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PLB pencil lead break 

PLC percentage loss of conductivity (%) 

POP poplar 

PP pit parenchyma 

PR perimedullary region 

pvc polyvinyl chloride 

RISE rise time (µs) 

RFRQ reverberation frequency (kHz) 

RM running mean 

RMS root mean square voltage (µV) 

RMSE root mean square error 

ROC receiver operating characteristic 

ROI region of interest 

S stem 

SE standard error 

SIGSTRNGTH signal strength (10-9 V s) 



Abbreviations and symbols 

xi 

SPAC soil-plant-atmosphere continuum 

TP true positive 

VC vulnerability curve 

VCAE acoustic vulnerability curve 

VWC volumetric water content (kg m-3) 

WA well-watered ambient 

WE well-watered elevated 

WP water potential (MPa) 

X xylem 

ΔWC change in water content (g) 

µCT X-ray computed microtomography 

 

SYMBOLS 

 

Γ surface tension of water (0.07275 N m-1 at 20°C) 

Δd branch diameter shrinkage or change (mm - µm) 

Δd/di relative radial branch diameter shrinkage or strain (µm mm-1) 

ΔP pressure difference ((M)Pa) 

θ contact angle between surface and liquid 

η liquid viscosity (Pa s) 

ρb basic wood density (kg m-3) 

ψg gravimetric water potential (MPa) 

ψleaf leaf water potential (MPa) 

ψo osmotic water potential (MPa) 

ψp pressure water potential (MPa) 

ψx xylem water potential (MPa) 

A vessel area (µm2) 

AE12 water potential at 12% cavitation-related AE (MPa) 

AE50 water potential at 50% cavitation-related AE (MPa) 

AE88 water potential at 88% cavitation-related AE (MPa) 

AE100 water potential at 100% cavitation-related AE (MPa) 

C hydraulic capacitance ((k)g (m-3) MPa-1) 

Cel elastic hydraulic capacitance ((k)g (m-3) MPa-1) 

Cinel inelastic hydraulic capacitance ((k)g (m-3) MPa-1) 

CT12 water potential at 12% cavitation detected µCT (MPa) 

CT50 water potential at 50% cavitation detected µCT (MPa) 

CT88 water potential at 88% cavitation detected µCT (MPa) 

D diameter (m) 

Dc capillary diameter (m) 

d vessel diameter (µm) 
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xii 

dh hydraulic diameter (µm) 

di initial branch diameter (mm) 

dt branch diameter at time t (mm) 

E’r apparent modulus of elasticity in the radial direction (MPa) 

Fin inflow (g h-1) 

Fout outflow (g h-1) 

Kh hydraulic conductivity (kg s-1 m MPa-1) 

Kh,i initial hydraulic conductivity (kg s-1 m MPa-1) 

Kh,in inlet hydraulic conductivity (kg s-1 m MPa-1) 

Kh,max maximum hydraulic conductivity (kg s-1 m MPa-1) 

Kh,max,in inlet maximum hydraulic conductivity (kg s-1 m MPa-1) 

Kh,max,out outlet maximum hydraulic conductivity (kg s-1 m MPa-1) 

Kh,out outlet hydraulic conductivity (kg s-1 m MPa-1) 

kh hydraulic conductance (kg s-1 MPa-1) 

L or l length (m) 

P12 water potential at 12% loss of hydraulic conductivity (MPa) 

P50 water potential at 50% loss of hydraulic conductivity (MPa) 

P88 water potential at 88% loss of hydraulic conductivity (MPa) 

P pressure ((M)Pa) 

Pin inlet pressure (MPa) 

Pmin minimum pressure for stable air-water meniscus (MPa) 

Pout outlet pressure (MPa) 

Q flow rate (m3 s-1) 

r radius (m) 

t time (h) 

t100% dehydration time till complete embolism formation (days) 

tΔd timespan until diameter change becomes zero 

t∆(Kh,in-Kh,out)
 timespan until inlet Kh equals outlet Kh (min) 

(t b⁄ )h
2 vessel cell-wall reinforcement 

Vg vessel grouping index 

W weight (g) 
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Vascular plants have been around for over 400 million years (Selosse et al., 2015), 

and one of the key innovations of vascular plants was the development of vascular 

tissues which paved the way for the evolution of larger plants. Long-distance water 

transport is vital for survival of vascular plants, and limiting factors such as drought 

stress can reduce biomass production, and even lead to plant mortality (Brodribb et 

al., 2010; Melcher et al., 2012). Because of climate change, frequency, duration and 

severity of drought stress events increase (Allen et al., 2010), putting more strain on 

the water conducting system of vascular plants. Climate change is endangering the 

global future, because without vascular plants as primary producers of oxygen, 

animal and human survival are at risk as well. Studying the water transport system of 

plants is vital as it can deliver insights into its functionality and in the way plants are 

responding to the changing environment. 

 

 

1.1 The mechanism quenching the thirst of vascular plants 

 

Uptake of water by vascular plants is regulated by a mechanism that is depicted in 

the soil-plant-atmosphere continuum or SPAC (van den Honert, 1948; Fig. 1.1). The 

mechanism is known as the cohesion-tension theory, passively transporting water 

through the plant (Dixon & Jolly, 1895; Tyree & Zimmermann, 2002). The theory 

postulates that the ascent of water is made possible by the cohesion strength 

between water molecules, combined with the tension manifested in the water 

transporting system (Vilagrosa et al., 2012). The structure referred to as the xylem is 

specifically adapted for the transport of water and nutrients through the plant. The 

xylem tissue consists of different cell types, each fulfilling their own unique 

contribution to the water conducting system: (i) water transporting (dead) cells, 

referred to as conduits, including vessels in angiosperms and tracheids in 

gymnosperms (Myburg et al., 2013). Direct connection between these cell types 

results in a continuous xylem pathway, with the difference that perforation plates, 

either simple or bordered, are present to separate angiosperm vessels elements, 

while this is not the case for gymnosperm tracheids. (ii) Parenchyma (living) cells, 

providing storage function for water, nutrients and carbohydrates, and (iii) fibers, that, 

dependent on whether the fiber is fully differentiated (dead) or still maturing (living), 

can deliver mechanical (dead) or water buffering support (living) to the xylem 

(Myburg et al., 2013). 
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Fig. 1.1 Soil-plant-atmosphere continuum or SPAC. The tension in the xylem varies along the SPAC, 

passively transporting water in accordance to the cohesion-tension theory. The driving force behind 

the varying tension or water potential gradient originates from transpiration in the substomatal cavities 

of the leaves (Campbell & Reece, 2008). 

 
According to SPAC, the xylem tension or water potential gradient will vary from less 

negative at soil level to most negative at atmospheric level (Fig. 1.1), allowing water 

to move passively through the xylem from a less to a more negative water potential. 

The driving force behind this offset in water potential comes from transpiration in the 

substomatal cavities (Vilagrosa et al., 2012). The xylem water potential (ψx) can be 

summarized as the total of three separate water potential quantities (Eq. 1.1): (i) the 

osmotic potential (ψo), (ii) the pressure potential (ψp), and (iii) the gravimetric 

potential (ψg). 

 

 ψ
x
= ψ

o
+ ψ

p
+ ψ

g
 (Eq. 1.1) 

 

The osmotic potential is always negative and is a direct result of solute concentration 

in sap of plant cells, being more negative in the case of higher concentrations. Living 

cells such as xylem parenchyma, and cells related to phloem and cambium contain 



Introduction 

5 

higher concentrations of solutes in comparison to dead cells such as vessels, 

tracheids and fibers. The pressure potential can be positive or negative, dependent 

on the cell type in which it operates. Living cells capable of growing and expanding, 

exhibit a positive pressure potential known as turgor pressure. Contrastingly, dead 

xylem vessels and tracheids operate under negative pressure, which, in accordance 

to the cohesion-tension theory, originates from stomatal evaporation of water as a 

result of the difference in water vapor pressure at substomatal cavities. As water 

evaporates, water menisci in the capillaries of adjacent cell walls retract and the 

capillary force (i.e., adhesion force) pulls the menisci back. The strong cohesion force 

between the water molecules will then transmit the negative pressure downwards, 

making upstream transport of water possible. The gravimetric potential will only have 

a significant contribution to the overall xylem water potential in the case of tall plants. 

 

The major benefit of this type of transport, fueled by a water potential gradient, is that 

it does not require energy from the plant. Under optimal conditions of soil-water 

availability and low transpirational demand of the atmosphere, vascular plants will be 

able to sufficiently and without effort transport water via the internal water conducting 

system. Even though a vast amount of absorbed soil water (> 97%) evaporates into 

the atmosphere via leaf transpiration (Sinha, 2004), the role of water to plant 

functioning is diverse and crucial: (i) it works as a medium to transport nutrients 

through the plant, (ii) it is used by living cells as a water storage buffer and enables 

growth via turgor, (iii) it is used as a cooling agent to lower leaf temperature during 

transpiration, and (iv) though limited (< 1%) it is a necessary building block in the 

photosynthesis process (Lambers et al., 1998). However, by passively transporting 

water via a water potential gradient, vascular plants run the risk of endangering this 

conducting pathway under increasing evaporative demand and/or drying of the soil. 

As a result, soil and/or atmospheric water potential become more negative, straining 

the conducting pathway, because a more negative water potential needs to be 

exerted on the internal system to maintain water transport. This could potentially 

result into a blockage of xylem vessels or tracheids because resulting air bubbles can 

expand or coalesce under more negative tension, ultimately affecting plant 

functioning. 

