating a general range in vulnerability 

for the species. Vulnerability curves were constructed using measurements of Kleaf 

determined using the rehydration method (Brodribb & Cochard, 2009; and described 

below). The median inflection point for this dataset was 4.121±0.074 MPa and on 

this basis we concluded that -4 MPa provided an appropriate reference water 

potential to distinguish relative variation in vulnerability in the species. 

2.2.4 Kleaf at the reference water potential (Kref) 

Branches were dried on a bench until the reference water potential (–4 MPa) had 

been reached. To aid the process of drying the sample to the target water potential, a 

computer program was written in PHP (PHP Group, http://php.net, accessed 27 July 

2016) and JavaScript that estimated drying times using inputted values of time and 

measured water potential. Each branch was placed in a separate bag and the bag was 

given a unique ID and entered into the program. Periods of sample drying (per bag) 

were precisely managed by the program which provided sound alerts when a 

configurable duration of bench drying had elapsed. The sample was then returned to 

the bag and the bag sealed so the water potential could equilibrate. An equilibration 

timer was set to 15 min and once equilibration was complete the program emitted 

another alert and a leaf was extracted from the sample and wrapped in damp tissue 

and transferred to a pressure chamber to determine the water potential. The water 

potential was then entered into the program. If the water potential had yet to reach 

the reference water potential then another drying timer was set and the procedure 

was repeated until the reference water potential had been reached. Samples that had 

reached the reference water potential were left sealed in their bags until they could be 

measured. 
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To estimate drying times, once the program had a minimum of two values of water 

potential and drying time it was able to fit a linear regression and then use the terms 

of the regression to calculate the estimated water potential for the next configured 

drying time. Different phases of drying (e.g. pre- and post-turgor loss) were 

identified by sequentially applying a linear regression to each point and evaluating 

changes in the standard error of the regression. Where the standard error of the 

regression exceeded a configurable threshold value (typically 10%) then a new phase 

was assumed and a new regression was fitted to the current phase. Only the terms of 

the most recent regression were used to predict the water potential at drying time. 

Although changes in temperature and humidity would have affected estimates of 

water potential, we found that the conditions of the laboratory were stable enough for 

this not to substantially affect drying rates for most of the samples and they were not 

incorporated into the program to keep the software and tracking procedure as simple 

as possible. 

Overall the software worked well in estimating water potential from drying rates and 

less than 5% of samples were excluded because they exceeded the target water 

potential (by more than 10%). The software source code and instructions for use 

(including screenshots) and installation have been made available online at 

https://github.com/clucani/DYB. 

Kleaf was determined using the rehydration method (Brodribb and Cochard 2009). 

Briefly, a leaf was excised under water and immediately connected to a flow meter 

for ~30s to continually monitor the rate of water uptake (mmol s–1) as the leaf 

rehydrates. The driving force for uptake, and consequently Kleaf, can be measured at 

two points during rehydration: once at the initial point of rehydration (when the 

sample is first connected to the flow meter) by using the LWP of a neighbouring leaf, 

which is expected to be in equilibrium until the point the measured leaf was excised, 

and a second time when the leaf is disconnected from the flowmeter by measuring 

the LWP of the leaf itself. The driving force is often confused to be the difference 

between the initial and final LWP, but in fact the two values of Kleaf are the product 

of instantaneous measurements of flow rate and driving force at separate points in 

the rehydration. In theory Kleaf should be constant throughout rehydration and 

therefore the initial and final Kleaf values should be similar, thus they provide a 
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measure of internal verification and if the values substantially differ then this might 

suggest an incorrect water potential measurement or a blockage in the xylem or flow 

meter apparatus. In this study where the initial and final values differed by >30% 

they were discarded (~1% of cases). A mean of initial and final Kleaf (which differed 

overall by a mean of 6.4%) was used in the analysis. More information about the 

technique can be found on PrometheusWiki at http://prometheuswiki.org/tiki-

index.php?page = Non-

steady+state+rehydration+to+determine+leaf+hydraulic+conductance%2C+vulnerab

ility+and+capacitance (accessed 30 May 2017). 

2.2.5 Kmax 

To test for a systematic difference in the slope of the relationship between Kleaf and 

LWP between the sites, maximum values of leaf hydraulic conductance (Kmax) were 

determined using the mean of three replicate leaves per sample for three sampled 

trees at each locality. Kmax were determined from measurements of Kleaf at a LWP > -

3MPa, the water potential range preceding incipient Kleaf decline within the reference 

dataset (Fig. 2.1).  

2.2.6 Statistical analysis 

Differences in Kref and  Kmax between localities were analysed using one-way 

ANOVA. The untransformed data satisfied assumptions of normality (Shapiro-Wilk 

test) and homogeneity of variance (Bartlett test). Kref data was rank-transformed to 

achieve normality, and t-tests were used to identify significant comparisons. 

Differences in variance were tested using a pair-wise Bartlett test on untransformed 

data and correlations were tested using Pearson’s test on untransformed data. 

Analysis was performed with and without a Southern Tasmania outlier identified in 

the common garden. All analysis was performed using R version 3.2.4 (R 

Development Core Team, 2011). 
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Table 2.2 P50 (MPa) values for 21 vulnerability curves of Eucalyptus globulus 

sampled from Oigles Road, Blue Gum Hill, and Tolmans Hill in Southern Tasmania, 

and Pepper Hill in North Eastern Tasmania (Table 2.1). Mean P50 for the sample 

dataset is 4.12±0.34 MPa with a median value of 4.121±0.074 MPa. 

 

Number Site P50 

1 Oigles Road 3.491 

2 Blue Gum Hill 3.587 

3 Oigles Road 3.635 

4 Oigles Road 3.896 

5 Blue Gum Hill 3.952 

6 Blue Gum Hill 3.966 

7 Oigles Road 3.971 

8 Pepper Hill 4.011 

9 Oigles Road 4.018 

10 Oigles Road 4.094 

11 Oigles Road 4.121 

12 Tolmans Hill 4.125 

13 Oigles Road 4.136 

14 Oigles Road 4.146 

15 Blue Gum Hill 4.163 

16 Oigles Road 4.231 

17 Tolmans Hill 4.435 

18 Tolmans Hill 4.541 

19 Oigles Road 4.543 

20 Tolmans Hill 4.600 

21 Tolmans Hill 4.859 
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2.3 Results 

At the reference water potential of 4 MPa Kref differed significantly among 

provenances (F3,31 = 7.3, P = 0.011), but only when sampled in situ and not in the 

common garden (Table 2.3; Fig. 2.2).  

In the wild, Strzelecki trees had a higher Kref (4.250±0.411 mmol m-2 s-1 MPa-1) than 

trees in Southern Tasmania (3.094±0.736 mmol m-2 s-1 MPa-1; P<0.01), and although 

the trend was similar in the common garden, there was no evidence to suggest the 

differences were genetic, either with (P=0.764) or without outliers (P=0.765) 

included in the analysis. Kref was lower for Strzelecki trees in the common garden 

(3.432±0.449 mmol m-2 s-1 MPa-1), providing marginal evidence (P=0.08) that 

differences were due to plasticity. Removing the Southern Tasmania outlier from the 

common garden this effect became highly significant (P=0.011).  

Table 2.3 Number of trees (families) sampled, mean Kref (mmol m-2 s-1 MPa-1), and 

LWP (MPa) for Jeeralang North and Blue Gum Hill provenances in-situ and in the 

common garden. Values are means ± SD. 

Provenance Jeeralang North Blue Gum Hill 

 In-situ Common Garden In-situ Common Garden 

No. trees 8 9 8 10 

Kref 4.250 (±0.083) 3.432 (±0.060) 3.094 (±0.124) 3.402 (±0.137) 

LWP 4.018 (±0.004) 4.060 (±0.010) 4.034 (±0.031) 4.056 (±0.008) 

Kmax 5.884 (±0.645) 5.265 (±0.359) 6.113 (±0.728) 5.266 (±0.468) 

 

There was no evidence that the differences observed were the result of differences in 

the target water potential, which was consistent between provenances at all sites 

(F3,31=0.8, P=0.48). Although Kref was weakly correlated with water potential (0.30; 

P=0.07), analysis of covariance indicated the provenance x site interaction was still 

significant, even allowing for the covariation with water potential, and this did not 

affect the significance of differences observed. Additionally, there were no 

differences in Kmax between any of the provenances at any of the sites (F3,8=0.9, 
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P=0.48) providing no evidence of intrinsic differences in conductance between 

localities.  

Within-provenance variation in Kref was consistent between in-situ and common 

garden plants. Comparing provenances, Southern Tasmania had a significantly larger 

variance (1.03; P<0.05) than Strzelecki both in-situ (0.17) and in the common garden 

(0.2). 

 

 
 
Figure 2.2 Top panel Provenance by 

site plot showing mean Kref (Kleaf at a 

4MPa) ± SE for two provenances of 

Eucalyptus globulus: the Strzelecki 

Ranges in Victoria (solid dark line) 

and Blue Gum Hill in Southern 

Tasmania (dashed grey line), in a 

common garden and in the native 

stand. Bottom panel Box and 

whiskers plot of the same data 

(ST=Southern Tasmania, 

S=Strezlecki, CG=common garden, 

I=in-situ) with outliers identified. 

Mean Kref was significantly higher 

than Southern Tasmania in-situ 

(P<0.01) and marginally higher than 

Strzelecki in the common garden 

(P=0.08). No difference between 

provenances in the common garden. 
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2.4 Discussion 

Using a novel single-point approach we assessed intraspecific variation in leaf 

vulnerability between two provenances of E. globulus with contrasting drought 

tolerance (Toro et al., 1998; Dutkowski and Potts, 1999). By comparing Kleaf at a 

critical point in the vulnerability curve (Kref) we were able to detect significant 

phenotypic differences between trees in the wild, and provide marginal evidence of 

plasticity in trees from the Strzelecki Ranges in Victoria. Analysis of Kmax provided 

no evidence to suggest that differences in Kref were the result of systematic 

differences in traits that might affect water flow at any LWP, such as native 

embolism, vessel density, size and distribution, or pit frequency and porosity (Tyree, 

Davis and Cochard, 1994). Differences in the vulnerability of the extra-xylary 

pathway (Scoffoni et al., 2017) are unlikely in this case, given the strong relationship 

between embolism formation and Kleaf decline previously observed in the species 

(Brodribb et al. 2016).  

In line with trends in drought susceptibility among provenances in Eucalyptus 

globulus trials in Western Australia (Dutkowski and Potts, 1999) and Spain (Toro et 

al., 1998), our results indicate that trees from the Strezlecki Ranges in the Victoria 

are less sensitive to water stress than trees from Blue Gum Hill in Southern 

Tasmania. A physiological cause for the observed drought damage in the trials in 

Western Australia and Spain was not determined; our results suggest that underlying 

differences in xylem vulnerability are likely to be the cause. Indeed there is mounting 

evidence that hydraulic traits are tightly linked with survival and species distribution 

in Eucalyptus and closely related genera. Surveys of hydraulic traits in eucalypt 

species growing along clines of water availability have found strong relationships in 

hydraulic architecture and efficiency (Pfautsch et al., 2016), water use efficiency 

(Givnish et al., 2014), Huber value (Carter and White, 2009), and stem xylem 

vulnerability (Zolfaghar et al., 2015). 

In contrast to studies by Dutkowski and Potts (1999) and Toro et al. (1998) we found 

no evidence of a genetic effect; however, given the relatively low sample size, and 

that our data looks to be trending in the same direction, a larger sample size may help 

to reveal an underlying genetic signal. Evidence for plasticity was stronger, and 
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indeed genetic differences in phenotypic plasticity have been identified in other 

eucalypt species (McLean et al., 2014).  

In Corymbia, a closely related genus, Blackman et al. (2017) recently found evidence 

of plasticity in leaf vulnerability in response to temperature, with cooler-climate 

populations more vulnerable than those from warmer climates. Dutkowski & Potts 

(1999) also found that drought tolerance was most closely associated with 

temperature, and that the Strzelecki Ranges, the most drought tolerant of the 

subraces, had the highest seasonal variation in temperature, in addition to the least 

rainfall in winter, compared with Southern Tasmania, which had some of the lowest 

seasonal temperature variation. Temperature is undoubtedly a strong candidate as a 

driver of selection, and the increased evaporative demand associated with higher 

temperatures is a well-known driver of drought induced mortality (Adams et al., 

2009; Matusick, 2012; Will et al., 2013; Mitchell et al., 2014), and a key component 

in the most severe of recent drought events (Breshears et al., 2005).  

An interesting result was the difference in Kref variation between the two localities. 

Blue Gum Hill had especially broad ranges in Kref values in both the common garden 

and in the natural stand, including many values higher than those found in Strzelecki. 

Although this is based on a small sample size this suggests the presence of some 

remarkably drought tolerant individuals in the relatively mesic environment of 

Southern Tasmania. One possible explanation for this is the complex environmental 

and genetic history of the species, heavily influenced by cycles of glaciation in south 

eastern Australia during the Quaternary, which included periods of aridity and 

temperature depression (McKinnon et al., 2004). If past cycles of aridity selected for 

tougher xylem, then it is possible that some of these drought-tolerant genotypes 

could remain today under an environment where selection against drought tolerance 

is weak, which may be likely in the relative cool and wet of Southern Tasmania, if 

any trade-offs in productivity (and influence on fitness) are minimal (Gleason et al. 

2016). Conversely in Victoria, where selection for hydraulic traits appears to be 

strong, we may be seeing a more constrained expression of diversity in vulnerability. 

A broader survey of individuals and larger sample size would be necessary to 

confirm the hypothesis. 
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Although the approach demonstrated a capacity to identify variation in vulnerability, 

there are limitations. Drying down multiple samples to a common water potential is 

challenging without software to keep track of the various drying rates, and 

determining an appropriate reference water potential is best derived from a sample 

set of full curves representing the range in variation for the sample group. 

Additionally, it is critical that Kmax is consistent between populations to ensure that 

any differences in Kleaf at the reference water potential are not the result of pre-

existing embolism or systematic differences in K among populations. For these 

reasons the approach is better suited for large-scale studies of variation in 

vulnerability.  