 

 

1.2 The danger impairing water transport: cavitation 

 

As water transport in vascular plants is subjected to negative water potentials, the 

water conducting elements operate in a so-called metastable condition (Steudle, 

2001; Cochard et al., 2013). This can induce a phase transition of liquid water to 
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water vapor under severe tension, replacing water-filled vessels or tracheids with 

non-functional air-filled ones, and hence, resulting in a disruption of the continuous 

pathway in a process defined as cavitation (Crombie et al., 1985; Tyree et al., 1994; 

Mayr et al., 2014). The term cavitation in plant science is analogous to the one 

referred to by physicists as inertial cavitation, where a liquid subjected to sufficiently 

low pressure ruptures and forms a cavity, for instance behind the blade of a rotating 

propeller (Jackson & Grace, 1994). Similar to the process of inertial cavitation, more 

negative tension in plants will thus form cavities as water in plants is saturated with 

gas (Schenk et al., 2015). However, cavitation can also ‘seed’ from one adjacent 

vessel or tracheid to another via pits in the pit membranes (Fig. 1.2 A-D), connecting 

the conducting elements, in a process defined as the air-seeding hypothesis (Sperry 

& Tyree, 1988; Tyree & Zimmermann, 2002). In both cases, conducting elements will 

become air-filled, but because formation and propagation of cavitation in plants is 

different from inertial cavitation, the term ‘embolism’ is more preferred in plant 

science.  

 

 

Fig. 1.2 (A) Vessels and tracheids are interconnected via pits in the pit membrane, that offer 

resistance to water transport but increase hydraulic safety. (B) In the event air enters the conducting 

element, capillary forces are incapable of preserving the hydraulic integrity as the diameter of vessels 

and tracheids is too large, but this diameter size is necessary for increased hydraulic efficiency. (C) 

Water from the conducting elements disperses into the adjacent tissue, embolizing the vessel or 

tracheid and cutting it off from the transpiration stream. (D) Pit membranes hinder a chain reaction of 

embolization by exerting stronger capillary forces to withstand the propagation of air to functional 

vessels or tracheids under negative xylem tension (Venturas et al., 2017). 

 

From the moment vessels and tracheids are fully differentiated and functional, they 

are completely filled with water and must maintain this state in order to fulfil their 

functionality in supporting the transpiration stream (Venturas et al., 2017). As it is the 
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case in fluid dynamics, the wider the radius of the conducting element, the greater its 

transport capacity, and hence, the overall hydraulic efficiency of the plant. This can 

simply be derived from Poiseuille’s law, stating that the flow rate (Q, m3 s-1) through a 

pipe is proportional to the fourth power of the radius (r, m):  

 

 Q = 
π P r4

8 η l
 (Eq. 1.2) 

 

with P the pressure gradient over the pipe (Pa), η the viscosity of the liquid (Pa s), 

and l the length of the pipe (m). When conducting elements become air-filled, the 

width of vessels and tracheids turns into a disadvantage to hold the air-water 

meniscus in place against the negative tension (Fig. 1.2B). In order to determine the 

minimum pressure (Pmin, Pa) at which an air-water meniscus remains stable in a 

cylindrical capillary, the Laplace-Washburn formula described in plant hydraulics 

literature can be used (Tyree & Zimmermann, 2002; Schenk et al., 2015; Venturas et 

al., 2017): 

 

 Pmin = -
4 Γ cos θ

Dc

 (Eq. 1.3) 

 

Γ represents the surface tension of water at 20°C (0.07275 N m-1), θ the contact 

angle between surface and liquid as a measure of adhesion, and Dc the diameter of 

the capillary (m). In the event that the tension drops below this Pmin, the air-water 

meniscus will dissolve, embolizing the conducting element, which hence loses its 

functionality (Venturas et al., 2017). However, because pit membrane pores are not 

cylindrical, a pore shape factor (κ, -) needs to be incorporated in the Laplace-

Washburn formula (Schenk et al., 2015): 

 

 Pmin = -
κ 4 Γ cos θ

Dc

 (Eq. 1.4) 

 

It is in accordance to this formula, that the benefit of the pit membrane comes into 

place as an evolutionary adjustment to the way water is transported in vascular 

plants. The small pores in the pit membranes radially connecting vessels and 

tracheids (diameter ranging between 1 to 10 nm) create a considerable resistance to 

the water flow path (Eq. 1.2), but at the same time significantly contribute to xylem 

hydraulic safety. Without pit membranes, the small capillary force generated in the 

conducting elements would not be able to withstand the negative tension required to 

transport water, and thus result in a disruptive chain reaction that would completely 
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hinder any form of water uptake (Venturas et al., 2017). This proves that pit 

membranes, which act as a safety valve to hinder easy propagation of air from one 

vessel or tracheid to another adjacent one, are vital in supporting the capillary force 

behind the cohesion-tension mechanism that originates in cell walls of the leaves 

(Fig. 1.2A-D). Even though the nanometer size of pits creates a considerable 

protection against cavitation, the pit membranes are not impermeable and adjacent 

vessels or tracheids can still embolize under more negative tension according to the 

air-seeding hypothesis. 

 

Air-seeding will also propagate differently in gymnosperms and angiosperms 

because of their difference in pit membrane structure. Angiosperms are characterized 

by a more homogenous pit membrane, allowing air-seeding to occur via the pit with 

the largest diameter, or via membrane rupture (Venturas et al., 2017). Air bubbles will 

be able to transfer into the adjacent vessels when the pressure difference between 

the embolized and water-filled conduit exceeds the threshold based on the pit with 

the largest diameter pore, which is formulated by the law of Laplace: 

 

 ΔP= 
2 Γ

r
 (Eq. 1.5) 

 

where ΔP is the pressure difference (Pa) between an embolized conduit (Pembolized = 

Patm = 0 MPa), and a water-filled one under negative tension, Γ the surface tension of 

water at 20°C (0.07275 N m-1), and r the radius of the largest pit (m). This equation is 

essentially a simplified version of the Laplace-Washburn formula (Eq. 1.4), where the 

contact angle θ between surface and liquid is presumed to be 0°, and the pore shape 

factor κ equal to one (perfectly cylindrical). Assuming a pit size of 0.2 µm, the 

pressure difference at which air-seeding will occur is equal to 1440000 Pa or 1.44 

MPa. Or in other terms, as long as the water-filled vessel operates under a tension 

that is higher than -1.44 MPa, hydraulic integrity will be preserved. To better grasp 

the idea of how embolisms are formed and propagate in real-time, a visual example 

of the process in the angiosperm species Fraxinus excelsior L. recorded with X-ray 

computed microtomography is given (Fig. 1.3). 
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Fig. 1.3 Real-time propagation of embolism formation, captured with X-ray computed 

microtomography (µCT), during a continuous dehydration experiment in the two-year-old angiosperm 

species Fraxinus excelsior L. Embolized vessels are indicated in black on all of the µCT images, while 

functional conduits are indicated in grey on the 2D sections, and typical ones are highlighted in blue 

on the 3D sections. Starting from the condition with one air-filled vessel at a xylem tension of -1.08 

MPa (A), two additional adjacent vessels embolized over a time span of 8 minutes, in which the xylem 

tension rose to -1.09 MPa (B and C). 

 
At a xylem tension of -1.08 MPa, one vessel was embolized in the secondary growth 

ring of the species (Fig. 1.3A). Over a period of 8 minutes, xylem water potential 

decreased to -1.09 MPa during which two neighboring xylem conduits embolized 

(Fig. 1.3 B and C). The left and center vessel were clearly connected to each other 

via their pit membranes, illustrating that the left vessel most likely cavitated via air-

seeding. 

 
The pit membrane of gymnosperm species is characterized by two special structural 

alterations: (i) a central thickening with small pores known as torus, and (ii) a 

surrounding ring with very wide pores known as margo that facilitates sap flow (Mayr 

et al., 2014; Venturas et al., 2017). The torus is densely designed, and will be 

aspirated to the pore of the pit chamber to act as a sealing agent, hindering air entry 

from an embolized into a functional tracheid. The better the torus is capable of 

sealing the pit aperture, the higher the resistance to air-seeding, and hence, 

explaining the difference in resistance against cavitation between gymnosperm 

species (Delzon et al., 2010). With increasingly negative xylem tension, embolisms 

can spread further, because air enters through the torus pore, and/or via the margo 
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as a result of torus seal displacement (Mayr et al., 2014; Venturas et al., 2017). The 

elasticity of the margo has a substantial influence on this process as air-seeding is 

facilitated when the margo is either too elastic (torus is easily pulled through the pit 

aperture), or too rigid (torus cannot sufficiently seal the pit aperture; Hacke et al., 

2004). 

 

 

1.3 From preventing to repairing: how to cope with cavitation 

 

In order for vascular plants to maintain their hydraulic integrity, cavitation must be 

avoided and/or repaired at all cost because it can seriously undermine plant 

functionality, and even lead to plant mortality (Mcdowell et al., 2008). As illustrated in 

section 1.2, the specialized pit membrane structures of angio- and gymnosperms 

(Pittermann, 2005; Schulte et al., 2015), prove that xylem anatomy is well adapted to 

prevent embolism formation (Brodersen et al., 2014). Species with thicker pit 

membranes, smaller pit apertures between adjacent conducting elements, and more 

shallow pit chambers (Lens et al., 2011), will be more resistant to air-seeding, but this 

will decrease hydraulic transport efficiency. A balanced trade-off between hydraulic 

safety and efficiency is thus desirable for optimal plant functioning (Sperry et al., 

2008; Blackman et al., 2010), though this trade-off is no prerequisite for plant 

survival, and some species have been found to combine low hydraulic efficiency with 

low hydraulic safety (Gleason et al., 2016). The trade-off between safety and 

efficiency extends beyond the structure of pit membranes, and can also relate to the 

anatomy of transporting conduits and tracheids. To maximize efficiency, wider 

conduits are preferred (Eq. 1.2), and according to Loepfe et al. (2007), a higher 

degree of vessel grouping and connectivity would also be desirable to increase water 

transport capacity. This is however in contrast to the findings of Carlquist (2009), who 

stated that increased connectivity acts as a safety measure to circumvent cavitation, 

a hypothesis that is supported by higher connectivity implying an increased number 

of pit membrane passages that are specifically designed to withstand the spread of 

embolism formation (Eq. 1.4; Lens et al., 2011). In addition, shorter vessels and 

tracheids also seem to be adapted to marginally promote hydraulic safety, as they 

were found to be characterized by fewer pits (Lens et al., 2011). Whereas the 

diameter of vessels greatly affects hydraulic efficiency, the ‘rare pit’ hypothesis 

(Christman et al., 2009) states that wider vessels and tracheids should be 

characterized by an increased number of leakier pits (Eq. 1.5), hence reducing 

resistance to cavitation. Christman et al. (2012) tested and validated the ‘rare pit 

hypothesis on Quercus gambelii L., and despite additional studies having reported 

evidence for the ‘rare pit’ hypothesis through the relationship between wider vessels 
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and lower hydraulic safety (Wheeler et al., 2005; Hacke et al., 2006; Cai & Tyree, 

2010), there are also studies contradicting the validity of the hypothesis as no 

unambiguous relation was found between vessel diameter and cavitation resistance 

(Tyree et al., 1994; Lens et al., 2011; Scholz et al., 2013b).  

 

To further preserve hydraulic integrity of vascular plants, the conduit and tracheid cell 

wall is also reinforced to withstand negative xylem water potentials, a trait indicated 

as vessel cell wall reinforcement ((t b⁄ )h
2, Hacke et al., 2001). Because it has a 

positive correlation with pit membrane thickness (Jansen et al., 2009), and a reduced 

risk of potential implosion at low water potentials (Hacke et al., 2001), (t b⁄ )h
2 

significantly contributes to the trade-off between hydraulic safety and efficiency.  

 

Apart from adaptations to conducting elements to better withstand embolism 

formation, fiber anatomy can also adjust to help maintaining hydraulic integrity by 

providing additional mechanical support to prevent implosion (Jacobsen, 2005). 

Combining these hydraulic safety factors such as thicker fibers, increased cell-wall 

reinforcement, higher degree of shorter and interconnected vessels or tracheids, and 

thicker pit membranes will all contribute to a higher basic wood density (ρb, kg m-3), 

henceforth proving the strong correlation between ρb and resistance to embolism 

formation (Hacke et al., 2001; Pittermann et al., 2006; Martínez-Cabrera et al., 2009; 

McCulloh et al., 2011; Rosner, 2017). This indicates that xylem on the long term is 

well adapted to prevent loss in hydraulic transport by cavitation, and in case of 

angiosperms has even resulted in two different strategies regarding xylem anatomy 

construction: ring-porous (e.g., Quercus sp.) and diffuse porous (e.g., Fagus sp.). 

Ring-porous species are defined by much wider earlywood vessels to maximize 

hydraulic transport, while latewood vessels are intrinsically smaller and more densely 

grouped to better withstand cavitation later on in the growing season when stress 

conditions are more likely to occur. Diffuse porous species on the other hand are 

characterized by smaller, and a more uniform distribution in vessel dimensions, 

choosing for a more balanced trade-off between hydraulic efficiency and safety 

during the growing season. 

 

Vascular plants are more plastic in their response to cavitation than only defined by 

the rigid construction of xylem, and hence, can use a variety of short to long-term 

protections to counteract negative effects of increasing xylem tension. One of their 

major resources to delay loss in hydraulic transport is by using internal water 

reserves, which are represented by living cells such as xylem parenchyma, and 

xylem conduits or tracheids. This process is very common in the daily life of vascular 

plants, where internally stored water is used at sunrise to bridge the gap between 

water loss by leaf transpiration and root water uptake. Similarly, when stomata close 
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at sunset, root water uptake will replenish the internal water reserves, giving rise to a 

daily pattern of shrinkage and swelling at stem-, branch-, and leaf-level (Steppe et al., 

2015). In the event that stress strains the hydraulic integrity, internally stored water 

from different organs and tissues will be released into the transpiration stream to 

temper the increase in xylem tension and delay the spread of cavitation (Meinzer et 

al., 2009; Steppe et al., 2012). The capacity to store water in these tissue types is 

referred to as the hydraulic capacitance (C, kg m-3 MPa-1; (Steppe et al., 2006; 

Steppe & Lemeur, 2007; Vergeynst et al., 2015a)), which is a significant drought 

tolerance strategy in drier environments (Gleason et al., 2016). C is defined as the 

ratio of change in tissue volumetric water content to change in xylem water potential 

(Edwards & Jarvis, 1982; Vergeynst et al., 2015a), which is measured as the amount 

of water released from the tissue per unit decrease in water potential (Steppe & 

Lemeur, 2007; Epila et al., 2017). Vergeynst et al. (2015a) further reports that 

hydraulic capacitance can be divided into hydraulic capacitance of living tissues, i.e., 

elastic capacitance (Cel), and hydraulic capacitance originating from cavitation or 

immature fibers, i.e., inelastic capacitance (Cinel), implying that embolism formation is 

not strictly negative for vascular plants, because water lost to the transpiration stream 

becomes available to the plant to buffer decreases in xylem water potential 

(Vergeynst et al., 2015a). Not unexpectedly, a variety of studies found a positive 

correlation between hydraulic capacitance and vulnerability to cavitation (Sperry et 

al., 2008; Mcculloh et al., 2012, 2014; Meinzer and McCulloh, 2013; Epila et al., 

2017), with sensitive species being characterized by a greater buffer to compensate 

water loss, expressed by a combination of both a high Cel and Cinel. First, the 

investigated species were characterized by a low ρb, as a higher basic wood density 

implies a stronger investment in xylem structure aimed at preserving hydraulic 

functioning, leaving fewer resources available to build internal water reserves to 

increase elastic capacitance (Mcculloh et al., 2012). The magnitude of this 

capacitance also differs between plant organs, which corresponds to their respective 

vulnerability to cavitation (Mcculloh et al., 2014). Trunks, for instance, were found to 

be more sensitive than branches, but characterized by more internally stored water 

(Mcculloh et al., 2014). Second, the higher susceptibility of these species for drought 

stress resulted in an increased inelastic capacitance, as more water becomes 

available by the faster succession in embolism formation per unit decrease in water 

potential (Epila et al., 2017). 

 

Stomatal closure is a second type of fast, and short-term protection utilized by 

vascular plants in response to high transpirational stressors (Arve et al., 2011). By 

closing the stomatal pore, transpiration is reduced, and hence hydraulic efficiency is 

increased, because more water is preserved per unit CO2 that is assimilated (Farooq 

et al., 2009). Similar to the role of hydraulic capacitance, water preserved by stomatal 
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closure will halter the increase in xylem tension and reduce embolism formation 

(Sperry, 2000). However, this type of protection comes with a severe disadvantage 

as CO2 uptake is strongly reduced. Closing stomata for too long will ultimately result 

in carbon starvation, which is as lethal to plants as the impairment of their water 

conducting system (Sevanto, 2014). Therefore, two types of strategies are utilized by 

vascular plants, subdividing them in isohydric and anisohydric plant behavior 

(Mcdowell et al., 2008), which can occur both between and within species (Sade et 

al., 2012). Isohydric plants are often referred to as ‘drought avoiders’, displaying 

subsequent increase in stomatal closure in response to drought stress, aimed at 

preserving their midday water potential at a constant level (Sade et al., 2012), but risk 

carbon starvation. Anisohydric plants, though also exhibiting midday stomatal 

closure, try to maintain their high stomatal conductance rate to maximize growth 

under drought stress conditions, exposing them to increased negative xylem water 

potential, and hence, run the risk of succumbing to lethal levels of cavitation. In order 

to be a viable strategy, these plants have the reputation of being ‘drought tolerant’ 

due to their more cavitation-resistant xylem (Mcdowell et al., 2008). 

 

Recently, the discovery of nanobubbles that exist near nanoporeus pit membranes of 

angiosperms, has shed new light on the air-seeding hypothesis and the formation of 

embolisms (Schenk et al., 2015). Remarkably, these nanobubbles can remain stable 

under tension as long as a critical threshold is not surpassed. This threshold, which is 

dependent on the surface tension, represents the critical radius at which a gas 

bubble can remain stable under negative pressure (Blake, 1949). But as xylem 

tension increases, nanobubbles will either enlarge or coalesce, ultimately leading to 

conduit embolization (Schenk et al., 2015). Further investigation of this phenomenon 

showed that carbon-based choline-containing phospholipid surfactants, and other 

amphiphilic lipids and proteins exist in pit membranes of xylem vessels (Schenk et 

al., 2017). Immediately after nanobubble snap-off, surfactant organic compounds will 

form a coating layer around nanobubbles to stabilize them under negative pressure 

(Fig. 1.4), hence lowering the surface tension and bringing the critical radius of the 

gas bubble to the nanometer scale.  
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Fig. 1.4 Freeze-fracture electron micrograph of a surfactant coated nanobubble. The surfactant 

molecule (dark) is coated against the periphery of the nanobubble hole (white). Bar = 100 nm (Schenk 

et al., 2017). 