Genetic variation in hydraulic traits in Eucalyptus have been explored in remarkably 

few studies (McLean et al., 2014; Pfautsch et al., 2016; Blackman et al., 2017) yet 

this is critical for understanding and predicting the effects of climate change on 

vegetation in Australia, which is particularly susceptible to extreme drought and heat 

under current and future climate scenarios (Butt, Pollock and Mcalpine, 2013; 

Mitchell et al., 2014). Eucalypts have poor seed dispersal and long generation times, 

and therefore have limited capacity to migrate or evolve to rapid climate change 

(Booth et al., 2015). Under these conditions phenotypic plasticity becomes a critical 

factor (Nicotra et al., 2010), highlighting the urgent need (Allen, Breshears and 

McDowell, 2015) for rapid phenotyping techniques and technologies.  
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Chapter 3 – CaviScan: automated embolism imaging using 
a desktop scanner 

3.1 Introduction 

Although the single-point approach presented in Chapter 2 may have benefits at scale 

it is less suitable, even counter-productive, for measuring smaller sample sizes and 

individuals. As an alternative to a conductance-based approach, the recently 

developed ‘optical method’ offers an exciting new approach for in-vivo imaging of 

embolism in the xylem (Brodribb et al. 2016), and its application as a high-

throughput technique for assessing xylem vulnerability has yet to be explored.  

The technique works by capturing images of the xylem at regular intervals over a 

period of time using transmitted or reflected light and analysing the subtle 

differences in light intensity that occur when conduits in the xylem embolise 

(Brodribb et al. 2016). Images of the xylem can be captured using a digital camera or 

a document scanner. The advantage of a document scanner is that it has a 

significantly larger field of view than a camera, and thus provides a means of 

imaging larger leaves and multiple samples.  

The current limitations to imaging multiple samples in a scanner is that it is difficult 

to find all the features necessary to optimise the procedure within a single scanning 

software application, nor are some of the desirable features even available, to my 

knowledge, in any of the current scanning software applications. Desirable features 

include: 1) the ability to automate the scanning procedure and configure the interval 

between scans, 2) to set the duration or limit the number of scans, 3) to scan sub-

regions (i.e. regions of interest; ROI) of the total scannable area, 4) to configure 

different settings (e.g. resolution, image type, etc) for each ROI, and 5) to configure 

the organisation of output folders and files. 

In particular, the ability to use and configure different ROIs would be particularly 

useful. Although multiple ROI capability is available in some of the scanning 

software I tried it was either difficult configure (and in some cases quite bizarre in 

the manner of configuration), or incompatible or awkward to configure with the 

automation of scanning.  
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Of the software that did provide multiple-ROI capability, none allowed for the 

configuration of different scan settings per ROI. This would be useful, and indeed 

necessary if only one scanner was available, for scanning both leaves and stems on 

the same scanner. This is because leaves and stems are scanned using different light 

sources - leaves work best with light transmission, while stems work best with 

reflected light. It is worth noting that the capability for light transmission is only 

available on some scanners, typically provided as a feature for scanning 

transparencies (e.g. slides).  

Scanning the entire scannable area at high resolution can take minutes, thus a 

significant benefit of multiple ROIs is that they can reduce the scan time by scanning 

only relevant regions. This increases the temporal resolution of embolism events. 

Without sub-region capability either the temporal resolution of embolism events 

must be traded for the number of samples imaged, or vice-versa, the number of 

samples imaged per scan must be reduced so that the time between scans is less. 

The aim of this chapter was to develop a new process to meet the features outlined 

above. The process was then used to assess and compare the vulnerability to 

cavitation in leaves and stems and between juvenile and adult E. globulus. 

Incorporating trait variability is an important dimension for accurately predicting 

climate-induced forest tree mortality, range-shifts, rates of adaptation, and changes in 

community assembly and biodiversity (Anderegg, 2014). In this context, studies are 

emerging that assess intraspecific variation across environmental gradients and 

between populations (Choat, Sack and Holbrook, 2007; Martínez-Vilalta et al., 2009; 

Lamy et al., 2014; Hajek et al., 2016; Blackman et al., 2017). Ontogenetic variation 

is another important axis of variability that has received little attention (Anderegg, 

2014). After all, all individual metamers (individual plant segments) are variable to 

some degree, representing a continuum of morphological, anatomical and 

physiological changes, that accompany plant development from embryo to adult 

vegetative and reproductive phases towards senescence (Jones, 1999). Given the 

substantial changes in xylem anatomy that occurs during plant maturation it is 

surprising that few studies have assessed changes in xylem vulnerability associated 

with life history (Sperry and Saliendra, 1994; Pasquet-Kok, Creese and Sack, 2010).   
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Some of the most remarkable developmental transitions in plants occur in 

heteroblastic Eucalypt species. Among these, the Tasmanian Blue Gum (Eucalyptus 

globulus Labill.) presents a dramatic example of distinct juvenile and adult phases 

that transition at 1-3 years, marked by stark morphological and anatomical 

differences in the leaves and stems (James and Bell 2001; James and Bell 2000b). 

Adult leaves are isobilateral, alternate, amphistomatous, petiolated, vertically 

orientated, oblong, shiny, dark green in colour and grow on cylindrical stems, while 

juvenile leaves are opposite, dorsiventral, hypostomatous, sessile, horizontally 

orientated, broad, blue-grey/glaucous in colour, and grow transversely on 

quadrangular stems (Fig. 3.1). Juvenile and adult leaves also differ in their leaf 

anatomy (Johnson 1926; James et al. 1999; James and Bell 2001; James and Bell 

2000a), gas exchange (James and Bell 2000b), photosynthetic chemistry (Velikova et 

al., 2008), and susceptibility to pests (Brennan et al., 2001; Rapley, Allen and Potts, 

2004) and fungal pathogens (Dungey et al., 1997; Carnegie and Ades, 2005; De 

Little, Foster and Hingston, 2008). To our knowledge there are no studies comparing 

traits in juvenile and adult stems. 

The timing of phase-change is adaptive (Jordan et al., 2000) and under strong genetic 

control (Jordan, Potts and Wiltshire, 1999), although across the broad distribution of 

the species the ecological significance appears to be variable (Jordan et al., 2000). 

Nonetheless, it seems clear that adult leaves have traits associated with xeromorphy 

that act to maintain or improve water use efficiency by minimising light interception 

and high temperature due to their vertical orientation (James and Bell 2000a; James 

and Bell 2000b; James and Bell 2001; James et al. 1999; Johnson 1926). Conversely, 

juvenile leaves have traits that are associated with maximising light interception and 

photosynthesis for growth (James and Bell 2000a; James and Bell 2000b; James and 

Bell 2001; James et al. 1999; Johnson 1926). 

Given the close association between hydraulic traits and plant productivity 

(Brodribb, Feild and Jordan, 2007) and survival (Blackman, Brodribb and Jordan, 

2009; Brodribb and Cochard, 2009; Urli et al., 2013), and evidence to suggest there 

may be differences in xylem vulnerability between juvenile and adult foliage in at 

least one other species (Pasquet-Kok, Creese and Sack, 2010), I hypothesised that the 

phase-change in E. globulus could also be associated with changes in xylem 



Chapter 3 – CaviScan: automated embolism imaging using a desktop scanner | Page 41 

 41 

vulnerability, and in particular that adults would be less vulnerable to drought-

induced cavitation than juveniles, in keeping with a shift towards xeromorphy. 

 

Figure 3.1 E. globulus adult and 

juvenile leaves and stems. Left Adult 

leaves are isobilateral, 

amphistomatous, petiolated, vertically 

orientated, oblong, shiny, dark green 

in colour and grow on cylindrical 

stems. Right Juvenile leaves are 

dorsiventral, hypostomatous, sessile, 

horizontally orientated, broad, blue-

grey/glaucous in colour, and grow 

transversely on quadrangular stems. 

 

3.2 Methods 

3.2.3 Plant material and sampling 

Three juvenile and three adult E. globulus plants were sampled in the wetter Winter 

months between July and August near the grounds of the University of Tasmania at 

42°54'24.8"S 147°19'26.8"E.  

From three adult trees 16-20 metres in height, a sun-exposed branch approximately 

2-3 metres in length was sampled in the morning from a canopy height of 8-10 

metres. For juvenile material, three 1-2 year old neighbouring plants were sampled 

by cutting whole plants at the base. Canopy cover at the sampling site was <10%, so 

there was little difference in light climate between juvenile and adult samples. 

Samples were immediately bagged after cutting and sealed in thick clear plastic bags 

to reduce transpirational water loss before the short walk back to the laboratory for 

measurement.  
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For each sample two leaves from opposite lateral shoots and two stems from a 

second set of opposite lateral shoots on the same branch/stem were measured. As a 

result, there were 6 trees, a total of 3 branches and 3 whole plants, 12 leaves and 12 

stems. 

3.2.4 Optical measurement of xylem vulnerability 

Leaves and stems were securely attached to a document scanner (Perfection V800, 

EPSON) and entire leaves and section of stem ~10mm in length were scanned every 

5 minutes at a resolution of 4200 DPI. For each stem section a small section of bark 

was carefully removed to reveal the intact xylem.  

Water potential (WP; MPa) was measured automatically every 15 minutes using a 

psychrometer (ICT International, Armidale, NSW, Australia) attached to the main 

stem or branch within 1-2 nodes of the measured lateral shoots. Psychrometer values 

were confirmed every 4-6 hours with leaf measurements of WP using a Scholander 

pressure chamber. Given that the sample was disconnected from the soil and the 

stomata closed during the experiment, the WP of lateral shoots and the main stem 

were expected to be in equilibrium until catastrophic embolism resulted in 

compartmentalisation of vascular tissue. At this point conductivity would have been 

lost almost entirely.  

Optical vulnerability was determined as described by Brodribb et al. (2016). Briefly, 

to quantify embolism, captured images were imported into ImageJ as a sequence (an 

ImageJ ‘stack’) and each image in the stack converted to an 8-bit grayscale image i.e. 

each pixel having a value from 0 (black) to 255 (white). Images were subtracted 

using the Image Calculator function and this produced a new result stack where 

differences between images are revealed as pixels having a value > 0. Noise was 

removed using an outlier function (the ‘Remove Outliers’ function in ImageJ) and by 

manual removal where it was clear that pixels were unrelated to an embolism event 

e.g. outside the venation, randomly distributed within the venation, or the result of 

insect movement or scanning artefact. In particular we encountered a pattern of 

banding caused by inconsistent speed in the movement of the scanner head. This was 

clearly identifiable and the associated pixels were manually removed.  Embolism per 

image was quantified as the count of non-zero pixels divided by the total count of 
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non-zero pixels per sequence to represent % of total embolism. WP at the point of 

image capture was calculated using the terms of an appropriate regression model 

fitted to psychrometer measurements of WP over time. In all cases, regressions were 

linear because this fitted the data well. Leaves and branches were scanned until no 

cavitations were recorded for a period of > 3 hours, at this time it was assumed 100% 

of vessels were cavitated. The entire scan time was typically 30 hours. Xylem 

vulnerability was evaluated and compared using the WP resulting in a 12% (P12), 

50% (P50) and 88% (P88) increase in embolism area. P12 represents the WP that 

initiates air-seeding and relates to the lower threshold of pit membranes (Choat, 

Cobb and Jansen, 2008), and P88 the critical threshold of plant mortality (Urli et al., 

2013). An advantage of the optical method is that these values could be taken 

directly from the processed data without fitting a regression model because of the 

short time interval between captures and the resulting large number of points in the 

curve. The WP range associated with the bulk of embolism events was analysed 

using the WP range P88 – P12. 

3.2.5 Controlling the scanning procedure using a new program – CaviScan. 

The scanning procedure was defined and controlled using AutoITã automation 

software (AutoIT, 2010) in combination with VueScanã scanning software.  

VueScan is generic scanning software that can be used to control a significant 

number of common and uncommon scanners. Indeed, the point of difference for the 

product is that continues to support older models of scanner when they are no longer 

supported from OEM (operator equipment manufacturer) or operating system 

software.  

AutoIT provides a scripting language that can be used to interface with software that 

runs on the Windows operating system. Traditionally the only way to 

programmatically interface with software such as VueScan is for the software 

developer to provide a programming library that contains the necessary functions. 

VueScan do not provide such a library. An alternative approach is to use automation 

software which interacts with software via its user interface. At a basic level this 

provides a way of accessing software features by directing, for example, a mouse 

pointer over to a location on the screen and emitting events (e.g. a click or double-
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click) to activate a UI component (e.g. a button). At a more advanced level the 

software allows complex procedures to be defined by interfacing with the user 

interface on the basis of lower-level component IDs. Thus, for example, a button can 

be targeted using its component ID instead of by moving the mouse to the relevant 

position on the screen. One of the most significant benefits is that the computer can 

still be used for other tasks while the automation script is accessing the software; 

controlling the software using positioned mouse clicks requires that the software 

window be in the same position and that the mouse is not used during the procedure. 

Using AutoIT a highly configurable and flexible script was developed: CaviScan. 

The script provides a number of configuration options for setting the scan interval, 

the length of time to repeat scans (the duration) and the output folder and filename 

format. The script is then divided into two routines: 1) pre-scan, and 2) the scanning 

procedure. 

The pre-scan routine, as the name suggests, is run before the scanning procedure is 

executed and provides a way of issuing setup commands that will apply to the entire 

procedure. The scanning procedure routine defines the ROI(s) to be scanned and is 

repeated until the sequence is complete. The advantage of the two sections can be 

illustrated with the example of the light source selection (e.g. transmission for leaves 

and reflection for stems). If all ROIs are to be scanned using the same light source 

then the command for configuring the light source is better placed in the pre-scan 

routine rather than in the main scanning procedure where it would unnecessarily 

increase the scan time by repeating the steps to configure the light source options in 

the VueScan UI. Conversely if both leaves and stems are scanned in a cycle then the 

light source command would be required in the scanning procedure routine to 

alternate the light source. 

Several functions are provided for defining the scan settings for each ROI in the 

scanning procedure, including a sample name, the dimensions of the ROI, the 

resolution, image type (8-bit grayscale, 16-bit colour, etc.) and file type (e.g. PNG, 

JPEG, etc.).  
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To obtain the dimensions of the ROI the user uses the VueScan interface and ROI 

tool to select the ROI and then copies the ROI dimension settings from the interface 

into the script.  