 

Due to this coating layer, nanobubbles are less prone to exceed the critical threshold, 

hence lowering vulnerability to cavitation (Schenk et al., 2015). Vessel-associated 

parenchyma cells are the most likely source of these xylem surfactants and proteins, 

which are typically built-up out of phospholipids (Schenk et al., 2017). In general, 

phospholipids can be classified into two groups depending on their chemical 

structure: glycerophospholipids and sphingolipids (Berg et al., 2002). In vascular 

plants, sphingolipids are also involved in plant signal transduction, cell membrane 

stability, host-pathogen interactions and plant response against stressing elicitors 

(Sperling & Heinz, 2003). Similar to adenosine triphosphate (ATP), both types of 

phospholipids contain a negatively charged phosphate group suggesting a highly 

dynamic behavior. Nanobubble stabilization might therefore be an energetic 

demanding process for which an active phosphate group and continuous cycles of 

synthesis and degradation of phospholipids are necessary. 

 

When the different mechanisms to prevent embolism formation fail to safeguard 

hydraulic integrity, vascular plants can repair cavitation by different processes. 

Generally, they are characterized by a certain percentage of cavitated vessels or 

tracheids, even in the absence of stressed conditions, because during plant 

development and growth, some vessels or tracheids lose their functionality and 

become permanently air-filled, referred to as the plant native embolism state 

(Jacobsen & Pratt, 2012). Other studies confirmed that plants tolerate a controlled 

level of cavitation (Tyree & Yang, 1992; Meinzer et al., 2001; Hölttä et al., 2009; 
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Mcculloh et al., 2014; Steppe et al., 2015; Vergeynst et al., 2015a), referring to the 

dual role of cavitation in lowering hydraulic conductivity, and simultaneously acting as 

a water buffer (i.e., inelastic hydraulic capacitance (Cinel)) to maintain photosynthetic 

activity during drought stress events. 

 

In order to repair air-filled conduits or tracheids, two evolutionary recovery 

mechanisms have been developed (Vilagrosa et al., 2012): (i) building new functional 

conducting elements during secondary growth to compensate for the loss in hydraulic 

efficiency (Cochard et al., 2001), and (ii) an active refill mechanism restoring 

hydraulic functionality when xylem tension is near or above atmospheric pressure 

(Tyree et al., 1999). The latter mechanism requires a positive pressure being exerted 

on the sap in the conduits or tracheids to force the gas back in solution, and is 

typically supplied by the roots during periods of low transpirational demand, and 

hence indicated by the term root pressure (Sperry et al., 1987; Nardini et al., 2011). 

Root pressure requires metabolic energy, which is necessary to extract ions from the 

soil that decrease the osmotic potential of root xylem, allowing water to be passively 

taken up from the soil via osmosis (Cochard et al., 1994; Lopez & Barclay, 2016). 

The resulting flow of water will thus be driven by positive pressure (i.e., above 

atmospheric pressure), creating the required condition to refill embolized conduits 

and tracheids. Under certain conditions, root pressure can even lead to extrusion of 

xylem sap at the edge of the leaf blade, a phenomenon known as guttation (Bacon & 

Brian, 2003). Periods of low transpirational demand, which are favorable for root 

pressure, will typically occur over night (Gleason et al., 2017), during transition from 

winter to spring (Sperry et al., 1987; Hacke & Sauter, 2010), and during the rainy/wet 

season (Cochard et al., 1994). 

 

Recent developments have illustrated the existence of a third mechanism, capable of 

removing gas from embolized conduits or tracheids, while the xylem is subjected to 

negative water potentials (Holbrook & Zwieniecki, 1999; Brodersen et al., 2010; 

Wegner, 2014; Knipfer et al., 2016). At first glance, this mechanism seems to be in 

conflict with the principles of thermodynamics, which states that a positive pressure, 

like root pressure, is required to dissolute air in solution (Clearwater & Goldstein, 

2005; Nardini et al., 2011). Tyree & Yang (1992) have previously postulated that a 

pressure of minimally -0.1 MPa would be required for refilling, illustrating that without 

the aid of active processes, the gravitational water potential cannot be overcome. It is 

therefore generally suggested that osmotically active solutes from neighboring living 

cells are loaded into the embolized conduits or tracheids, creating an osmotic water 

potential gradient that pushes water from these cells into the conducting elements 

(Holbrook & Zwieniecki, 1999; Hacke & Sperry, 2003; Salleo et al., 2004; Secchi & 

Zwieniecki, 2012; Brodersen & McElrone, 2013). With ongoing research, several 
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conceptual frameworks have been designed to explain this tissue-dependent 

embolism removal (Holbrook & Zwieniecki, 1999; Brodersen et al., 2010; Wegner, 

2014; Knipfer et al., 2016), but is most intuitively summarized in the proposed 

framework of Zwieniecki & Holbrook (2009) (Fig. 1.5).  

 

 

Fig. 1.5 Methodological framework for embolism repair under tension. (a) Vessel-associated living 

cells release a small steady stream of soluble carbohydrates into the xylem. (b) Starch stored in xylem 

parenchyma acts as a sugar capacitator. (c) Concentrations of these solutes remain low as they are 

diluted via their movement in the transpiration stream, but (d) can accumulate in an embolized conduit 

or tracheid. (e) Accumulation of sugar accompanied with the increase in apoplastic solute 

concentration triggers signaling pathways (f) for refilling that regulate sugar and (g) water membrane 

transport, as well as (h) sugar metabolic activity. (i) Solute accumulation results in water extraction 

from xylem parenchyma cells by osmosis, forming droplets with high osmotic activity on internal vessel 

walls. (j) The partially non-wettable walls of xylem conduits are designed to prevent droplets from 

being sucked away by still-functional vessels. (k) Condensation of water vapor provides a second 

pathway by which water refills cavitated conduits, allowing adjacent conduits to provide water for 

refilling. (l) As the high osmotic droplets grow to fill the vessel, the embolus is removed both by forcing 

gas into solution and by pushing gas through small pores through the vessel walls to intercellular 

spaces. (m) The flared opening of the bordered pit chamber acts like a check valve until the lumen is 

filled, thus preventing contact with the highly wettable bordered pit membranes. Reconnection occurs 

once the pressure in the lumen exceeds that of the entry threshold into the bordered pit chambers; a 

hydrophobic layer within pit membranes might provide the needed simultaneity among multiple 

bordered pits (Zwieniecki & Holbrook, 2009). 

 

The real challenge however is determining how this mechanism functions, because 

during refilling, conduits or tracheids must be hydraulically isolated from the 

transpiration stream, or the sap flow would simply steal the solution, recavitating the 

conducting element (Rockwell et al., 2014). 
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Nonetheless, the role of living tissue, such as xylem parenchyma and phloem, is 

clearly important in the scenario of embolism repair under tension (Fig. 1.5; Salleo et 

al., 2004; Nardini et al., 2011), emphasizing the intimate link between xylem and 

phloem functioning (Hölttä et al., 2009b; Hubeau & Steppe, 2015). In this context, 

woody tissue photosynthesis, which assimilates respired CO2 that failed to radially 

diffuse to the atmosphere (Saveyn et al., 2010), can play a crucial role in plant 

hydraulic maintenance (Vandegehuchte et al., 2015). The strategic spatial location of 

chloroplast-containing cells in stem and branches allow woody tissue photosynthesis 

to constitute an immediate source of non-structural carbohydrates (NSC) for 

satisfying local energetic demands (Aschan & Pfanz, 2003; Teskey et al., 2008), and 

perhaps actively aid in embolism repair under tension (Schmitz et al., 2012; Bloemen 

et al., 2016), as this is an energetic demanding process, requiring adequate NSC 

supply to create osmotic gradients necessary to refill embolized vessels (Nardini et 

al., 2011; Brodersen & McElrone, 2013). However, the response time and trigger 

mechanism for NSC and starch conversion, and the activation of aquaporins and ion 

transporters to fuel embolism repair under tension is still under debate (Secchi & 

Zwieniecki, 2012; Wegner, 2014; Ryu et al., 2016).  

 

With the aid of non-invasive X-ray microtomography imaging techniques (Brodersen 

et al., 2010; Knipfer et al., 2016; Ryu et al., 2016), tangible evidence on the existence 

of the phenomenon has been obtained as embolism repair under tension was 

visualized in real-time (Fig. 1.6). Recently, Brodersen et al. (2017) repeated their X-

ray computed microtomography experiment on grapevine and found further evidence 

for the spatial and temporal dynamics of embolism removal under tension. They 

found, for instance, that a surface film forms around the expanding droplet, but the 

influence of this film and the heterogeneity in vessel wall and perforation plate 

hydrophobicity still require further investigation (Brodersen et al., 2017). Despite the 

many risks accompanied with embolism formation, vascular plants clearly exhibit a 

wide range of prevention and restoration techniques to cope with cavitation. But in 

order to sustain viable growth and development, the impact of cavitation must be 

determined. 
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Fig. 1.6 Grapevine stem with vessel refilling under tension, visualized by in vivo high-resolution X-ray 

computed tomography (HRCT). (A) Longitudinal sections of three adjacent vessels refilling during 

approximately 4 hours (hours indicated in each section), with water droplets visible on the inner vessel 

walls. Bar = 200 µm. (B) 3D rendering of the refilling process, with droplets (blue 3D shapes) 

accumulating on the vessel walls (green). (C) Trans-longitudinal section showing four vessels with 

different stages of droplet forming, and (D) the resulting 3D rendering. Restoring hydraulic integrity 

was unsuccessful for the vessel at the far left side. Bar = 100 µm (Brodersen et al., 2010). 

 
 

1.4 Quantifying cavitation 

 

1.4.1 Xylem vulnerability curve 

 

Because impairment of hydraulic transport can lead to plant mortality (Mcdowell et 

al., 2008), assessing the negative impact of drought stress on the hydraulic integrity 

of vascular plants is crucial. Methods that aim at quantifying cavitation will therefore 
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result in the construction of a vulnerability curve (VC), which relates percentage loss 

of hydraulic transport by subsequent embolism formation in function of decreasing 

xylem water potential (Pammenter & Willigen, 1998; Cochard et al., 2013). VCs are 

an important tool for further understanding xylem transport characteristics (Melcher et 

al., 2003), and according to literature, can result in two different shapes (Fig. 1.7; 

Cochard et al., 2013). 

 

 

Fig. 1.7 Schematic representation of a xylem vulnerability curve (VC), relating percentage of cavitation 

against xylem pressure. VCs are characterized by two distinct shapes: (i) sigmoidal (solid line), 

displaying a safe range of xylem tension (grey zone), and (ii) exponential (dashed line), which are 

typically the result of methodological artefacts. Vulnerability values related to 12% cavitation (P12, ▼), 

50% cavitation (P50, ♦), and 88% cavitation (P88, ●), are also indicated (Cochard et al., 2013). 

 
The shape of VCs has significant implications for the discussion of stomatal 

regulation of xylem tension (Melcher et al., 2003). The sigmoidal shape is most 

realistic in plant physiology, because it is characterized by a safety margin in which 

plants operate on a daily basis under conditions of sufficient soil water availability 

and/or low transpirational demand (Cochard et al., 2013). For this type of VC, the 

xylem pressure associated with cavitation onset will be more negative than the 

pressure related to leaf turgor loss and stomatal closure (Jones & Sutherland, 1991; 

Hacke & Sauter, 1995). Exponential VCs on the other hand result in a strong 

increase of percentage cavitation per unit drop in xylem pressure, displaying no 
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safety margin, and hence, assuming that xylem pressures at optimal growth 

conditions are strongly impairing water transport (Cochard et al., 2013), implying that 

stomata must be extremely vigilant to prevent xylem water potentials from exceeding 

cavitation thresholds (Melcher et al., 2003). Because this type of behavior seems 

unlikely as a viable strategy, the exponential curve has been mainly attributed to 

methodological artefacts associated with the pressure sleeve (Choat et al., 2010), 

and centrifugation technique (Cochard et al., 2010). To further compare inter- and 

intra-species vulnerability, values related to 12% cavitation (P12), 50% cavitation 

(P50), and 88% cavitation (P88) are typically calculated (Fig. 1.7). P12 can be 

associated with the onset of cavitation (i.e., the air entry point), and P88 with full 

embolism as recovery is deemed impossible beyond this value (Domec & Gartner, 

2001). P50 is referred to as the universal index to quantify vulnerability to drought-

induced cavitation, and is strongly related to wood density (Choat et al., 2012). 

 

1.4.2 Hydraulic method 

 

The rate by which water and nutrients are transported through the conducting system 

of vascular plants is referred to as the hydraulic conductance (kh, kg s-1 MPa-1), or, if 

normalized to the length of the investigated sample, hydraulic conductivity (Kh, kg s-1 

m MPa-1), and the subsequent loss through embolism formation, the percentage loss 

of conductivity (PLC, %). The original hydraulic method aims at quantifying Kh after 

consecutive steps of increasing xylem tension, and relating this value to the 

maximum achievable Kh (Sperry et al., 1988a). Samples for this method are 

comprised out of branch segments, and are mounted into a setup that determines Kh 

via the resistance of the sample against gravimetrical water flow (Fig. 1.8). In a first 

step, the initial hydraulic conductivity (Kh,i, kg s-1 m MPa-1) of an excised sample is 

determined by forcing a pressurized flow through the sample in its native state. The 

pressure range is typically between 1-8 kPa (Sperry et al., 1988a), but the method 

suggests applying a lower pressure head (~2 kPa) for large diameter-vesselled 

species such as Quercus sp. to avoid dislocating embolisms. The applied solution is 

20 mM KCl to better resemble the composition of plant sap (Sperry et al., 1988a). 

The gravimetrical flow rate through the sample is determined by an electronic 

precision balance placed at the outflow side, and is converted to conductivity by 

incorporating the pressure difference over the sample, which results directly from the 

height difference between the reservoir IV-bag and the sample (Fig. 1.8). In a second 

step, the sample will be flushed at a pressure of 175 kPa (Sperry et al., 1988a), after 

which the maximum hydraulic conductivity (Kh,max, kg s-1 m MPa-1) can be obtained by 

repeating step 1 on the flushed segment. 
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Fig. 1.8 Schematic representation of the hydraulic conductivity apparatus as proposed by Sperry et al. 

(1988), and illustrated by Uwe Hacke (http://biologylabs.utah.edu/sperry/methods.html). 

 

By repeating these steps on branch samples subjected to different levels of drought 

stress, subsequent loss in Kh can be determined, which is then rescaled to PLC by 

dividing Kh,i by Kh,max: 

 

 PLC = (1-
Kh,i

Kh,max

)  × 100 (Eq. 1.6) 

 

The hydraulic method is by far the oldest method to quantify drought-induced 

cavitation, and is considered the golden standard. Even so, the technique can be 

sensitive to some methodological issues, requiring the need for extra care when 

conducting these types of measurements (Jansen et al., 2015). Wheeler et al. (2013) 

warns for artificial embolism formation when cutting branch samples under tension, 

as air bubbles can enter from the edge of the cutting blade. This can however be 

avoided if the samples are gradually cut back under water, allowing sufficient time to 

relax tension, a necessary precaution that was already highlighted in the original 

method (Sperry et al., 1988a). In line with this cutting artefact, artificial embolism 

formation can also be induced when samples cut from vascular plants are shorter 

than twice the maximum vessel length (Cochard et al., 2013). Careless sample 

http://biologylabs.utah.edu/sperry/methods.html
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handling and preparation must thus be avoided at all costs to diminish the artificial 

effect on the accuracy of obtained PLC (Trifilò et al., 2014). In order to obtain Kh from 

gravimetric flow rate, the height difference is used to determine the pressure 

difference across the sample, which is in accordance with the principle of a linear and 

steady pressure-flow relationship. The pressure at the outlet side is considered equal 

to atmospheric pressure, but this assumption neglects passive water uptake (Torres-

Ruiz et al., 2012). To counter this problem, gravimetrical flow rate must additionally 

be measured in the absence of a pressure difference (i.e., zero or background flow), 

which requires the need of a bypass tubing system over the sample (Fig. 1.8; Sperry 

et al., 1988). Kh can then be corrected by subtracting the zero flow from the 

pressurized flow. Another issue regarding the mixture of the applied solution was 

already mentioned when describing the original method (Sperry et al., 1988a). Using 

only deionized water would exhaust and clog the samples, hence lowering 

gravimetrical flow rate. Solutions should be chosen that resemble plant sap 

composition in the best possible way, but even then, prolonged measurements can 

still reduce Kh by microbial and/or suspended particle contamination. Moreover, the 

sent-through solution must be degassed properly when determining Kh and Kh,max, as 

it can also lead to artificial embolism formation and instable measurements (Espino & 

Schenk, 2011). Though not a methodological issue, the presence of tyloses, gums, 

and resins in the conduits or tracheids of some species could also potentially block 

the gravimetrical flow, resulting in an underestimation of Kh and Kh,max (Hacke, 2014). 

 

The relevant use of the hydraulic method in drought-induced cavitation research is 

supported by its vast amount of published results (Choat et al., 2012), but the 

technique is not fool proof and characterized by some unresolved issues: (i) the 

hydraulic method is destructive and labor intensive, because many samples are 

necessary to construct a single VC. Moreover, branch samples should be as uniform 

as possible (i.e., same length, diameter, cutting position) to minimize statistical 

variance related to sampling. (ii) Uncertainty in literature regarding the required 

timespan to reach stable conductivity measurements, questions the validity of Kh 

values used to construct VCs. (iii) There is no agreement in the type of solution that 

is best suited to send through the branch samples. (iv) There exists uncertainty about 

the effect of positive pressure heads on possible embolism repair. Relaxing samples 

under water already resulted in refilled embolized vessels (Trifilò et al., 2014; Knipfer 

et al., 2016), and this was also predicted to occur when forcing pressurized water 

through the excised segments (Canny, 1998). Without providing a well-founded 

reasoning as to why small positive pressure heads would be incapable of embolism 

refilling, a variety of studies reject the assumption that the hydraulic method can 

affect the degree of cavitation (Sperry et al., 1988a; Kolb et al., 1996; Melcher et al., 

2012). The lack of a well-defined consensus in the use of the hydraulic method, 
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encourages the search for new, non-invasive, continuous, and more reliable 

techniques to quantify drought-induced cavitation (Jansen et al., 2015). At first, the 

results of these new methods should be benchmarked against the hydraulic method 

to test their validity, but can then become stand-alone methods that might even help 

explaining some unresolved issues associated with the hydraulic method. 

 

1.4.3 Alternatives for the hydraulic method 

 

Aside from the introduction of the acoustic emission method in 1966, which will be 

emphasized in section 1.4.5, alternative techniques to measure cavitation were 

scarce and thus mainly restricted to the hydraulic method at the end of the previous 

century. Contrastingly, for the induction of cavitation a wide variety of different 

techniques were available at that time: (i) the standard bench-top dehydration 

procedure, where samples are dehydrated on the table under laboratory conditions 

(Sperry et al., 1988a), (ii) the air-injection technique, where air is forced into samples 

for a faster and more accurate dehydration procedure (Crombie et al., 1985; Sperry & 

Tyree, 1990), and (iii) centrifugation, where a centrifugal force is applied on the 

samples to increase the xylem tension (Pockman et al., 1995). Centrifugation has 

similar advantages as the air-injection technique but without the inconvenience of 

pressurized air present in the sample (Cochard et al., 2013). 