CaviScan is activated by double-clicking the CaviScan script file. Once activated it 

runs a series of configuration procedures to setup VueScan to ensure the consistency 

of scans, for example by turning off features such as ‘infrared dust filtering’ which 

can result in subtle differences between scans, then runs the pre-scan routine and 

then repeats the scanning procedure routine until the designated time and at the 

interval provided in the configuration. 

During the scanning procedure CaviScan configures the output folder and file name 

settings of VueScan so that files are organised in a useful structure that separates 

scan resolutions and image types. 

To control multiple scanners using a single computer, a routine was added to the 

script initialisation process to ‘attach’ the currently active CaviScan script to the 

currently active and maximised VueScan software instance. Once attached the 

commands from CaviScan are only directed at the designated instance of VueScan, 

thus multiple instances, and therefore multiple scanners, can be controlled using 

multiple CaviScan scripts running on the same computer. 

The CaviScan script and detailed operating instructions are provided online at 

https://github.com/OpenSourceOV/scanner-image-capture-instructions and 

https://github.com/OpenSourceOV/caviscan. 

3.2.6 Statistical Analysis 

A student’s t-test was used to compare differences in P50 between juvenile/adult leaf 

vs stem, and between juveniles and adults with stem and leaf data combined. To 

satisfy assumptions of normality (Shapiro-Wilk) and homogeneity of variance 

(Bartlett), juvenile and stem P50 data was rank-transformed. Stem P50 data was not 

normally distributed owing to the similarity in vulnerability curves and could not be 

transformed to normality, therefore a non-parametric test (Mann-Whitney) was used 

to compare the median P50 value of adult leaves and stems, juvenile leaves and 

stems, and adult and juvenile stems. 
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P88 and P12 values were compared using one-way ANOVA and post-hoc pairwise t-

tests on untransformed (P88) and rank-transformed (P12) data having met assumptions 

of homogeneity of variance and normality.  

Differences in P88 – P12 were analysed using one-way ANOVA on data 

untransformed, homoscedastic, and normally distributed. 

A student’s t-test was used to compare differences in leaf and stem coefficients of 

variation (CV) using combined P12, P50, and P88 values. 

Differences in the slope of the fitted regression was analysed using a one-way 

ANOVA having satisfied assumptions of normality and homoscedasticity. 

All analysis was performed using R version 3.2.4 (R Development Core Team, 

2011). 

3.3 Results 

Juvenile leaves of E. globulus were more vulnerable than adult leaves (Fig. 3.2; 

Table 3.1), with a significantly higher mean P50 (-3.32±0.04 MPa; P<0.05) and P12 (-

2.86±0.24 MPa; P<0.05) than adults (-4.44±0.06 MPa; P<0.05) and P12 (-3.99±0.01 

MPa; P<0.05). There was no significant difference in vulnerability between juvenile 

and adult stems (P=0.08). 

Per individual there were no significant difference between stems and leaves in P12, 

P50, or P88 (Table 3.2; Fig. 3.3). Indeed, the values were remarkably similar and 

across all samples P50 stem and leaf varied only by 9±4%, P12 by 12±3% and P88 by 

6±5%. 

Replicates per organ were also consistent, particularly for leaves, which had a mean 

CV of 0.04±0.03. Stem replicates were comparatively less consistent, but still had 

low variance, with a mean CV of 0.12±0.03. 

When extreme values for embolism events are excluded (i.e. data were restricted to 

the range P88 – P12 (Table 3.1) most embolisms occurred within a narrow 1MPa 

range (0.94±0.87 MPa for adults, 0.87±0.33 MPa for juveniles). Analysis of the 
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slopes of the fitted regressions (b; Table 3.2) indicated the formation and spread of 

embolism was consistent across all samples (F3,8=1.3, P=0.33). 

Comparing the WP resulting in the first embolism (WPfirst) and last embolism 

(WPfinal), in juveniles embolism initiated in the leaves and stems at the same WP (-

3.80±0.33 MPa; P=0.68; Table 3.1, WPfirst) and concluded at -4.90±0.17 MPa. In 

adults embolism initiated first in the stems (-2.25±0.33 MPa) and then in the leaves 

(-3.75±0.09 MPa; P<0.05; Table 3.1) and finished at -5.11±0.26 MPa. There was no 

significant difference in WPfinal between leaves and stems for either adults or 

juveniles. 

Comparing the WPfirst between adults and juveniles, embolism initiated in juvenile 

leaves at -2.25±0.33 MPa, over 1 MPa earlier than adult leaves (-3.75±0.09 MPa, 

P<0.05; Table 3.1). There was no significant difference in WPfinal between juvenile 

and adult stems, leaves, or stems and leaves combined.  

Table 3.1 Leaf, Stem and combined Leaf and Stem P12, P50 and P88 for juvenile and 

adult E. globulus (values are mean ± SE in brackets). b indicates the slope of the % 

embolism/WP regression.  Values followed by the same letter are significantly 

different (P<0.05, * indicates P<0.01). 
 Leaf, n=3 Stem, n=3 Combined, n=6 

Adult    

- P12 3.99 (±0.01) e 3.44 (±0.08) 3.72 (±0.13) c* 

- P50 4.44 (±0.06) b 4.10 (±0.01) 4.27 (±0.08) a* 

- P88 4.68 (±0.27) 4.64 (±0.27) 4.66 (±0.17) d 

- WPfirst 3.75 (±0.09) f 2.25 (±0.41) 3.01 (±0.38) 

- WPlast 5.09 (±0.42) 5.13 (±0.38) 5.11 (±0.26) 
- WPlast - WPfirst 1.34 (±0.51) 2.88 (±0.65) 2.11 (±0.51) 

- P88 – P50 0.69 (±0.26) 1.20 (±0.20) 0.94 (±0.19) 
- b 0.26 0.38 0.34 

Juvenile    

- P12 2.86 (±0.24) e 2.99 (±0.06)  2.93 (±0.15) c* 

- P50 3.32 (±0.04) b 2.97 (±0.11) 3.15 (±0.09) a* 

- P88 3.89 (±0.21) 3.72 (±0.45) 3.80 (±0.23) d 

- WPfirst 2.60 (±0.31) f 2.43 (±0.21) 2.52 (±0.17) 
- WPlast 4.69 (±0.32) 5.10 (±0.09) 4.90 (±0.17) 
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- WPlast - WPfirst 2.10 (±0.50) 2.67 (±0.12) 2.38 (±0.26) 

- P88 – P50 1.03 (±0.11) 0.71 (±0.24) 0.87 (±0.14) 
- b 0.24 0.39 0.32 
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Figure 3.2 Comparison of juvenile and adult E. globulus stem and leaf vulnerability 

curves. Horizontal dotted lines indicate xylem embolism at 12%, 50%, and 88% of 

total xylem embolism. Solid coloured lines describe a logistic regression fitted to the 

data. Top panels Juvenile vs adult leaf (solid grey line) and stem (dashed grey line) 

reps with fitted leaf (solid purple line) and stem (solid blue line) regressions. Middle 

panels Same data as top panel grouped by organ: adult (solid grey line) vs juvenile 

(dashed grey line) replicates with fitted adult (solid purple line) and juvenile (solid 

blue line) regressions. Bottom panel Adult vs juvenile combining leaf and stem data 

with fitted adult (solid purple line) and juvenile (solid blue line) regressions. 
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Figure 3.3 Vulnerability curves for three adult and three juvenile E. globulus plants. Plots show leaf (solid grey line) and stem (dashed grey line) 

replicates and fitted leaf (solid purple line) and stem (solid blue line) regressions. Horizontal dotted lines indicate xylem embolism at 12%, 50%, 

and 88% of total xylem embolism. 



Chapter 3 – CaviScan: automated embolism imaging using a desktop scanner | Page 51 

 51 

Table 3.2 A comparison of juvenile and adult E. globulus leaf and stem parameters, including water potential resulting in a 12% (P12), 50% (P50) 

and 88% (P88) increase in embolism area, water potential at first (WPfirst) and last (WPlast) embolism event, the ranges WPlast – WPfirst and P88 – 

P12, and the slope coefficient (b) for the logistic regression model fitted to leaf and stem values (Fig. 3.2). Where applicable, values are shown as 

mean ± SE. 

Adult sample 1  2  3  

 Leaf, n=2 Stem, n=2 Leaf, n=2 Stem, n=2 Leaf, n=2 Stem, n=2 

Adult       

- P12 3.97 (±0.03) 3.34 (±0.23) 4.00 (±0.13) 3.60 (±0.66) 4.00 (±0.18) 3.40 (±0.42) 

- P50 4.32 (±0.01) 4.12 (±0.77) 4.50 (±0.42) 4.10 (±0.86) 4.49 (±0.42) 4.10 (±0.91) 

- P88 4.22 (±0.04) 4.26 (±0.04) 5.17 (±0.18) 5.18 (±0.16) 4.64 (±0.07) 4.50 (±0.34) 

- WPfirst 3.94 (±0.00) 2.19 (±0.27) 3.66 (±0.22) 1.59 (±0.01) 3.67 (±0.07) 3.00 (±0.55) 

- WPlast 4.31 (±0.01) 4.45 (±0.00) 5.76 (±0.01) 5.78 (±0.01) 5.20 (±0.01) 5.18 (±0.01) 

- WPlast - WPfirst 0.37 2.26 2.1 4.19 1.53 2.18 

- P88 – P50 0.25 0.92 1.17 1.58 0.64 1.10 

- b 0.07 0.21 0.34 0.59 0.15 0.43 

Juvenile sample 1  2  3  

 Leaf, n=2 Stem, n=2 Leaf, n=2 Stem, n=2 Leaf, n=2 Stem, n=2 

- P12 2.39 (±0.03) 2.70 (±0.08) 3.13 (±0.06) 2.86 (±0.31) 3.07 (±0.27) 3.44 (±0.27) 

- P50 3.39 (±0.12) 2.87 (±0.28) 3.35 (±0.01) 3.20 (±0.14) 3.24 (±0.06) 2.87 (±0.26) 

- P88 3.50 (±0.00) 3.03 (±0.11) 3.94 (±0.13) 3.54 (±0.16) 4.23 (±0.18) 4.59 (±0.45) 

- WPfirst 2.01 (±0.04) 2.43 (±0.06) 3.07 (±0.00) 2.07 (±0.02) 2.73 (±0.36) 2.80 (±0.39) 

- WPlast 4.65 (±0.16) 5.09 (±0.05) 4.18 (±0.11) 4.95 (±0.23) 5.27 (±0.07) 5.26 (±0.09) 

- WPlast - WPfirst 2.64 2.66 1.11 2.88 2.54 2.46 
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Table 3.2 continued      

Juvenile sample 1  2  3  

 Leaf, n=2 Stem, n=2 Leaf, n=2 Stem, n=2 Leaf, n=2 Stem, n=2 

- P88 – P50 1.11 0.33 0.81 0.68 1.16 1.15 

- b 0.25 0.16 0.16 0.20 0.3 0.44 
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3.4 Discussion 

By analysing visual changes in the xylem associated with embolism formation, we 

found that adult E. globulus leaves were less vulnerable to hydraulic failure by > 

1MPa when comparing the xylem tension associated with a 12% and 50% increase in 

embolised conduits. We found no significant difference in vulnerability between 

juvenile and adult stems. The vulnerability of juvenile E. globulus has not been 

reported in the literature, but the P12, P50, and P88 of adult leaves measured here is 

consistent with reported values (Brodribb et al. 2016).  

To our knowledge this is the first assessment of ontogenetic changes in xylem 

vulnerability in Eucalyptus, and the only ontogenetic study to compare both leaf and 

stem vulnerability.  

Indeed, remarkably few studies have assessed drought effects in the early life history 

of plants, and most are restricted to tropical forest species (Delissio and Primack, 

2003; Engelbrecht and Kursar, 2003; Bunker and Carson, 2005; Engelbrecht, Kursar 

and Tyree, 2005; Yavitt and Wright, 2008; Chaturvedi, Raghubanshi and Singh, 

2013; Song et al., 2016) with some exceptions in maize (Khan et al., 2004), 

temperate woody species (Sack, 2004) and chaparral shrubs (Pratt et al., 2010).  

In contrast to our results, in one of the few studies that have measured xylem 

vulnerability in juvenile and adult plants, Sperry and Saliendra (1994) found no 

difference in P50 between juvenile and adult Betula occidentalis when comparing 

roots, trunks and twigs, although they did note that significant differences in the 

shapes of the vulnerability curves above the P50 could confer an advantage to 

juveniles. 

Differences in vulnerability in Betula occidentalis are unsurprising given that 

selective pressure for drought adaptation among riparian species is likely to be weak. 

Indeed, Betula occidentalis is not particularly known for drought tolerance (Gucker, 

2012), and the reported P50 (Sperry and Saliendra, 1994) is among the weakest of 

known values (Choat et al., 2012). Conversely, Australian phyllodineous Acacia 

species exemplify xeromorphic drought adaptation to arid environments (Boughton, 

1986), and in the closely related Hawaiian endemic Acacia koa (Brown et al., 2012; 
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Le Roux et al., 2014), a heteroblastic species, the bi-pinnate compound leaves of 

juveniles were found to be more vulnerable than adult phyllodes (Pasquet-Kok, 

Creese and Sack, 2010). However, in that study vulnerability was assessed using 

transpiring leaves and phyllodes, and as such any loss of conductance could be the 

result of changes in the extra-xylary pathway and not embolism formation (Scoffoni 

et al., 2017), as measured here, and therefore may not be directly comparable. 

Nonetheless, the suite of contrasting traits between juvenile and adult Acacia koa 

strongly suggests that water stress, growth and shade are key selection pressures 

maintaining heteroblasty in the species (Pasquet-Kok, Creese and Sack, 2010). 

Indeed, in closely related heteroblastic Acacia melanoxylon (Murphy et al., 2010; 

Brown et al., 2012) analysis of gas exchange and photosynthesis over a range of 

vapour pressure deficits demonstrates that the morphology and anisohydric 

behaviour of the juvenile compound bi-pinnate leaves help to minimise costs 

associated with light capture, allowing them to maximise growth in stems, trading off 

the relative safety of the isohydric adult phyllodes (Brodribb and Hill, 1993).   

In E. globulus field trials, slow growth is associated with increased mortality 

(Chambers, Borralho and Potts, 1996), suggesting strong selection for growth traits. 