 

During the first years of the new millennium, Hervé Cochard developed the ‘Cavitron’, 

a device specifically designed to combat the discontinuity of the hydraulic method by 

simultaneously inducing and measuring cavitation, by applying centrifugal force to 

dehydrate the sample, and by immersing the open ends of the sample in degassed 

water-filled vials with a different water level to induce the water flow necessary to 

determine loss in Kh (Cochard, 2002). In contrast to the hydraulic method, the 

‘Cavitron’ enabled the construction of an entire VC on one sample within a time frame 

of approximately one hour (Cochard et al., 2013). However, the ‘Cavitron’ suffered 

from a major drawback known as the open-vessel artifact due to its restriction in 

sample length which cannot exceed centrifuge rotor length. This artifact led to 

artificial embolism formation in open vessels of long-vesselled species, hence 

resulting in exponential VCs and thus an overestimation of the species’ vulnerability 

to drought-induced cavitation (Cochard et al., 2013). 

 

Recently, a new and promising alternative known as the pneumatic method has been 

developed, where air flow is not used to induce but measure cavitation (Pereira et al., 

2016). The reliability of air conductance measurements to quantify embolism 

formation has previously been supported by the air permeability method of Franks et 

al. (1995) and the finding of bubble production during the air-injection technique 

(Ennajeh et al., 2011), but it was thanks to the development of the pneumatic method 

that conclusive evidence was obtained in relating air flow to embolisms (Pereira et 
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al., 2016). For the pneumatic method, long leafy cut-off branches are connected via 

tubing systems to a vacuum reservoir, which is equipped with a vacuum meter to 

measure pressure differences, and for which a syringe is used as vacuum source 

(Fig. 1.9). 

 

 

Fig. 1.9 Schematic representation of the pneumatic apparatus for measuring air inside branches. The 

branch is connected to a section of silicone tubing (1), which is attached with plastic clamps. Adapter 

luers connect the branch to pvc tubing (2) and then to a three-way stopcock (3). A vacuum meter 

transducer is connected to the three-way stopcock, and the output signal is detected with a voltage 

meter or data logger. The vacuum is created with a syringe that is directly connected to the tube 

(Pereira et al., 2016).  

  

The pneumatic method, like the ‘Cavitron’, tackles the discontinuity of the hydraulic 

method by establishing an entire VC on one sample, but is in contrast to the 

‘Cavitron’ not restricted to short samples, and thus not sensitive for the open-vessel 

artifact (Pereira et al., 2016). VCs obtained with the pneumatic method were in strong 

agreement with hydraulic reference VCs on both tropical and temperate tree species, 

further emphasizing the reliability of the method (Pereira et al., 2016; Zhang et al., 

2018). Because air flow measurements are also much faster (< 3 minutes) and imply 

far less manipulation of samples than hydraulic measurements, the pneumatic 

method steps forth as a simple, fast (dependent on species’ bench-top dehydration 

period), inexpensive and effective method in drought-induced cavitation research.  

 

1.4.4 Visualization techniques 

 

Visualization methods aim at quantifying drought-induced cavitation by making a 

clear distinction between air- and water-filled conduits or tracheids. Cryo-scanning 

electron microscopy (cryo-SEM) is capable of making such a distinction as water-

filled elements will be frozen, while air-filled elements will remain hollow (Fig. 1.10; 

Jackson & Grace, 1994; Utsumi et al., 1996). The method is however destructive and 

only small xylem segments can be visualized with this technique. At first, the xylem 

section will be snap frozen and freeze fractured by submersion in liquid nitrogen, 
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after which the sample will be fractured and loaded onto the cryo-SEM stage for 

visualization (Canny et al., 2001; Johnson et al., 2009; Bauerle et al., 2011). Cochard 

et al. (2000) warns for a second possible drawback of the method, which is that 

freezing xylem samples under tension can promote embolism formation as air is 

driven out of the plant sap, which is similar to how cavitation forms during freeze-

thaw cycles (Cochard, 2006). 

 

 

Fig. 1.10 Cryo-SEM images taken from the cross section of a 48h dehydrated Maesopsis eminii Engl. 

branch. (A, C) Embolized vessels are hollow (black), while functional vessels are frozen (grey-white). 

(B) Detail of a functional conduit, with the frozen xylem sap. (D) Detail of four adjacent vessels with the 

middle two embolized. The strength of cryo-SEM comes here into play as end-wall perforation plates 

can be visualized in embolized conduits. Scale bars are indicated in the images. 

 

Three other visualization methods have a clear advantage compared to cryo-SEM 

because they are non-invasive, which is important if one aspires to study and the 

dynamic behavior of embolism formation and repair without influencing the actual 

process. MRI or magnetic resonance imaging is used in medical applications, and is 

capable of detecting and measuring water content (Rucker et al., 2000). MRI has 

been used in a variety of plant studies, and is capable of measuring xylem and 
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phloem transport simultaneously (Fig. 1.11A, B; Clearwater & Clark, 2003; Windt et 

al., 2006; Choat et al., 2010; Van de Wal et al., 2017).  

 

 

Fig. 1.11 (A, B) MRI image of a tomato penducle. (A) cross section of the penducle showing stationary 

water in the phloem (P), xylem (X), and perimedullary region (PR) as part of the pith parenchyma (PP). 

(B) MRI flow mask showing the presence of axially moving water through X (red), P (blue), and PR 

(green). Approximate voxel size = 78 µm (Van de Wal et al., 2017). 

 

However, the spatial resolution of MRI is often inadequate to sufficiently visualize 

cavitation in species with small vessels and/or tracheids (Cochard et al., 2015), and 

is also restricted to laboratory conditions, even though some prototypes of portable 

MRI scanners are getting increasing awareness (Windt & Blümler, 2015; Nagata et 

al., 2016). X-ray computed microtomography or µCT tackles the problem associated 

with MRI scanners, and are capable of achieving a resolution below 1 µm (Cochard 

et al., 2015). This technique utilizes X-rays to visualize internal water presence, as X-

rays are almost exclusively absorbed by water via the photoelectric effect (Carlsson 

& Carlsson, 1996; Gupta et al., 2016). X-ray scanners, even though also expensive 

and restricted to laboratory setups, are more accessible compared to MRI scanners, 

and have shown their relevance in providing new insights in embolism formation and 

repair (Fig. 1.12A, B; Brodersen et al., 2010, 2017; Suuronen et al., 2013; Cochard et 

al., 2015; Knipfer et al., 2015; Choat et al., 2016). 
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Fig. 1.12 (A, B) µCT image showing embolized (black) and water-filled vessels (grey) on the cross 

section of Prunus avium L. (C) and Fraxinus excelsior L. (D) in their native state. Approximate voxel 

size = 10 µm (C) and 7.5 µm (D). 

 

With both MRI and µCT being expensive and restricted to facilities that can house 

these types of scanners, a new affordable and easy-accessible optical method has 

recently gained increasing awareness because it distinguishes embolized from 

functional conduits based on a difference in reflection and refraction of light when it 

encounters air-water interfaces, thus requiring only the need for a scanner or 

microscope as main equipment (Brodribb et al., 2016; Hochberg et al., 2017). 

Dependent on whether the sample is illuminated from the same side of the optical 

sensor or from the opposite side, embolized conduits will either appear lighter 

(reflected light) or darker (transmitted light) than water-filled conduits (Brodribb et al., 

2016). The technique has been successfully validated and applied in monitoring 

dynamic changes of embolism formation to quantify both leaf (Brodribb et al., 2016; 

Hochberg et al., 2017) and stem (Brodribb et al., 2017) vulnerability to drought-

induced cavitation (Fig. 1.13). 
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Fig. 1.13 Mosaic of color maps obtained with the optical method illustrates the spatial progression of 

drought-induced cavitation through time in a stem sample of Rosmarinus officinalis. Sequential blocks 

of 56 images have been stacked together (frame numbers are shown at the top portion of each tile), 

with cavitated pixels colored according to the water potential at which cavitation occurred (Brodribb et 

al., 2017). 

  

1.4.5 Acoustic emission method 

 

The use of acoustic emissions (AE) in plant physiological research dates back to the 

year 1966, when Milburn and Johnson (1966) discovered that petioles of leaves 

under drought stress emit audible vibrations (<20 kHz). The vibrations were recorded 

by audio sound transducers, and were thought to originate from cavitation events 

(Rosner et al., 2006). Because the set-up of Milburn and Johnson (1966) was too 

sensitive to environmental noise distortions, Tyree and Dixon (1983) proposed to 

sample in the ultrasonic frequency range (>20 kHz), which eventually led to the 

development of an acoustic drought stress monitor (Tyree & Sperry, 1989b). This 

proved to be an important step forward, facilitating AE experiments as working in the 

ultrasonic range allowed for an easy removal of ambient noise by electronic filtering. 

The fact that AE can originate from cavitating vessels or tracheids is in agreement 

with the cohesion-tension theory and the air-seeding hypothesis, because the abrupt 

release of tension during the transition of a water-filled conduit or tracheid under 

negative pressure to an air-filled one near atmospheric pressure produces ultrasonic 

sound (Tyree & Sperry, 1989b). Similar to MRI and µCT, the AE method enables 

continuous and non-invasive measurements, making this technique an ideal 

alternative for drought-induced cavitation research assuming that only cavitation 

produces AE. But this proved to be utopic, as a wide variety of drought-stressed plant 

processes results in the formation of AE: (i) dehydration of plant tissues that do not 

contain vessels or tracheids such as bark (Kikuta, 2003), (ii) shrinkage of living tissue 

in xylem and phloem (Vergeynst et al., 2016), (iii) cavitation of fibers (Sperry et al., 

1988b), (iv) formation of micro-cracks (Vergeynst et al., 2016) and macro-cracks 

(Aggelis et al., 2010), and mechanical strain and failure during dehydration (Jackson 

& Grace, 1994; Rosner et al., 2010), and (v) formation of Haines jumps, which refers 
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to the displacement of the air-water meniscus under increasing tension between a 

functional and embolized conduit or tracheid (Haines, 1930; Chotard et al., 2007; 

Vergeynst et al., 2016). The nanobubble theory introduced by Schenk et al. (2015) 

could result in an additional AE source during drought-stress as coalescing 

nanobubbles and their subsequent collapse are likely to produce sound. Moreover, 

there is still no consensus concerning the origin of the AE source related to cavitation 

events, but several mechanisms have been proposed: (i) vibration of the conduit wall 

when tension is released (Tyree & Dixon, 1983; Tyree & Sperry, 1989), (ii) oscillation 

of hydrogen bounds when tension is released (Tyree & Dixon, 1983), (iii) transition 

from liquid water to vapor water (Jackson & Grace, 1994), (iv) in case of 

gymnosperms, pit membrane rupture and torus aspiration (Tyree & Dixon, 1983; 

Rosner, 2012), (v) gas bubble entry via a pore in the pit membrane (Jackson & 

Grace, 1994), and (vi) subsequent bubble oscillation (Ponomarenko et al., 2014). 

 

Clearly, the major challenge in using AE as a standard method to measure drought-

induced cavitation, is determination of the source of the detected signal (Rosner, 

2015). Fortunately, the past couple of years have resulted in rapid developments in 

microelectronics leading to new advancements in the AE technique. High 

performance acquisition systems are now available that can record and store 

waveforms from multiple channels at high sample frequencies (Wolkerstorfer et al., 

2012). From acoustic waveforms, different AE parameters can be derived, describing 

shape, strength and frequency spectra of the examined AE signal (Vergeynst et al., 

2016), allowing more in-depth analysis in an effort to determine the source of the 

dehydration signal (Fig. 1.14). 
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Fig. 1.14 Acoustic waveform extracted from a dehydrating Fraxinus excelsior L. tree. Waveform 

features amplitude, duration, and counts (threshold crossings; green boxes) describe the shape of the 

AE signal, and are relevant as long as the AE signal exceeds the noise threshold. 

 

The AE signal is typically shaped by the path it travels from source to sensor 

(Cochard, 1992; Wolkerstorfer et al., 2012), but the anisotropic properties of wood 

make signal interpretation challenging (Vergeynst et al., 2015b). The resulting 

differences in sound propagation are related to the three wood directions (axial, 

radial, and tangential), wood density, xylem water content, and wood anatomy (Mayr 

& Rosner, 2011). Previous AE application in drought-induced cavitation research has 

mainly focused on the cumulative AE signal, following the assumption that the 

majority of AE signals registered during dehydration can be linked to embolism 

formation (Tyree & Dixon, 1983; Lo Gullo & Salleo, 1993). Given the many different 

AE sources during dehydration, this assumption is, however, not always valid 

(Wolkerstorfer et al., 2012; Cochard et al., 2013), but it does result in acoustic VCs 

that provide reliable information on the effect of drought stress on plant physiology 

(Rosner et al., 2006; Nolf et al., 2015; Rosner, 2015; Vergeynst et al., 2015a, 2016). 

Extraction of AE signals caused by cavitation, based on their corresponding 

waveform features (Fig. 1.14), is vital to further advance AE as reliable measurement 

technique in drought induced cavitation research. 
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1.5 Thesis motivation and outline 

 

Climate change is affecting ecosystems worldwide, with the substantial increase in 

atmospheric CO2 due to anthropogenic activities leading to increased global 

temperature, melting of polar ice caps, sea level rising, fewer but more extreme 

rainfall events, and increased drought stress. These changes impact the physiology 

of vascular plants, raising questions about our future, because plants play a vital role 

in safeguarding all life on earth. Measuring how plants will respond to these impacts 

can provide information on what the long-term effects on plant physiology might be, 

and what policy needs to be executed in order to prevent the worst-case scenario. 

Determining the degree of cavitation, and the subsequent loss in hydraulic transport 

caused by drought stress, can deliver vital information on how well plants will 

withstand or succumb to these predicted climatic scenarios. A wide variety of 

methods have been developed to serve this purpose, but the majority of them are 

restricted to laboratory conditions, and are traditionally destructive, neglecting the 

dynamics of embolism formation and repair. Moreover, cavitation measurements are 

mainly performed by or in collaboration with specialized research groups with known 

authorities in the field such as John Sperry, Melvin Tyree, Hervé Cochard and 

Sylvain Delzon (derived from dataset in Choat et al. (2012)), mainly due to the 

uncertainties encircling the cavitation process and used techniques. The hydraulic 

method for instance, though considered to be the golden reference technique for 

cavitation measurements, requires the construction of a hand-made system, for 

which sufficient background knowledge is needed to properly mimic and operate it. 

Additionally, this technique is labor-intensive and often prone to measurement and 

sampling artifacts (Jansen et al., 2015). Visualization techniques such as MRI and 

µCT have an edge as they are non-invasive and continuous, but they are quite costly 

and cumbersome for routine measurements. The affordable, easy implementable and 

non-invasive acoustic emission (AE) technique that enables continuous recording, 

could thus be an interesting alternative. There are still some important questions 

regarding the usability of the method. It is often mentioned that AE is more qualitative 

than quantitative as different dehydration sources produce AE and that it cannot be 

translated to percentage loss of conductivity (Cochard et al., 2013). However, state-

of-the-art AE acquisition systems can extract time, parameter and waveform data 

from AE signals allowing more in-depth analysis (Wolkerstorfer et al., 2012). 

Vergeynst et al. (2016) used clustering algorithms of dehydration-related AE signals, 

and even though they managed to adequately seperate cavitation AE from other 

sources, there was still overlap between the AE clusters, resulting in an excess of 

cavitation AE over number of cavitated vessels. Nonetheless, investment and 

research in further improving the AE technique can be promising to develop an easy-

to-use and easy-to-interpret diagnostic tool for drought-induced cavitation research. 
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Therefore, in this doctoral thesis, the transition from hydraulic to AE method is 

stimulated, by thoroughly investigating the effect of both methods on the internal 

plant water relations during dehydration, and their improvement potential in being a 

reliable and more comprehensive technique to assess the effect of drought stress on 

plant physiology. The doctoral thesis consists of a total of six chapters (Fig. 1.15). 

 

 

Fig. 1.15 Structure of the doctoral thesis. The different chapters are indicated with grey boxes, and the 

accompanying experiments visualized by their respective illustrations. 
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In Chapter 2, the hydraulic method to investigate drought-induced cavitation was 

assessed on branch samples of Malus sylvestris L.. The hydraulic method is 

considered the golden standard to quantify drought-induced cavitation, but there exist 

many uncertainties regarding the use of pressurized water flow to measure loss of 

hydraulic conductivity, and the required timespan to achieve stable readings. 

Therefore, we expanded the original setup of Sperry et al. (1988a) to allow the 

assessment of the uncertainties. We further validated our research findings with µCT 

and compared the results of the hydraulic method with those of the AE method 

(Fig. 1.15). 

 

Woody tissue photosynthesis is an often overlooked, but important contributor to 

plant total carbon income, and constitutes an immediate source of non-structural 

carbohydrates (NSC) to satisfy local energetic demands and maintain hydraulic 

functioning. The hydraulic method was previously used to assess the impact of 

woody tissue photosynthesis on drought vulnerability, and results showed evidence 

for an active role of NSC in embolism repair under tension (Schmitz et al., 2012). To 

validate this finding and possibly unravel other physiological mechanisms related to 

how woody tissue photosynthesis contributes to hydraulic conservation under 

drought stress, acoustic emissions from dehydrating branches of control and 

aluminum covered Populus nigra L. trees were analysed in Chapter 3 (Fig. 1.15). 

 

To interpret the effect of drought stress on plant physiology, a xylem vulnerability 

curve (VC) is constructed, from which the index P50 (i.e., xylem water potential 

corresponding to 50% loss of hydraulic conductivity) is used as universal classifier for 

drought vulnerability. However, the structure and function of the hydraulic system of 

vascular plants is well-adapted to combat drought stress, not only capable in resisting 

cavitation, but also in buffering increasing xylem tension by using internal water 

reserves (i.e., hydraulic capacitance (C)). To better map the physiological response 

to drought-induced cavitation, a tripartite methodology is introduced in Chapter 4, 

using AE to construct VCs, continuous weight balance measurements to determine 

hydraulic capacitance, and wood anatomy to further investigate xylem structure and 

function. The framework was validated and tested on contrasting vascular plant 

species occupying different climatic regions (clockwise illustrated Fig. 1.15): (i) 

temperate Populus spp., (ii) temperate Malus spp., (iii) Mediterranean Olea Europaea 

L., (iv) tropical Maesopsis eminii Engl., (v) tropical Erythrophleum ivorense A. Chev. 

and suaveolens Guill.& Perr., and (vi) temperate species of the Triticeae tribe. 

 

Acoustic vulnerability is often considered mainly qualitative due to the excess of 

registered AE signals compared to cavitating vessels. To tackle this problem, 

Vergeynst et al. (2016) used clustering based on AE signal parameterization, and 
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though coming close in adequately isolating cavitation-related AE from other sources, 

further refinement was still  needed to improve understanding of the AE technique 

and its usability in plant physiological research. Therefore, an extensive and 

continuous µCT experiment was run while monitoring AE during the dehydration of 

an intact Fraxinus excelsior L. tree in Chapter 5 (Fig. 1.15). Detected AE signals 

were linked to visualized cavitation events with the aid of machine learning to extract 

cavitation-related AE. 