However, quantitative genetic analysis of growth and the timing of phase change 

among natural populations of E. globulus indicates a complex relationship across its 

broad distribution (Jordan et al., 2000). At exposed coastal sites (Wilsons 

Promontory in South East Australia and Cape Tourville in North-Eastern Tasmania) 

where high winds and salt spray are likely to cause high evaporative demand and 

water stress, early phase change is associated with slow growth, and indeed 

significant local genetic differentiation can be expressed over a remarkably short 

distance (~500m) in association with proximity to exposure (i.e. cliff base to exposed 

top; Jordan et al. 2000). In a separate study, broad-scale genetic analysis of drought 

damage in E. globulus confirms these populations are drought adapted (Dutkowski 

and Potts, 2012). However, this apparent trade-off between growth and drought 

tolerance is confounded at the wetter end of the distribution where faster growth can 

be associated with early phase change, although this appears to be related to 

pathogen preference for juvenile foliage and an increase in pathogens at wet sites 

(Jordan et al., 2000). In this context early phase change provides a means of escape 

from pathogen attack (Jordan et al., 2000). Presumably this would also have 
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impacted growth during the juvenile phase resulting in the relative increase in growth 

associated with the shift to adult foliage. In terms of mean annual precipitation and 

temperature (Table 3) our sampling site (near Hobart, Tasmania) falls roughly in the 

middle of the distribution for E. globulus (Kirkpatrick, 1975; Jordan et al., 1993) and 

is unlikely to be pathogen-affected, nor is the site particularly exposed.  

Broad-scale analysis of trade-offs in efficiency for safety indicate the relationship is 

complex, as evidenced above, with strong evidence for and against a trade-off among 

and within clades (Gleason et al., 2016; Hacke et al., 2017). In Eucalyptus (not 

represented in the previous analyses), variation in stem vessel diameters appears to 

be adaptive and driven by climate and aridity more than growth (Pfautsch et al., 

2016). Our results suggest that this apparent trade-off in safety and efficiency among 

stem hydraulic traits may only extend to the species level and that during ontogeny, 

leaf traits provide the critical means of adjusting to the prevailing conditions. Both 

adaptation and plasticity of leaf xylem vulnerability have been demonstrated in 

closely-related Corymbia calophylla in response to temperature (Blackman et al., 

2017).  

The lack of significant differences between juvenile and adult stem xylem is 

unsurprising given that much of the juvenile stem xylem will continue to supply 

leaves through the juvenile, transitional, and into the initial adult phase, until 

secondary growth replaces the bulk of functional conduits.  

The cause of the observed differences in xylem vulnerability between juvenile and 

adult leaves is difficult to determine, but the contrast in P12, and the consistency in 

the slope of the relationship between WP and embolism formation between juvenile 

and adult leaves, suggests a systematic difference in the air-seeding threshold of pit 

pores (probably due to membrane thickness (Li et al., 2016)), or changes in the total 

pit area per conduit (Wheeler et al., 2005; Hacke et al., 2006) are most likely. 

In Australia, where Eucalypt-dominated vegetation is particularly susceptible to 

climate change (Butt, Pollock and Mcalpine, 2013), a better understanding of 

plasticity and adaptation to drought in both stem and leaves is needed to improve the 

accuracy of climate vegetation models. Indeed, the representation of juvenile and 

early-life history traits may better serve the accuracy of models than those of the 
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adult vegetative and reproductive phases. Seedling and juvenile plants are generally 

considered to be more susceptible to drought because their limited rooting depth 

restricts access to deeper reserves of soil water, but if this is also coupled with a 

more vulnerable xylem then the effect of increased drought and heat may be 

compounded, leading to an underestimate of drought impacts. This may be especially 

important given the critical role of juvenile plants in establishment, regeneration and 

species community composition (Barber, 1965; Bunker and Carson, 2005; 

Engelbrecht, Kursar and Tyree, 2005; Pratt et al., 2014). Eucalypts are well known 

for their capacity to recover from damage by re-sprouting at their base from 

specialised structures called lignotubers (Noble, 2001). Coppice and juvenile shoots 

do not share the same issue of rooting depth, but they do share the same morphology 

(Noble, 2001) and possibly the same vulnerability to hydraulic failure, with 

implications for regeneration under future climate scenarios (Pratt et al., 2014). 

The CaviScan program worked well and reduced the complexity of scanner 

configuration, enabling both leaves and stems to be scanned on the same scanner 

with multiple scanners able to be controlled using a single computer. By integrating 

with the VueScan scanning software the CaviScan program has the capacity to 

interface most, if not all, desktop scanners, thus providing a widely available and 

consistent approach for automated scanning.  

Although CaviScan demonstrated a significant capacity for use in a high-throughput 

setup using multiple scanners, the approach could be limited. Although CaviScan can 

maximise the use of the available scanning area, I found the procedure for fitting 

samples into the scanner difficult and time-consuming. Often branches had to be 

supported in awkward positions to achieve the right orientation of samples in the 

scanner. For leaves where one side may have better imaging than the other (for 

example if the vascular bundle or xylem is nearer one of the surfaces) this could be 

particularly challenging. Additionally I also encountered a number of scanning 

artefacts that manifest as patterns of banding in the image differences. The issue 

came and went and there did not seem to be a particular pattern that would help 

identify the cause. Possibly it might be the result of inconsistent speed in the 

movement of the scanner head perhaps caused by heating of the belt that connects 

the stepper motor. 
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Chapter 4 - CaviCam and OpenSourceOV.org: a new 
device and online resource for assessing drought tolerance 
in plants  

4.1 Introduction 

In the previous chapters I explored a new approach for reducing the number of 

measurements required for conductance-based measurements (chapter 2) and 

developed CaviScan for increasing the usability and for maximising the number of 

measurements that can be made using a desktop scanner (chapter 3). To an extent 

these approaches were successful; the single-point technique can reduce the number 

of measurements when applied at scale, and CaviScan proved its potential for 

controlling multiple scanners and efficacy in maximising the scannable area and 

reducing the scan time. However, both approaches presented a number of limitations. 

The single-point technique requires a pre-assessment of vulnerability, is only useful 

at scale, and the accuracy depends on measurement under stable environmental 

conditions. Although the use of document scanners and the optical technique provide 

a significant improvement on the single-point conductance-based approach, not only 

because of the accuracy and reliability afforded by the optical technique, but also in 

the potential for scaling, automation, and broad accessibility, it nonetheless has 

fundamental issues with usability, susceptibility to artefacts possibly because of the 

mechanical nature of image capture (Fig. 4.1), and is cumbersome and difficult to 

use with a large number of samples (Fig. 4.2).  

The benefits of using the optical technique are clear given the limitations of other 

methods (chapter 1), but current methods of applying the optical technique are also 

limited.   

Three methods exist for capturing images of the xylem to use with the optical 

method: a microscope, document scanner, or point-and-shoot type camera. 

Microscopes are awkwardly shaped, expensive and require additional, and often 

expensive, camera attachments and imaging software, and do not have appropriate 

illumination for stems, which must be provided using additional lighting that can be 

difficult and awkward to setup (Fig. 4.3). Digital single lens reflex (DSLR) or other 
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point-and-shoot type cameras require an involved setup with additional stands and 

lights to fix the camera in position and provide suitable illumination (Fig. 4.4) – a 

setup that can be expensive, not easily portable, and despite best efforts to ensure the 

camera, sample and lights are all securely fixed in position, is still often highly 

susceptible to movement from bumps, knocks and vibrations. Document scanners, as 

discussed, have a number of limitations related to bulk and the mechanism of image 

capture. 

 

Figure 4.1 An example of a banding artefact caused by a document scanner. The 

image shown is the result of subtracting pixel values between two consecutive scans 

of the same leaf using a document scanner. Dark areas indicate pixel differences 

between scans, white areas indicate no difference. Horizontal banding is possibly 

caused by imperfect coordination between the movement of the scanner head and the 

read out from the light sensors. 
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Continuous illumination is also an issue. Depending on the species and the rate of 

dry down, images of the xylem may need to be captured continually over several 

days. In a microscope or camera setup where the illumination is typically always on 

this can mean the sample is illuminated for extended periods of time causing sample 

heating.  

 

Figure 4.2 A scanner setup to assess olive leaves. This figure illustrates the typical 

ad hoc measures required for a scanner setup, including ad hoc weights used to force 

the lid of the scanner shut to reduce the amount of external light entering the 

scanning area and to clamp the sample in position, and ad hoc support of the main 

stem (a hole punch in this case). The inset image shows the sample preparation in the 

scanner and illustrates the difficulty in securing and arranging multiple samples. The 

overall bulk of the setup with the two scanners and the computer is apparent.  
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Figure 4.3 A typical microscope setup involving ad hoc supports to raise the sample 

to the level of the microscope stage. Clamps and a compact disc illustrate the ad hoc 

measures often needed to secure the sample in position. Compound microscopes 

such this do not have suitable lighting for stems, thus a custom-designed 3D-printed 

LED mount was constructed (not visible) to attach to the lens and provide the 

necessary illumination. A psychrometer is used to measure the sample water 

potential and a digital camera is mounted on the microscope to record images of the 

xylem under magnification. 

Wrangling software to successfully control of the capture sequence is also an issue. 

For document scanners this necessitated the development of CaviScan and the 

VueScan scanning software, and although similar generic software exists for digital 

cameras (e.g. digiCamControl, http://digicamcontrol.com/) for which an alternative 

version of CaviScan could be developed (CaviPhoto?), it is limited to DSLR or 

point-and-shoot type cameras, not for cameras mounted on or integrated into a 

microscope, which would require yet another solution.  
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Figure 4.4 A typical camera setup that illustrates the ad hoc supports and clamps 

necessary to secure the sample in position. Ensuring sufficiently bright illumination 

can be a challenge with a camera setup. Here a mirror and propped up projector are 

used to illuminate the sample. A psychrometer is used to log sample water potential. 

Given these limitations it became clear that a new device was needed, something that 

was affordable, portable, robust against knocks and bumps, and integrated a digital 

camera, data storage, illumination, magnification, and software control. I 

hypothesised that such a device (hereafter called the ‘CaviCam’) could be developed 

using recent advances in inexpensive electronics and 3D printing technology. 

In this chapter I describe the development of the CaviCam and OpenSourceOV.org - 

an online repository of support materials, guides and information necessary to build 

and operate the system. 
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4.2 Methods 

4.2.1 Data storage and digital camera 

In the last decade there have been a proliferation of inexpensive and compact ‘single-

board’ computers (micro-computers) and micro-controllers developed by 

organisations such as Arduino (https://www.arduino.cc/), Beagle Bone 

(https://beagleboard.org/), Adafruit (New York, United States), and the Raspberry Pi 

foundation (Cambridge, United Kingdom; Fig. 4.5) that offer storage options and 

considerable flexibility for integrating and controlling numerous different types of 

sensors and electronic components, including small digital cameras. The 

fundamental difference between a micro-computer and a micro-controller is that a 

micro-computer runs an entire stand-alone operating system based on a version of 

Linux or Windows, whereas a micro-controller requires specific instructions 

programmed on a separate computer that are compiled to lower-level machine code 

and transferred to the controller for execution. There are advantages and 

disadvantages to both, micro-controllers have less overhead, are more efficient and 

use less energy, but are less intuitive to use and configure - in effect they are a ‘bare-

bones’ setup where only essential functionality is added to a rudimentary system. In 

comparison micro-computers are less efficient in energy use and processing 

capability, but are more user-friendly, require less expertise to setup and use, and 

tend to come with a broader suite of hardware already built in, such as Wi-Fi, 

Bluetooth, USB and ethernet ports, plus all the capabilities of a standard operating 

system, including a web browser, programming frameworks and a visual interface 

for system configuration.  

Most tasks can be achieved in one way or another in both and both have general 

purpose input/output (GPIO) connectors through which other electrical components 

and devices can be connected. And indeed, through GPIO ports a micro-controller 

can be connected to micro-computer.  

I opted to use a Raspberry Pi micro-computer (http://www.raspberrypi.org) for the 

CaviCam because: 1) has on-board and external storage options (e.g. USB stick and 

MicroSD card), 2) the on-board operating system and ease of setup make it a low-

level entry to the technology which contributes to the general accessibility of the 
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system, 2) although all single-board computers and micro-controllers can be 

connected to a range of cameras, the Raspberry Pi Foundation (Cambridge, United 

Kingdom) develop an 8MP camera module, the Raspberry Pi Camera (Fig. 4.6), with 

a Sony IMX219 image sensor (Sony, 2018) that integrates with the Raspberry Pi 

hardware and has an excellent, well-documented Python library (PiCamera; 

https://github.com/waveform80/picamera) for programmatically controlling and 

configuring the camera, 3) the Raspberry Pi, like most micro-computers, can use any 

standard computer monitor for the display, and a mouse and keyboard can be 

attached using the standard USB ports, making the system inherently more flexible 

than a micro-controller setup, which requires a second computer or a screen display 

(and custom programming) to create a readout display, 4) the Raspberry Pi operating 

system (Raspbian) comes with many programming languages pre-installed and is 

therefore already primed for the development of custom programs in the user’s 

language of choice, thus immediately improving the extensibility of the system. 5) 

The Raspberry Pi has a considerable following and there are numerous online 

communities and resources providing guidance and support to learn the Raspberry Pi 

platform and resolve issues. 
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Figure 4.5 Two micro-computer examples: the BeagleBone Black Rev C (1) and 

Raspberry Pi Model B+ (2), and two commonly used micro-processors; the Adafruit 

Feather M4 Express (3) and Arduino Mega 2560 micro-processors. The devices are 

not shown to scale.  
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Figure 4.6 A close-up of the the Raspberry Pi Camera V2. Inset image shows the 

camera connected with ribbon cable to a Raspberry Pi. The camera is not to scale. 

4.2.2 Magnification lens 

I initially opted for a 10x macro lens from Moment (https://www.shopmoment.com/; 

Fig. 4.7). This is a high-end lens specifically designed to attach to a smartphone 

camera and is able to mate with the Raspberry Pi Camera light sensor mount, plus 

the optics produce excellent quality images with low distortion and a wide full field 

of view. Additionally the shape and low profile of the lens helped to reduce the 

overall profile of the CaviCam and made it relatively simple to integrate the lens into 

the CaviCam body. Although the lens is priced at the high-end of smartphone lenses 

it is still relatively inexpensive (<$140 AUD) compared to traditional lenses of 

similar quality, plus it can be bought online and shipped worldwide.     

However, for thicker leaves and stems I found that 10x magnification was not 

generally sufficient to capture embolism events and I was unable to find a 20x 

mobile phone lens of equivalent quality to the Moment 10x lens. Instead I tested a 

number of hand/loupe lenses ranging from cheap and unbranded lenses sourced 
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primarily from eBay, to mid-range lenses, such as the BelOMO (Minsk, Belarus) 

range of lenses, to high-end lenses from manufacturers such as Eschenbach 

(Nurnberg, Germany) and Zeiss (Oberkochen, Germany). This list was far from 

exhaustive, the aim was to get a general idea of the features that were most 

appropriate for the clamp. An interesting aside is that I found a number of the 

unbranded lenses from eBay and Amazon purporting to be 20x magnification were in 

fact only 10x magnification or less. Of the true 20x lenses I found the most limiting 

factor was the working distance - the minimum distance from the base of the lens to 

the object sufficient to bring the object into focus. For example, the BelOMO 20x 

lens is a very popular and inexpensive (~$35 AUD) hand lens (Fig. 4.7) that 

incorporates multiple achromatic lenses, something typically only found in higher-

end hand lenses, that improves image quality and clarity by correcting for colour and 

lens distortion, but I found the working distance to be only ~5mm. This provided 

very little clearance for manoeuvring a sample beneath the lens, and did not allow 

enough room for parts to securely fix the sample in position. Instead I found that a 

more expensive (~$170 AUD) 20x achromatic hand lens from Eschenbach (Fig. 4.7), 

which also has multiple lenses for correction, delivered the right combination of 

superior image quality, clarity and usable working distance (~12mm). I settled with 

the Eschenbach because it was the first to meet all the requirements, but there are 

undoubtedly other suitable lenses available, and the CaviCam was designed to 

accommodate, within reason, a range of different sized hand lenses.  

4.2.2 Illumination 

Bright illumination is essential to maximise light penetration through the sample and 

obtain a good signal from embolism events. I tested various light sources including 

custom-built circuits with a diversity of LED types, but for simplicity and flexibility 

I opted for sections of LED strip lighting. These are used in a broad variety of 

applications but mostly to provide accent lighting in home or commercial settings. 

They are widely available, come in a range of brightness and integrate all the 

necessary circuitry to connect the LEDs directly to a power source, plus they have an 

adhesive backing making it easy to attach to the clamp body. I chose LED strips that 

can be connected to a 12v DC supply rather than AC mains to minimise the risk of 

LED flicker due to fluctuating AC current, an issue I had seen with other LED light 
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sources, and created a very simple transistor-based circuit for controlling the power 

to the LED strips using a low-current output from one of the Raspberry Pi’s GPIO 

pins.  

 

 
Figure 4.7 The Moment 10x macro lens (1), the BelOMO 20x hand lens (2) and the 

Eschenbach 20x achromatic hand lens (3). The Moment 10x macro lens was used in 

version 1 of the CaviCam and the Eschenbach 20x hand lens was used in version 2. 

The BelOMO 20x hand lens provides an example of a cheaper 20x hand lens (~$35 

AUD) compared to the Eschenbach 20x hand lens (~$170 AUD), however the 

working distance of the Eschenbach model (~12mm) was better suited for the 

CaviCam than the BelOMO model (~5mm). 

4.2.3 Device housing 

There were four main components that needed to be integrated into the CaviCam: 1) 

Raspberry Pi Camera, 2) magnification lens, 3) above-sample illumination for stems, 

and 4) below-sample illumination for leaves. The Raspberry Pi can be connected via 

long cables, so to keep the device as compact as possible I chose not to integrate the 

Raspberry Pi in the clamp body. These components could only be arranged in one 

particular order and this defined the basic organisation of the device (Fig 4.8).  

Two versions of the CaviCam were developed – an initial version that incorporated 

the moment lens, and a second version for integrating a hand lens to increase the 
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magnification and to improve on various aspects of the first version. Each of these 

versions are discussed in more detail below. 

 

Figure 4.8 The basic 

components of the 

CaviCam: the Raspberry 

Pi Camera, magnification 

lens, above-sample and 

below-sample 

illumination. 

 

For the fabrication of parts I opted to use 3D printed materials. The meteoric rise of 

3D printing technology in recent years has revolutionised prototyping and small-

scale production (Dimitrov, Schreve and De Beer, 2006), and indeed now seems set 

to move into the realm of large scale part production (Bak, 2003). The technology 

has matured quickly bringing down the cost of 3D printers while increasing the 

accuracy and quality of the 3D prints (Bogue, 2013). Indeed, even some of the 

moderately priced consumer-level 3D printers currently available for less than $1000 

AUD, such as the i3 MK2S 3D printer from Prusa (Prague, Czech Republic), can 

fabricate parts to an accuracy of 0.05mm in a range of materials, including 

acrylonitrile butadiene styrene (ABS), polyethylene terephthalate (PET), polylactic 

acid (PLA) and nylon plastics, plus a growing range of ‘speciality’ materials that can 

produce flexible, rubbery, glowing, transparent, or extremely tough and durable parts 

by incorporating a range of additives, from ceramic and metal powders to wood and 

carbon fibres, among many others (including more exotic substances like beer by-

products and algae). 

For these reasons, plus increasing access to 3D printing services online and in 

universities, schools, libraries and public ‘maker’ workshops, 3D-printed parts for 

the device was an obvious choice to maximise accessibility and reduce the overall 

cost of the system. 
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Parts were designed using Tinkercad (https://www.tinkercad.com/), a free online 3D 

modelling program, and various iterations were printed and tested using a range of 

3D printing materials and printers, including VeroClear, a transparent resin-based 

material using a high-end StrataSys (Minnesota, United States) Objet Eden260VS 

3D printer, nylon using a high-end commercial Trump Precision Machinery 

(Zhongshan, China) Elite P3600 selective laser sintering (SLS) machine, and PLA 

and ABS using a mid-range ‘consumer’ Prusa i3 MK2S 3D printer. I found that all of 

these materials were suitably strong for the CaviCam construction and, surprisingly, 

the inexpensive Prusa desktop 3D printer was more than capable of producing parts 

for the device that were sufficiently accurate and robust (Fig. 4.9). 

 

 
Figure 4.9 3D parts for the CaviCam printed on the Prusa i3 MK2S consumer 3D 

printer. Left panel A bulk number of prints of a single part illustrating the capacity of 

3D printing for high-volume fabrication. Right panel All parts for a single CaviCam 

device (version 2) printed at the same time. The parts were printed overnight and 

took approximately 13 hours. 

4.2.4 CaviCam Version 1 

Version 1 consisted of four main components: 1) a layer for mounting the camera, 2) 

a layer enclosing the Moment lens and mounting two 50mm sections of LED strip 

lights, 3) a spacer for fixing the sample in position and setting the working distance 

between the camera and the sample, thus acting as a focusing component, 4) an 
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illumination base providing both a  platform for the sample and below-sample 

illumination via a cavity (painted white if necessary to increase reflectance) with 

space to fit two LED strip sections (Fig. 4.10). A 3-5mm opaque acrylic section sits 

over the base to act as a light diffuser and surface to mount the sample.  

Top layers were combined as one assembly using four bolts and recessed nuts, and 

four larger bolts secured the illumination base to the top assembly. Separating the top 

and bottom assembly provided the greatest flexibility for manoeuvring the sample in 

place and clamping it in position. I experimented with an alternative configuration 

where the top and bottom assemblies were held together using a hinge and spring 

configuration (Fig. 4.11), and although this provided a faster and more convenient 

method of inserting and securing the sample in position it significantly increased the 

overall bulk of the device. 

 

 
Figure 4.10 Left panel Schematic of CaviCam version 1. Right panel Picture of 

CaviCam version 1 fully constructed. Components are indicated by the following 

numbers: 1) Camera mount; 2 and 3) Lens mount that encloses the Moment lens 

(using part 2 and 3) and a mount for two LED strips (part 3); 4) Spacer for setting the 

working distance between the sample and the lens; 5) Acrylic cover for a sample 

platform and as a light diffuser for the illumination base; 6) Illumination base with a 

cavity for two LED strips. 
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Figure 4.11. An early prototype with a hinge and spring configuration to clamp the 

sample in position. In this version the Raspberry Pi was fixed to the top of the clamp. 

Although this version provided an easy way of inserting the sample (as pictured) and 

clamping it in position, it was more bulky than the other CaviCam versions.  

4.2.5 CaviCam Version 2 

Version 2 has the following components (Fig. 4.12): 1) Camera mount, 2) lens 

spacers for setting the distance between the top of the lens and the camera via the 

lens cover, 3) lens clamp for fixing the lens vertically using the lens cover. This part 

sits underneath the top section of the lens case and when the top assembly is bolted 

together the top section of the lens case is clamped between the lens clamp and the 

camera mount (or lens spacer if using an alternative configuration, more details 

below) thus fixing it in position. 4) Lens locks to horizontally fix the lens in position, 

5) wide right and left LED mounts that provide space in-between for a thinner hand 

lens, 6) thinner right and left LED mounts providing a space in-between for a wider 

hand lens. Separating the LED mounts into two separate components was an 

essential innovation on the first clamp to bring the higher magnification lens with a 

shallower working distance closer to the sample. 7) Spacer to set the distance 
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between the sample and the bottom of the lens, and to provide a base with recessed 

bolt holes to secure the top assembly parts in position, 8) foam pad to adjust the 

focus and secure the sample in place without damaging the sample. One of the main 

limitations of Version 1 was a limited ability to adjust the focus beyond the distance 

of the fixed spacer. The foam pad provides a simple way of fixing the sample in 

position without damage while providing an additional range of focus equivalent to a 

portion of the pad compression. Thus the focus can be easily adjusted by tightening 

or loosening nuts that fix the top and bottom assemblies. 9) Illuminated base. This 

has a similar construction to version 1 and integrates two 50mm LED strip sections 

fixed to the walls of a cavity and an opaque acrylic cover 3mm thick that acts as a 

diffuser and mounting surface for the sample. 

As mentioned, the main driver for version 2 was the ability to fit a hand lens. To 

provide flexibility to mount different makes and models of hand lenses a number of 

features had to be incorporated, including: 1) different sized lens spacers - the bolt 

that fixes the lens to the lens cover of most hand lenses tends to sit proud such that if 

the lens is positioned directly against the camera mount it causes the lens to deflect. 

The lens spacers provide an adjustable clearance between the camera mount and the 

top of the hand lens. 2) The LED lights were positioned as close to the lens as 

possible so that the lens intercepts as much of the reflected light as possible. Wider 

lens mounts bring the LED lights closer to the lens but only allow for a narrower 

lens, thus thinner lens mounts accommodate wider lenses. 3) The parts of the top 

assembly were fixed together using a bolt at each corner. These allow for flexibility 

in positioning the components of the top assembly by using nuts/washers as spacers. 

For example, additional washers/nuts can be added between the spacer and/or LED 

mounts and lens clamp to accommodate a 10x magnification lens with a larger 

working distance (Fig. 4.13).  
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Figure 4.12 Left panel Schematic of CaviCam version 2. Right panel Picture of 

CaviCam version 2 fully constructed. Components are indicated by the following 

numbers: 1) Lens spacers for setting the distance between the top of the lens (not 

shown) and the camera (not shown); 2) Lens clamp for fixing the lens against the 

lens; 3) Lens locks to secure the lens in position (not visible on right panel); 4) 

Acrylic cover to protect the camera; 5) Camera mount; 6) Wide LED mounts; 7) 

Narrow LED mounts to be used with a wider lens (not shown); 8) Spacer to set the 

distance between the lens and the sample, to secure the sample, and to provide a base 

for the top assembly; 9) Acrylic cover for the base to provide a platform for the 

sample and to act as a light diffuser; 10) Base with LED strip lights for illumination. 

Note that the foam pad is not shown but is attached to the underside of the spacer (8). 
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Figure 4.13. Example of an alternative configuration of CaviCam version 2 where 

the larger working distance of a 10x magnification lens is accommodated by 

repositioning layers using additional nuts. 

4.2.6 Software control 

For software control two command-line programs were developed to run on the 

Raspberry Pi: CaviCapture for controlling image capture and illumination, and 

CaviProcess for processing the images and extracting the data. Initially CaviCapture 

was developed just to capture images and save them to storage. Thus to process the 

images and extract the data it was necessary to transfer the images to a separate 

computer so that they could be processed using ImageJ. To aid this process a toolbox 

of newly developed and existing ImageJ functions and plugins was developed 

(CaviTools). The toolbox is also necessary for processing difficult images from the 

device, for example to remove the presence of artefacts caused by insects, or if 

embolism events are particularly faint. CaviProcess was developed so that images 

could be automatically processed on the Raspberry Pi. Not only did this significantly 

reduce the speed and complexity of the assessment process but enabled, for the first 

time, near real-time tracking of embolism events.  
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To maximise the extensibility of the CaviProcess program it was developed in such a 

way so that it could be interfaced with other programs and processes. This 

necessitated an upgrade to the CaviCapture script and consequently there are two 

versions of CaviCapture. The development of CaviProcess and the upgrade to 

CaviCapture enabled the creation of a graphical user interface (GUI), CaviConsole, 

for controlling image capture and processing, and for viewing the results of 

processing.  

The command-line programs, the GUI and the ImageJ toolbox are now presented. 

4.2.7 CaviCapture  

CaviCapture is a program developed in Python 2.7 (http://www.python.org) to 

control the Raspberry Pi Camera and the LED illumination via terminal commands 

on the Raspberry Pi. The program uses the PiCamera python library 

(https://github.com/waveform80/picamera) to interface with the camera and the 

RPi.GPIO library (https://pypi.org/project/RPi.GPIO/) to control illumination via a 

Raspberry Pi GPIO port. A simple transistor circuit connects a 12v power source 

(e.g. a car battery), a NPN-type transistor and two GPIO pins on the Raspberry Pi 

(ground and a designated ‘output’ pin) to supply power to the LEDs and to turn them 

on or off via a small current from a GPIO output pin. The LEDs are wired in pairs 

above and below the sample using Molex-type connectors. Only one set can be 

connected to the transistor circuit at any one time and this provides the means of 

selecting the illumination source for the sample. 

In the first CaviCapture version configuration settings were passed to the program 

via command-line options (Table 4.1). Version 2 has more configuration options 

(Table 4.2) which are accessed from a INI-based configuration file. This provides a 

simpler and more extensible approach for storing configuration values. Version 2 

also writes a text-based log file of events and errors for information and debugging, 

and stores details about captured images in a local SQLite database. The advantage 

of using a database for results and the use of an external configuration file is that it 

provides easy access for other applications or processes to read the database and use 

the results and read/write configuration settings. Version 2 uses the SafeConfigParser 

(https://docs.python.org/2/library/configparser.html ) and SQLite3 
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(https://docs.python.org/2/library/sqlite3.html) libraries for writing/reading INI 

configuration files and for managing a SQLite database. A crop function is provided 

via the OpenCV2 library (http://opencv.org).  

The camera shutter speed, capture duration (the total time to capture images) and the 

interval between captures are mandatory settings in both versions. The camera ISO 

can also be configured, but rarely needs to be changed from the default value of 100. 

In version 1 the entire area visible to the camera is captured at the maximum 

resolution of 2592x1944 pixels. In version 2 the resolution is configurable (640x480 

pixels to a maximum of 2592x1944 pixels), and an ROI can be set to crop the image 

to smaller portion of the visible area. This reduces the file size and image processing 

times. 

A ‘setup’ command line option (renamed ‘preview’ in version 2) opens a window 

showing a live preview from the camera with the device illumination turned on. This 

allows the user to position the sample and adjust the focus before initiating a capture 

sequence. In the setup/preview mode an automatically determined shutter speed is 

reported to the user to help set an appropriate value in the configuration. 

Using CaviCapture version 1 the procedure for capturing sample images is as 

follows: 1) the sample is placed in the clamp, 2) the CaviCapture program is run 

from the Raspberry Pi command line by entering the command ‘cavicapture.py’ 

followed by the configuration options. Initially the program is run in setup mode 

using the command ‘cavicapture.py –setup true’ and the sample is re-positioned and 

focus adjusted as required. The automatic shutter speed value is noted. 3) 

cavicapture.py is re-run in setup mode but this time with a shutter speed value 

provided using the –shutterspeed option e.g. ‘cavicapture.py –setup true –

shutterspeed 1500’. If the user sees that the image is over or underexposed the 

program is re-run with an adjusted shutterspeed and the procedure continues until an 

optimum shutter speed has been determined. 4) The capture sequence is initiated by 

running cavicapture.py without the setup option, and with the interval, duration and 

shutter speed options provided, for example ‘cavicapture.py –interval 300 –duration 

30000 –shutterspeed 1500’. 5) Images are captured every interval for the total 

duration and then the program terminates. Captured images are saved in the same 
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directory from which the program is executed and file names are set to the timestamp 

of image capture. 

For version 2 the procedure is similar: 1) the sample is placed in the clamp, 2) 

cavicapture.py is run in setup mode with the ‘preview’ option and with the location 

of the configuration file is provided via the ‘config’ option, for example 

‘cavicapture.py –config /location/of/config.ini –preview’. The user adjusts the focus, 

re-positions the sample as necessary and notes the reported automatic shutter speed. 

3) The shutter speed is modified as required in the configuration file and the program 

is re-run so the user can check for correct exposure and adjust the shutter speed in the 

configuration file accordingly. The process repeats until an optimum shutterspeed 

has been determined. 4) The user sets the interval, duration, shutter speed, resolution 

and crop settings (if using) in the config file. 5) The capture sequence is initiated by 

running the program without the ‘preview’ option. 6) Files are saved in the output 

directory defined in the configuration file and as each image is captured a record of 

the capture including the filename, date and time, and a unique ID is added to the 

local SQLite database. File names are set to the date and time of capture. On first-run 

the database is created if it is not found in the output directory. 

Table 4.1. CaviCapture version 1 configuration settings. Settings are passed to the 

cavicapture.py program via command line switches e.g. ‘cavicapture.py –ISO 100’ 

Setting Description Default Value 

ISO Sets the camera ISO 100 

shutterspeed Sets the camera shutterspeed (ms) No default 

setup Initiates a live preview window from 

the CaviCam with the LED 

illumination ON. 

n/a 

interval Sets the interval between captures. No default 

duration Sets the maximum capturing time 

(seconds) 

No default 
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Table 4.2. CaviCapture version 2 INI file configuration settings. 

Setting Description Default Value 

ISO  Sets the camera ISO 100 

shutter_speed Sets the camera shutterspeed (ms) 1500 

output_dir Sets the base output directory for 

captured images 

No default 

sequence_name Sets the output directory for captured 

images in the base output directory 

No default 

verbose Enables additional logging of capture 

events to the log file 

Off 

resolution Sets the image resolution (pixels). 

Settings available: Small (640x480), 

Medium (1296x972), Large 

(1920x1080), Max (2592x1944) 

Medium 

crop ROI to crop the captured image to. 

Value is given as (x1, y1, x2, y2) 

corresponding to the top left and 

bottom right coordinates of the image. 

No default 

crop_enabled Enables/disables the crop function Off 

processor Location of the CaviProcess processing 

script 

No default 

4.2.8 CaviProcess 

CaviProcess is a Python (version 2.7; http://www.python.org) program I developed 

for automatically processing images captured using CaviCapture version 2. The 

program is executed using terminal commands from the Raspberry Pi and can be run 

concurrently with the CaviCapture program to process files as they become 

available. The settings for the program are stored and loaded from the INI 

configuration file shared with CaviCapture v2.   

Once activated CaviProcess interfaces with the database created by CaviCapture 

using the SQLite3 library and begins processing when a minimum of two files are 

available.  
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Images are processed in sequential pairs using a seven step procedure to identify 

differences between the images and to remove noise. The procedure for image 

processing is as follows: Step 1) Images are converted to 8-bit grayscale images such 

that each pixel has a value from 0 (black) to 255 (white). Step 2) Differences 

between images are revealed by subtracting pixel values from corresponding pixel 

positions in each image, for example the pixel value at row 1 column 1 of the first 

image is subtracted from the pixel value at row 1 column 1 of the second image, and 

then values at row 1 column 2 are subtracted, and so on. The results of subtraction 

are saved in a new image (the ‘difference image’). If a pixel is the same in both 

images then the result pixel in the difference image will be 0 (black); the higher the 

value, the more different the pixels. The order of subtraction is important. If the 

sample is illuminated from above, as is required for stems, then more light is 

reflected back to the camera when a vessel embolises causing xylem pixels to 

become lighter (higher pixel values). For leaves, the sample is illuminated from 

below, causing a conduit to appear darker (lower pixel values) as it embolises, the 

result of more light reflected away from the camera sensor. An 8-bit image does not 

support negative values so the order of subtraction is set according to the source of 

illumination, defined as a setting in the configuration file. Step 3) Stage one of noise 

removal is to filter pixels in the difference image that have a value below a 

configurable filter threshold. Noise results in a bulk of low-value pixels in the 

difference image caused by small differences in pixel values between the original 

images, thus by simply removing pixels within this narrow range most of the noise 

can be quickly and efficiently removed. However, some or all of the pixels relating 

to embolism may also fall within this range of small differences, so the filter 

threshold must be set appropriately to maximise the removal of noise while retaining 

the signal of ‘real’ differences. If embolism events are strong and result in large pixel 

value differences then a high threshold can be set and the majority of noise can be 

removed. Conversely, if embolism events are weak then the filter threshold must be 

set low and more of the noise will remain and must be removed using additional 

steps. At this stage it is not necessary for all the noise to be removed, the focus is on 

removing as much noise as possible while retaining the structure of embolism events. 

Step 4) Stage two of noise removal. The bulk of remaining noise is now removed 

using outlier removal. One by one pixels are evaluated in the context of the pixels 

that surround them (up to a radius of three pixels) and if the median value of the 
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surrounding pixels is less than the central pixel value then the central pixel is 

replaced with the median value. Outlier removal works because a noisy pixel is more 

likely to be at odds with its surrounding and replaced, whereas a pixel that forms part 

of an embolism event will be surrounded by similar pixels and will be kept. Thus the 

more noise that can be filtered out at stage one the lower the density of noise at this 

stage and the more effective outlier removal will be. Step 6) All non-zero pixels are 

summed across the whole image or within a ROI defined in the configuration file. 

The total count is saved to the database and to a CSV file in the sample directory. 

The total count represents the total of embolism events, artefacts, and any noise that 

remains from the previous steps. Step 7) The difference image is saved in an output 

directory with all non-zero pixels set to 255 (bright white) to increase the 

prominence of differences for post-processing visual inspection. 

CaviProcess has additional options to reprocess images and to recalculate the sum of 

non-zero pixels across all images without reprocessing. This is useful if the ROI is 

changed. 

CaviProcess uses the Numpy (http://www.numpy.org) and OpenCV2 

(http://opencv.org) libraries for image processing.  

CaviProcess is activated from the command line by running the command 

‘caviprocess.py’ and passing the location of the configuration file using the ‘config’ 

option e.g. ‘cavicapture.py –config /location/of/config.ini’.  

On execution CaviProcess accesses the database created by CaviCapture and 

processes a minimum of two files that are available. Once complete it continually 

monitors the database for new files and processes them as they are added to the 

database. In this way the CaviProcess and CaviCapture processes can run 

concurrently to process images in near-real time or independently, without affecting 

each other. 

Processed files are only processed once, but can be reprocessed by rerunning the 

CaviProcess program with a ‘reprocess’ option i.e. ‘cavicapture.py –config 

/location/of/config.ini –reprocess’.  
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CaviProcess has a number of configuration options for setting the noise removal 

filter threshold, the ROI filter, and a number of options for debugging, including 

enabling/disabling each of the processing steps and saving a copy of the image after 

each of processing steps has been executed (Table 4.3). The ROI is useful for 

excluding regions of the image where artefacts or excessive noise may be prominent, 

and for evaluating the consistency of the embolism signal in different parts of the 

viewable area. ROI areas can be recalculated without images being reprocessed by 

passing the ‘roiareas’ option e.g. ‘cavicapture.py –config /location/of/config.ini –

roiareas’. 

Processing takes between 1-2 seconds depending on the resolution of the image i.e. 

in near real-time, and cropping the images can significantly reduce processing times 

further.  
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Table 4.3. CaviProcess configuration settings. These are defined in an INI-based 

configuration that shares settings with the CaviCapture program. 

Setting Description Default Value 

intermediates_enabled If enabled a copy of the image is 

saved after each step in the 

processing procedure. Useful for 

debugging 

Off 

outlier_removal_enabled Enables/disables the outlier removal 

routine 

On 

filter_enabled Enables/disables the filtering 

routine 

On 

thresholding_enabled Enables/disables the thresholding 

routine 

On 

difference_enabled Enables/disables the difference 

routine 

On 

roi_enabled Enables/disables the data ROI 

function 

Off 

roi Data ROI region. Only pixels within 

this region are counted as part of the 

total embolism area. Value is given 

as (x1, y1, x2, y2) corresponding to 

the top left and bottom right 

coordinates of the image. 

Off 

filter_threshold Sets the pixel filter threshold 10 

GPIO_light_channel Sets the GPIO ‘output’ port that 

controls the illumination 

7 

verbose Enables additional logging of 

processing events to the log file 

Off 

 

4.2.9 CaviTools ImageJ Plugin Toolbox 

Manual processing of captured images using ImageJ is aided by the CaviTools 

toolbox of plugins and scripts. The toolbox contains functions for creating the image 
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difference using an imported stack of captured images, for manually removing 

difficult artefacts or noise from the difference images where standard noise removal 

techniques have not been effective, and for generating composite coloured images 

that represent the progression of embolism events in the sequence and are useful for 

figures for publication. 

The toolbox is installed in ImageJ and can be added to the toolbar for easy access to 

the various functions, listed below: 

Image Difference 

Captured images are imported into ImageJ as a ‘stack’ and the Image Difference 

function is applied to reveal the differences between sequential pairs of stack ‘slices’. 

The Image Difference function provides an option for selecting the sample type 

(Leaf or Stem) which determines the order of pixel subtraction. Differences are 

revealed using a four step procedure: 1) images in the original stack are converted to 

8-bit images, 2) two duplicates of the original stack are generated, 2) the duplicate 

stacks are offset by removing the first slice from one and the last slice from the other 

such that the same slice number in each stack represents a pair of sequential slices in 

the original stack. The direction of offset depends on the sample type. 3) Using the 

ImageJ ‘Image Calculator’ function the stacks are subtracted from each other slice by 

slice to produce a result stack of image differences (the ‘difference image stack’) 

used for subsequent processing. 4) the duplicate stacks are removed and the 

difference image stack is presented to the user. 

Colour Slices 

I developed the colour slices function to colour slices in a stack according to a 

selection of scales and colour schemes. This function was based on the figures 

produced by Brodribb et al. (2016). 

Clear Slices, Clear Slice, Clear Outside, and Save Slices 

I developed these functions to aid the manual removal of artefacts or noise. All non-

zero pixels can be removed (set to zero) across a range of slices (Clear Slices), in the 
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current slice (Clear Slice), or outside of the current selection (Clear Outside). Save 

Slices removes pixels in slices other than those provided. 

Z Project, Cumulative Z Project 

Provides a shortcut to the ImageJ ‘Z Project’ function which can be used to create a 

composite image of all non-zero pixels across the sequence, thus providing a spatial 

map of all events (Fig. 4.14). Cumulative Z Project is a custom plugin I developed 

that creates a new stack of cumulative z-projections from the difference image stack 

i.e. for each slice in the original stack the Z Project function is applied to give a Z 

projection of all slices preceding. This can be useful for illustrating how events have 

progressed by creating a montage of slices for a selection of time periods or water 

potential. Used in combination with the Colour Slices function this can produce 

useful images for publication (e.g. Brodribb et al. (2017) and Rodriguez-Dominguez 

et al. (2018)).  

 

 

Figure 4.14 Sequence colouring used in combination with the Cumulative Z Project 

function to illustrate the progression of embolism events at a selection of time 

periods in the sequence. Image shows the progression of embolism events that 

occurred at five arbitrary times during a dry-down sequence of a passion flower leaf.  

Remove Outliers 

Provides a short-cut to the ImageJ ‘Remove Outliers’ function used for noise 

removal. 
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4.2.10 CaviConsole 

CaviConsole was developed using Angular (https://angular.io/), a JavaScript 

framework for developing web-based applications, and Node.js (https://nodejs.org/), 

which provides server-side JavaScript programming and a means of interfacing with 

the Raspberry Pi operating system and the CaviCapture and CaviProcess programs. 

The advantage of a web-based application is that it can be easily accessed via the 

internet browser on the Raspberry Pi or on a browser on a remote machine connected 

to the same network.  

The interface was built using Bootstrap (https://getbootstrap.com/), a html-based 

framework of user interface components and functions for layout. One advantage of 

applications built using this framework is that they are ‘responsive’, meaning they 

can adapt to the size of the screen on which they are being viewed, thus allowing 

CaviConsole to be controlled via the small screen of a mobile device, such as a 

smartphone or tablet. In combination with remote desktop control this provides many 

options for checking on the progress of sequences or configuring sequences in the 

lab, out in the field or in the glasshouse.  

The user interface has five main sections: i) Config – for selecting/creating a 

sequence INI configuration file, ii) Capture – for controlling and configuring 

CaviCapture and the capture process, iii) Process – for controlling and configuring 

CaviProcess and image processing, iv) Results – displays the results of image 

processing, v) Advanced – for controlling various Raspberry Pi and CaviConsole 

settings.  

Config 

CaviConsole uses the INI configuration file shared between the CaviCapture and 

CaviProcess programs to read/write settings. The config section provides an option 

for entering the path of an existing configuration file or for creating a new 

configuration file (Fig. 4.15) Once a configuration file has been loaded or created the 

other sections become visible and are preloaded with the settings from the 

configuration file.  



Chapter 4 - CaviCam and OpenSourceOV.org: a new device and online resource for 
assessing drought tolerance in plants | Page 87 

 87 

 

 

Figure 4.15. The CaviConsole configuration screen. The user enters the location of 

an existing configuration file or chooses to create a new file. Once the new/existing 

file is loaded the other sections of the interface become visible. 

Capture 

The capture section sets the configuration settings for CaviCapture (Fig. 4.16), 

including the camera ISO, shutterspeed, image resolution, capture interval, capture 

total duration, sample type (i.e. stem or leaf) and output directory for images. 

CaviConsole forces the user to select an external device (e.g. a USB memory stick) 

for the output directory. Storing images on the same memory as the Raspbian 

operating system can cause the system to become inaccessible once the on-board 

memory is full. Using an external memory also makes it easier to transfer the images 

from the Raspberry Pi. The user can force the system to use local storage by directly 

editing the CaviConsole configuration file. Indeed, any of the settings can be 

changed manually in the configuration file and then reloaded into the GUI via the 

’Reload Config’ button. 

The crop option provides functionality for setting the crop area. Once enabled the 

user is presented with a still from the camera over which they can drag a marquee to 

select the region of interest, thus cropping unwanted image space (Fig. 4.17). The 

crop dimensions are saved to the configuration file. 

A ‘Live’ button provides the functionality of the CaviCapture ‘setup’ mode to 

position and focus the sample using a live feed from the camera (Fig. 4.18). 

Illumination is controlled using a ‘Light’ button that toggles the lights on or off.  
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Once all the relevant options are set and configured the user can initiate a dry-run 

using the ‘Preview’ button which captures an image using the current settings and 

displays the output image to the user (Fig. 4.19). To initiate the capture sequence the 

user presses a ‘Start’ button which can be pressed again to stop the capture. The 

‘View Log’ button opens a window with a live feed of capture events and errors. 

 

Figure 4.16 The CaviConsole ‘Capture’ section provides options to configure the 

CaviCapture program and start/stop image capture. 
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Figure 4.17 A smaller region of the camera field of view is defined using the crop 

function. The green marquee defines the dimensions of the crop area and is set by 

dragging the mouse around the preview. Once the region has been defined the user 

clicks the ‘Save’ button and is returned to the Capture screen. 

 

Figure 4.19 The sample is positioned and the focus adjusted using a live feed from 

the camera. The ‘Light’ button toggles the CaviClamp illumination on or off. 
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Figure 4.20 The ‘Preview’ function captures a single image using the settings from 

the Capture screen and displays the result to the user to check before initiating the 

capture sequence. 

Process 

The process section provides functions for starting, stopping and configuring 

CaviProcess, including options for enabling/disabling image processing steps, setting 

the pixel filter threshold, and for setting the ROI (‘Set ROI’) (Fig. 4.20). By enabling 

the ROI the user is presented with a still from the camera where they can drag a 

marquee to define the ROI (Fig. 4.21). Enabling the ‘Intermediates’ option saves the 

result of each step of processing as a separate file.  

The ‘Start’ button is used to stop/start automated processing and the ‘View Log’ 

button shows a live feed of processing events and errors. The ‘Queue’ button 

provides a live summary of the number of images processed and the total number of 

images. The ‘Export Data’ function generates a CSV download of the embolism 

areas. 
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Figure 4.20 The CaviConsole ‘Process’ section provides options to configure the 

CaviProcess program and to start/stop automated image processing. 

 

Figure 4.21 The final step of processing is to count the number of non-zero pixels 

that remain after procedures to remove noise. The remaining pixels represent the 

differences between images i.e. the embolism events or artefacts. The Data ROI tool 

enables the user to limit the count of pixels to a sub region of the image (the ROI). 

Results 

The results section is visible after image processing is initiated for the first time. 

Results displays a running timeline of total embolism area per image (sum of non-

zero pixels) with time on the x axis and embolism area on the y axis (Fig. 4.22). As 

images are processed the areas are automatically added to the plot. Depending on the 
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degree of synchronisation between capture and processing this plot can provide near-

real time tracking of embolism events within 80 seconds of an embolism event plus 

the interval between captures. Data can be displayed as a running total by toggling a 

‘Cumulative’ button at the top of the plot area (Fig. 4.23). 

To check for artefacts and to validate the pixel threshold value the user can click (or 

tap if on a mobile device) any of the plot data points and see the original captured 

image, the processed result and the total embolism area (Fig. 4.24). An option to edit 

the total pixel count allows the user to adjust the area to zero if it is obvious that none 

of the pixels are related to embolism. By using the left and right cursor keys or by 

swiping left and right with a finger the user can navigate through the previous and 

next 10 captured images. 

The data ROI, processing queue and the processing log are also accessible from this 

section, as well as a button to initiate re-processing. When the ROI is changed 

CaviProcess is stopped and then re-started using the ‘roiareas’ option. The plot 

updates with the new values as they are amended and once complete processing is 

resumed by the user. If time synchronisation between image capture and processing 

is important then ROI queries are performed after the capture sequence is complete.  
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Figure 4.22 As images are captured using CaviCapture and then processed using the 

CaviProcess program the results of processing – the counts of non-zero pixels – is 

plotted on a graph. On this screenshot counts of non-zero pixels are shown for a 

wheat plant imaged over several hours. On the y-axis is the sum of pixels and the x-

axis is time. Larger peaks can indicate that a larger or more numerous embolism 

events have occurred. 

 

 

Figure 4.23 The plot of non-zero pixels can also be shown as a cumulative count. 

Here the same data from Fig. 4.2.2 is shown using the cumulative function. 
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Figure 4.24 By clicking (or tapping if using a touch screen device) any of the data 

points on the results plot (Fig. 4.22) the user can see the original captured image 

(top) and the processed image (bottom). The pixel count (Area) can be adjusted to 
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zero using a form at the bottom of the image. In the bottom image a clear embolism 

event is seen in the mid-vein of the wheat leaf. 

Advanced 

The advanced section provides options for setting the location of the CaviCapture 

and CaviProcess programs, the GPIO pin used to connect the Raspberry Pi to the 

CaviClamp illumination via the transistor circuit, and a network configuration option 

for toggling the Raspberry Pi between ‘Access Point’ and ‘Network’ mode (Fig. 

4.25). ‘Access Point’ mode configures the Raspberry Pi to run as a router that creates 

a wireless network for other computers to join. This is useful for connecting to the 

Raspberry Pi where other networks may not be available, such in the field or in a 

glasshouse, but it also offers a simple way of remotely controlling the Pi in the lab by 

using any available computer with Wi-Fi capabilities (including mobile devices). 

‘Network’ mode configures the Raspberry Pi to connect to an existing wireless 

network.  

 

Figure 4.25 The advanced section of CaviConsole provides options for setting the 

CaviCapture and CaviProcess programs to use and the Raspberry Pi GPIO ‘output’ 

pin used to control the illumination. ‘Wifi mode’ enables the user to choose whether 

the Raspberry Pi should run as an ‘access point’ or be connected to a Wi-Fi network. 

In access mode the Raspberry Pi creates a wireless network that other computers can 

join. This is useful for remotely connecting to the Raspberry Pi without an internet 

connection. 
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4.2.11 OpenSourceOV.org 

OpenSourceOV.org was developed to provide the necessary resources for promoting, 

building and using the device, including parts and supplier lists, learning materials, 

3D printable files and resources, processing and analysis instructions, and ImageJ 

plugins. The site also provides a gallery for user-contributed capture sequences, a 

general guide for sample selection and preparation, and a repository of published 

articles that use the device or the optical technique.  

CaviCam build instructions, processing and analysis instructions, parts and supplier 

lists and ImageJ plugins are hosted as git repositories on GitHub, an online 

collaborative platform for community-driven development of open source resources. 

Appendix 1 provides an overview and screenshots of OpenSourceOV.org. Details of 

the GitHub repositories can be found in Appendix 2. 

4.3 Results 

I have developed a cheap, effective, portable and widely accessible system for 

assessing stem and leaf xylem vulnerability in short and long vesseled species. The 

CaviCam system comprises: 1) the CaviCam - a time-lapse device for capturing 

images of the xylem over time, 2) A Raspberry Pi micro-computer, 3) CaviCapture – 

a command line program for capturing images using the CaviCam, 4) CaviProcess – 

a command line program for processing captured images to reveal embolism events, 

5) CaviTools – an ImageJ plugin toolbox of plugins and scripts for manually 

processing captured images and generating figures for publication using ImageJ, 6) 

CaviConsole – a GUI for controlling the CaviCapture and CaviProcess programs and 

displaying the results from processing. 

Support materials for the CaviCam system, including detailed CaviCam build 

instructions, programs, supplier and parts lists, learning materials, details about the 

optical vulnerability method, and processing and analysis guides and instructional 

videos, are available online through a new website OpenSourceOV.org 

(http://www.opensourceov.org). 
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4.4 Discussion 

The CaviCam is an affordable, easy to build and widely accessible device for 

measuring xylem vulnerability, a primary determinant of the drought tolerance of 

plants. By employing a non-invasive visual technique for identifying embolism 

formation the system is immune to artefacts present in other techniques associated 

with using excised material, and can measure leaf and stem xylem in both short- and 

long-vesseled species. Automated image processing has the ability to provide, for the 

first time, near real-time tracking of embolism events throughout a cycle of 

dehydration. 

All the necessary programs, 3D models and support materials are freely available 

online and can be adapted to suit different components, applications and 

experimental setups. The CaviCam is constructed using 3D-printed parts that can be 

modified using CAD software and reprinted as necessary, and the Raspberry Pi was 

designed ‘out-of-the-box’ to integrate with a diversity of sensors and electronic 

components that can be controlled using a wide variety of programming languages. 

The Raspberry Pi platform is well supported by numerous suppliers, a wealth of 

online guides and learning resources, and a large community of enthusiasts to help 

resolve problems. Image capture and processing are controlled via extensible 

programs that can be integrated into other software and processes. This was 

demonstrated in the development of CaviConsole, an advanced software GUI for on-

board and remote control of the CaviCam system. 

The platform is expected to have a broad appeal among plant physiologists, 

ecologists, geneticists, plant breeders, and educators, and in doing so has the 

potential to boost the number of vulnerability assessments while filling a gap for a 

robust, accurate and reliable system for measuring all species including herbaceous 

and long-vesseled species which are notoriously difficult to measure with other 

methods. 

For educators the system is an excellent resource popular among students because of 

the combination of new technologies such as 3D printing and modern electronics and 

the immediacy and visual nature of the results.  
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For geneticists and plant breeders the system has application in phenotyping, and 

indeed the affordability and flexibility of a Raspberry Pi-based system is already 

being realised in a new generation of affordable ‘DIY’ phenotyping platforms such 

as Phenotiki (Minervini et al., 2017), PYM (Valle et al., 2017) and others (Tovar et 

al., 2018). Directly measuring xylem vulnerability is faster and more accurate than 

current approaches for quantifying drought tolerance which typically involve 

growing plants under drought conditions and monitoring a suite of traits over a 

period of growth to identify signs of susceptibility. In comparison, an assessment of 

xylem vulnerability can be completed in one cycle of dehydration. The limiting 

factor in affordable xylem vulnerability phenotyping is measurement of water 

potential. New approaches that use spectral signatures as a proxy for water status 

might provide one solution (Rapaport et al., 2017). 

For ecologists the system provides a more accessible, portable and low power means 

of assessing an important trait in the lab or in the field that can otherwise be difficult 

and time-consuming to measure accurately with traditional methods. The 

CaviConsole has a shallower learning curve. By following the instructions provided 

online it can be setup and used very quickly with results appearing virtually as they 

happen. 

For physiologists the system provides a convenient, affordable and easy to use 

device for applying the optical method of assessing xylem vulnerability. 

Additionally, because of its low cost and size it provides new opportunities to 

understand the spatial and temporal distribution of drought damage in plants. For 

example, multiple CaviCams can be fitted to several leaves and stems on the same 

plant to simultaneously monitor and evaluate embolism formation among and 

between organs in response to water stress. Such an approach would be impossible 

with other techniques and could provide, for example, valuable insight into our 

understanding of hydraulic segmentation.  

By integrating other sensors, such as spectral and hyperspectral analysers (Khan et 

al., 2018; Mohd Asaari et al., 2018), fluorometers, porometers, sap flow sensors, and 

gas exchange analysers, the system provides new opportunities for evaluating 

drought damage in the context of other physiological processes. For example, in 
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combination with real-time identification of embolism events this offers a new way 

of exploring relationships between xylem vulnerability, gas exchange, and sap flow. 
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Chapter 5 - Conclusion 

Developing accurate models to predict vegetation response to climate change is 

critical to planning and managing the impact of global warming on biodiversity 

(Sykes et al., 2005; Bellard et al., 2012), ecosystem integrity (Lenton et al., 2008), 

agriculture (Nelson et al., 2014), and associated implications for animal and human 

populations (IPCC, 2007). 

Climate vegetation models based on functional trait such as the P50 and HSM can 

significantly improve the ability to predict vegetation mortality and changes in  

species distribution due to changes in temperature and the occurrence, severity and 

intensity of droughts under climate change (Buckley and Kingsolver, 2012; 

Soudzilovskaia et al., 2013; Anderegg, 2014; Skelton, West and Dawson, 2015; 

Yang et al., 2015). 

To achieve these outcomes, a substantial increase in the number of xylem 

vulnerability measurements are required. Current approaches for measuring 

vulnerability are either limited in capacity to measure a large number of plants, or are 

limited to short-vesseled species, thus the broad aim of the thesis was to find a 

technique that could be used for accurately measuring vulnerability in large number 

of species or individuals.  

5.1 Increasing capacity by reducing the number of measurements 

The initial approach was to reduce the overall number of measurements required to 

undertake a conductance-based evaluation of vulnerability (chapter 2). In comparison 

with other approaches, conductance-based methods offer the right combination of 

broad accessibility, affordability, and capacity to measure a range of species, but are 

limited because they are sample-intensive and time consuming. Thus I attempted to 

reduce the sample size required by exploring an alternative approach where 

differences in vulnerability are revealed by measuring and comparing conductance at 

a single common water potential (the reference water potential), instead of across a 

range of water potentials that are necessary to generate a full vulnerability curve.  



Chapter 5 - Conclusion | Page 101 

 101 

The approach demonstrated a capacity to identify significant phenotypic variation, 

however it was limited in ability to meet the aim of the thesis because of two factors. 

The first is that the efficiency of the system is limited by the number of water 

potential measurements that are made to precisely dry the samples down to a 

common water potential. Although the software I developed for tracking and 

predicting drying times can reduce the number of water potential measurements 

required, the precision of the software, and therefore the efficacy of reducing 

measurements by predicting drying times, relies on stable conditions of temperature 

and humidity. In a lab these are relatively easy to control, but less so, or impossible, 

in a glasshouse or the field. Using a psychrometer instead of a pressure chamber to 

measure water potential would resolves these issues, but a separate psychrometer 

would be required for each sample (since they have to be in constant contact with the 

xylem), and this would impact affordability and/or limit the capacity to measure a 

large number of samples. Secondly, the approach requires pre-assessment of the 

likely range in water potential to identify a suitable reference water potential. This 

requires a dataset of full vulnerability curves, thus the approach is only beneficial at 

scale where the overall number of samples is more than what is necessary to 

determine the reference water potential. 

The approach can deliver savings in time and effort, especially if a psychrometer is 

used to continually log water potential, but towards the aim of generating a 

significant number of assessments across a broad number of species, the approach 

has limited application. 

5.2 Improving the accessibility of an optical method 

The innovation of an optical technique for assessing xylem vulnerability (Brodribb et 

al. 2016) provided new opportunities to increase capacity for vulnerability 

assessments. The use of document scanners had already proved useful in capturing 

high resolution images of multiple samples (Brodribb et al. 2017), but the procedure 

for setting up automated scanning of different regions and specific time intervals was 

difficult and restricted to OEM (original equipment manufacturer) scanner software, 

which limited the procedure to scanner models from a particular brand. I realised that 

by simplifying this procedure and developing an approach that would work across all 

common desktop scanners, there was significant potential for a broadly-accessible 
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procedure with potential for scaling. To this end I developed a highly customisable 

script (CaviScan) that integrated with a widely-available scanner control software 

product (VueScan) that was capable of interfacing with an extensive list of common 

desktop scanners. Using the script, multiple scanners can be controlled using a single 

computer, thus allowing the system to be scaled-up. In theory this could enable a 

farm of scanners to image a significant number of samples. 

I tested the system by evaluating differences in vulnerability between juvenile and 

adult leaves and stems (chapter 3), thus demonstrating the capacity to simultaneously 

measure different organs and multiple samples, while answering an important 

question about variation in vulnerability associated with ontogeny. In that regard I 

was able to demonstrate that juvenile leaves are more vulnerable than adult leaves of 

Eucalyptus globulus, a result that indicates the critical need to measure and represent 

variation associated with age and development. But in terms of leveraging desktop 

scanners to boost capacity for vulnerability measurements, I realised two things that 

led to the conclusion that they are not the ideal solution. The first was that despite the 

software system working well in maximising the scannable area for simultaneously 

measuring multiple samples, actually fitting multiple samples in the scanner was a 

difficult and time-consuming procedure, one that often involved wrangling large 

branches into awkward and unstable positions. The second was the common 

occurrence of banding artefacts in the scanned images, presumably caused by 

imperfect coordination between the movement of the scanner head and the read out 

from the light sensors. This highlighted to me a fundamental limitation in the 

application of desktop scanners: that image quality will always depend on a 

mechanical process that can be subject to wear, quality of construction, product age, 

and the eccentricities of certain makes and models. These issues would likely 

compound with age and use, and be a source of considerable time, effort, and 

frustration in a high volume setup like a scanner farm. 

Nonetheless, desktop scanners are still useful in applying the optical technique 

because they offer high resolution over a large area, and provide the only method for 

scanning larger leaves. They are also broadly and immediately accessible since most 

laboratories have access to a scanner for measurement of traits such as leaf area. For 

these reasons the CaviScan script is still useful. Indeed, translating the procedures for 
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automated processing that were later developed for the CaviCam system such that 

they could also be used with desktop scanners could significantly increase the overall 

usability and speed of the scanning workflow. 

5.3 A new device 

To circumvent the issues related to mechanically-aided capture, returning to the 

original method of image capture, a digital camera, was the obvious solution. 

However, as shown in chapter 4, a camera setup can also be particularly awkward, 

cumbersome, immobile, and susceptible to its own particular set of artefacts caused 

by knocks and bumps. Plus a camera setup requires a separate solution for 

illumination, which adds another layer of complexity and difficulty. As such it can 

require a similar degree of wrangling and time to the scanner approach to orientate 

and securely fix a leaf or stem in position.  

In regarding the significant amount of unnecessary physical and technological 

overhead in a typical camera setup, it was clear that a far simpler device could be 

designed and constructed that incorporated just the basic elements of illumination, 

magnification, a digital camera, software control, and a means of securely fixing the 

sample in position. I eventually achieved this in the development of the CaviCam 

device by using custom-designed 3D-printed parts, and the integration of widely 

available electronic components and a cheap micro-computer (chapter 4). I also 

developed computer programs and GUI to control and orchestrate illumination and 

image capture, and for automatically processing images to identify and quantify 

embolism events in near real-time.  

The resulting platform is accurate, cheap, user friendly, compact and portable. 

Combining these features with the extensibility of the software and hardware 

provides an innovative and adaptable platform that meets the basic requirement of 

vulnerability assessment, while offering new opportunities for investigating 

embolism events in the context of other physiological processes.  

To support and promote the system I developed OpenSourceOV.org and created 

detailed and extensive guides and resources for building, using and adapting the 

CaviCam device and contributing to its continued development. All resources were 
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made available on GitHub, a collaborative online platform that provides an easy way 

for users to download resources and keep up to date with fixes and improvements, 

while also allowing users to upload their own improvements, adaptations, and 

variants for the benefit of others.  

The extensibility of the hardware and the software architecture lends itself to 

integration with other sensors and systems such as gas exchange and spectral 

analysers, sap flow meters and temperature and humidity sensors. This significantly 

increases the potential applications for the device in investigating drought stress in 

the context of a raft of other physiological processes. For example, combining 

measurements of  chlorophyll fluorescence with optical measurements of xylem 

vulnerability has already proved useful in analysing drought recovery in wheat plants 

(Johnson, Jordan and Brodribb, 2018).  

Integration with spectral and hyperspectral analysers would offer an extra dimension 

of insight into drought stress and related physiology. As plants dehydrate a number 

of physiological and structural changes occur (Scoffoni et al., 2014) that alter the 

spectral signature of the plant (Mahlein et al., 2013). Analysis of spectral signatures 

have been used to identify drought stress (Mahlein et al., 2013), but have not, to my 

knowledge, been assessed in context of embolism formation.  

A significant innovation of the system is near real-time tracking of embolism events 

in excised segments and shoots and intact plants. Not only does this significantly 

reduce the time required to complete an assessment of vulnerability – post-capture 

processing often causes a bottleneck when measuring multiple samples - but it also 

provides exciting new opportunities for monitoring and probing the dynamic 

physiology of drought stress.  

5.1 Summary 

By providing a system that is widely accessible and capable of accurately measuring 

a diversity of species, I believe the CaviCam has the potential to meet the research 

aim of this thesis. Time will tell whether it has achieved this goal, but as at the date 

of thesis submission I have personally built a total of 40 CaviCams, 10 of which are 

being used in the Department of Natural Sciences at the University of Tasmania in 
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Australia, 3 are being loaned to other universities in Australia and France, and the 

remaining CaviCams were acquired by various institutions and research departments 

in Australia, France, Spain, Israel, Italy, North and South America, and China. These 

are being used in a range of studies which are starting to appear in the literature (e.g. 

Rodriguez-Dominguez et al. 2018). I am also aware of at least another 49 CaviCams 

that were built and modified to use different electronic components and lens 

configurations (C. Barton, S. Gleason, pers. comms.). How many other CaviCams 

have been constructed using the resources provided through OpenSourceOV.org is 

impossible to determine, but in the 16 months since the website went online in May 

2017, there have been 2000 visitors to the site, just over 3500 sessions (a session 

being a user entering the site, looking at various pages and then leaving) and an 

average of just over 200 new users each month since January 2018, a figure 

increasing by an average of 10% per month. This indicates a significant and growing 

interest in the platform.  

It is an exciting time for innovation. A number of key technologies are converging in 

maturity, affordability, and accessibility: 3D printing, micro-computers, micro-

controllers, a diversity of sensors, smartphones, machine learning and artificial 

intelligence (AI), advanced image processing, fast and wireless internet, and cloud-

based high-performance processing. Together this means that cutting-edge 

technology and capability can be leveraged by the individual, and vice versa that 

networks of individuals can be mobilised in the application of cutting-edge 

technology. In this second capacity through application of devices such as the 

CaviCam I believe we have the necessary capability to achieve a global assessment 

of vegetation drought tolerance. 
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Appendix 1 - OpenSourceOV.org 

The OpenSourceOV.org is divided into a number of sections (Table 1).  

Table 1. The sections of the OpenSourceOV.org website 

Section Features Figure; Reference 
1. Homepage Introduces the sections of the site and 

highlights the latest articles, news, and 
publications 

1; (Lucani, 2018o) 

2. Overview Background and technical description of 
the optical technique and discusses the 
development of the CaviCam device and 
the OpenSourceOV.org website. 

2; (Lucani, 2018p) 

3. Capture Overview of the methods and key 
components required to capture images  
of the xylem for optical measurement, 
links to CaviCam build and operating 
instructions, link to instructions for 
capturing images using a desktop 
scanner. 

3; (Lucani, 2018l) 

4. Process Overview of the procedure for processing 
captured images and links to the 
processing instructions and ImageJ 
CaviTools toolbox. 

4; (Lucani, 2018r) 

5. Analyze Link to the image analysis instructions 5; (Lucani, 2018k) 
6. Posts Articles and news about the optical 

method, the CaviCam system and 
OpenSourceOV.org, publications that use 
the optical method or the CaviCam 
system. 

6; (Lucani, 2018q) 

7. Resources Links to electronics suppliers and online 
3D printing services in addition to 
tutorials and community websites for 
learning electronics and 3D printing. 

7; (Lucani, 2018s) 

8. Gallery User-contributed sequences of embolism 
events 

8; (Lucani, 2018n) 

9. Contributing Details about the Open Source project 
and instructions for contributing. 

9; (Lucani, 2018m) 
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Fig. 1. The OpenSourceOV.org homepage 
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Fig. 2. The Overview section of the OpenSourceOV.org website. 

 

 
Fig. 3. The Capture section of the OpenSourceOV.org website. 
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Fig. 4. The Process section of the OpenSourceOV.org website. 

 

 
Fig. 5. The Process section of the OpenSourceOV.org website. 
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Fig. 6. The Posts section of the OpenSourceOV.org website. 
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Fig. 7. The Resources section of the OpenSourceOV.org website. 
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Fig. 8. The Gallery section of the OpenSourceOV.org website. 

 

 
Fig. 9. The Contributing section of the OpenSourceOV.org website. 
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Appendix 2 - GitHub repositories 

The OpenSourceOV GitHub repositories are given in Table 1. 

Table 1. The sections of the OpenSourceOV.org website 

Repository Contents Reference 
clamp-build-
instructions 

CaviCam version 1 and version 2 
build protocols. Transistor circuit 
version 1 and 2 build protocols. A 
guide for wiring connectors. 

(Lucani, 2018d) 

cavicapture CaviCapture and CaviProcess 
programming code 

(Lucani and Nolf, 
2018a) 

clamp-image-
capture-
instructions 

CaviCam setup and image capture 
protocol 

(Lucani, 2018e) 

imagej-scripts CaviTools ImageJ Plugin Toolbox 
scripts and plugins 

(Lucani and Nolf, 
2018b) 

image-processing-
instructions 

Protocol for processing captured 
images and generating coloured 
images that illustrate the 
progression of embolism events 
using ImageJ and the CaviTools 
ImageJ Plugin Toolbox. 

(Lucani, 2018g) 

caviconsole CaviConsole GUI (Lucani 2018t) 
raspberry-pi-setup Protocol for setting up a new 

Raspberry Pi ready to use the 
CaviCam system 

(Lucani, 2018h) 

caviscan AutoIT script – CaviScan - for 
controlling image capture using a 
desktop scanner 

(Lucani, 2018b) 

contributing A guide for contributors (Lucani, 2018f) 
clamp-3d-printing-
resources 

CaviCam version 1 and version 2 
.stl files for 3D printing 

(Lucani, 2018c) 

resources List of suppliers and learning 
resources 

(Lucani, 2018i) 

scanner-image-
capture-
instructions 

Protocol for capturing images using 
a desktop scanner and the CaviScan 
script. 

(Lucani, 2018j) 

analysis-
instructions 

Protocol for analysing sequence 
data 

(Lucani, 2018a) 
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