 

Finally, in Chapter 6, the most important conclusions of the previous chapters are 

discussed in light of the different effect of the hydraulic and AE method on internal 

plant water relations during drought vulnerability assessment, aiming to stimulate and 

implement AE as a reliable diagnostic tool in drought-induced cavitation research. 

The improvement potential of the AE technique compared to the hydraulic method is 

highlighted and emphasized to promote AE as an easy-to-use and easy-to-interpret 

outdoor stress sensor by growers and forest managers to efficiently monitor and 

respond to drought stress conditions in order to retain viable yields. Future 

investment and research in the AE technique is extremely important to achieve this 

desired goal in regard to predicted climatic change scenarios. 
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2.1 Abstract 

 

Xylem in intact plants supports dynamic water transport to ensure optimal 

functioning. Maintaining transport under drought is vital, but includes a major risk 

towards xylem failure when drought-induced embolisms progressively form. The 

hydraulic method is considered the golden standard when it comes to quantifying 

drought-induced cavitation. The method determines outlet hydraulic conductivity (Kh) 

in cut branch samples, dehydrated to specific drought levels, by pushing water 

through them. The technique is not foolproof, and uncertainty regarding stability in 

conductivity measurements calls for a comprehensive assessment. Therefore, the 

original set-up was extended to measure four parameters: (i) inlet Kh, (ii) outlet Kh, 

(iii) radial flow from xylem to surrounding living tissue, and (iv) pressure difference 

across the sample. To obtain a theoretically and physiologically accurate Kh value, 

hydraulic steady-state is required where inflow equals outflow, and radial flow is zero. 

Application of the set-up on branches of Malus sylvestris L. showed that actual 

hydraulic steady-state was achieved at much longer timespans (up to 300 min) than 

previously reported, and that timespans increased with negative xylem water 

potentials. During each experimental run, hydraulic conductivity dynamically 

increased, and xylem tension decreased, which was supported by X-ray computed 

microtomography (µCT) visualization of embolism refilling when using both high (8 

kPa) and low (2 kPa) pressure heads. The methodological flaw of artificial refilling of 

vessels by pressurized water questions the stable Kh readings. Therefore, acoustic 

sensors were applied to measure dynamics in dehydrating branches continuously, 

and proved a promising substitute to quantify vulnerability to drought-induced 

cavitation. 
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2.2 Introduction 

 

Vascular water transport, which is referred to as the ‘backbone of plant physiology’ 

(Brodribb, 2009), is vital for optimal plant functioning and consists of two pathways: (i) 

the phloem, which distributes sugars throughout the plant, fueling cell maintenance 

and growth (Van Bel, 2003; Sala et al., 2012; Hubeau & Steppe, 2015; Steppe et al., 

2015), and (ii) the xylem, responsible for the upward transport of water and nutrients 

(Tyree & Zimmermann, 2002; Venturas et al., 2017). The xylem pathway is an 

amazing structure, capable of dynamically transporting water over more than 100 

meters to the canopy (Ryan et al., 2006; Kim et al., 2018). It has fascinated 

generations of physiologist and physicists (Cochard et al., 2013), stimulating plant 

hydraulic research to further advance the mechanistic understanding of xylem 

functionality (Tyree, 2003). 

 

Xylem can be described as a chain of continuous water columns, passively 

transporting water upwards via cohesion-tension forces (Dixon & Jolly, 1895). This 

transport mechanism is formulated as the cohesion-tension theory and is widely 

accepted (Angeles et al., 2004). Though this transportation method does not require 

energy from the plant, it comes with the disadvantage of being metastable as it is 

subjected to tension i.e. negative xylem water potentials (ψx, MPa) (Steudle, 2001; 

Cochard et al., 2013). Increasing tension can induce a phase transition of liquid water 

to vapor (Mayr et al., 2014), resulting in a rupture of the continuous water columns, 

and thus formation of embolisms (Tyree & Zimmermann, 2002). According to the air-

seeding hypothesis, a more negative ψx allows air to be drawn into water-filled xylem 

vessels via pores in the pit membrane (Mayr et al., 2014), with the size of the largest 

pore determining the air-seeding threshold (Tyree et al., 1994). Recently, Schenk et 

al. (2015) added a new element to xylem functioning, as the authors found that 

nanobubbles exist near nanoporous pit membranes, and that they can remain stable 

by xylem surfactant coating (Schenk et al., 2017). However, as tension increases, 

nanobubbles will either enlarge or coalesce, and once a critical threshold is 

surpassed (Blake, 1949), the xylem conduit will embolize (Schenk et al., 2015). An 

increase in xylem tension is typically the result of drought stress, as drying of soil 

and/or atmospheric conditions put extra strain on the xylem pathway to supply water 

to the canopy. Progressing drought stress can as such lead to plant mortality, and 

hence limit biomass production (Brodribb et al., 2010; Melcher et al., 2012). 

 

Quantifying a plant species’ vulnerability to drought-induced cavitation and the 

resulting decrease in xylem hydraulic conductivity (Kh, kg s-1 m MPa-1), is becoming 

increasingly more important as climate change increases frequency, duration and 
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severity of drought and heat stress events (Allen et al., 2010). For this purpose, a 

wide variety of methods have been developed, ranging from the way cavitation is 

induced and how its effects are measured (Cochard et al., 2013). Despite the 

existence of different techniques, the hydraulic method as introduced by Sperry et al. 

(1988a) is still considered the golden standard. In this method, cavitation is induced 

by bench-top dehydration and quantified by measuring loss in Kh. The technique 

uses a hydraulic system where a degassed 20 mM KCl solution is sent via a small 

positive pressure head (range 1 to 8 kPa) through a cut branch sample, while the 

resulting flow rate at the outlet side is measured by a precision balance (Sperry et al., 

1988a). The van den Honert concept (1948) describes that stationary flow of water is 

determined by the water potential gradient between two points in the hydraulic 

pathway and the resistance across it (Tyree & Ewers, 1991a). Sperry et al. (1988a) 

used this pressure-flow relationship to translate mass flow rate to Kh by determining 

the pressure difference over the cut sample. The technique is repeated on samples 

with different degrees of embolism formation in order to quantify loss of Kh, which is 

then rescaled to percentage loss of conductivity (PLC, %), by calculating maximum 

hydraulic conductivity (Kh,max) of the respective samples, and dividing the two 

quantities (Eq. 2.1): 

 

 PLC = (1 - 
Kh

Kh,max

)  × 100 (Eq. 2.1) 

 

If the water potential of the cut branch samples is determined using enclosed leaves, 

then a vulnerability curve (VC) can be constructed, relating percentage loss of Kh to 

xylem tension (Jansen et al., 2015). The universal index P50 (MPa), representing the 

xylem tension at which 50% loss of Kh occurs, can be derived from the VC and is 

widely used to classify the degree of sensitivity to drought-induced cavitation in plants 

(Choat et al., 2012; Melcher et al., 2012). 

 

Following the method described by Sperry et al. (1988a), correct assessment of Kh is 

based on a deviating trend in running mean (RM), and should imply a stable 

condition in outflow (Melcher et al., 2012). The reported timespan to reach this 

stability in Kh is typically within the first 30 min of measurement (Cochard, 2006), and 

varies dependent on sample characteristics (i.e., diameter, length) and examined 

species: Espino & Schenk (2011) reached stability within the first five minutes, 

Nardini et al. (2012) within 20-40 min, and 10-15 min were recorded in Trifilò et al. 

(2014). However, various other articles that used the hydraulic method to establish 

VCs do not list the timespan (e.g. Torres-Ruiz et al., 2012; Beikircher et al., 2013), 

and in the articles that did, no further information was provided on what measure 

stability was based. Moreover, there is a lot of uncertainty concerning the pressure 
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head that is best used to determine a species’ loss of Kh. Low-pressure heads are 

typically applied as they are assumed to not cause embolism refilling during 

conductivity measurements (Sperry et al., 1988a; Kolb et al., 1996; Melcher et al., 

2012). But even within the range of low-pressure heads, examined species and 

research objectives make it impossible to standardize pressure heads (Table 2.1). 

 

Table 2.1 Applied pressure heads in different studies to measure hydraulic 

conductivity (Kh) of various plant species 

 

Pressure head (kPa) Plant species Study 

6-7 Acer saccharum Marshall Sperry et al. (1988a) 
1.6; 7 (long vs short stems) Vitis vinifera L. Choat et al. (2010) 
4-5.5 Olea europaea L. Torres-Ruiz et al. (2012) 
4 Malus domestica Borkh. Beikircher et al. (2013) 

6 Quercus ilex L. 
Martin-StPaul et al. 

(2014) 
8 Acer var. Nardini et al. (2012) 

8 
Laurus nobilis L., and Olea 

europaea L. 
Trifilò et al. (2014) 

8-8.5 
Humulus lupulus L., Vitis vinifera L., 

and Clematis vitalba L. 
Balaz et al. (2016) 

 

The maximum applicable pressure head that is expected to avoid embolism 

displacement for a given species can be estimated from the vessel diameter 

(Eq. 2.2): 

 

 P = (
Γ

rv

)  × 2 (Eq. 2.2) 

 

With Γ representing the surface tension of water at 20°C (0.07275 N m-1), and rv the 

radius of the widest vessel (Van Ieperen et al., 2000; Melcher et al., 2012). 

 

Despite many advances in plant hydraulic research, physiological, theoretical nor 

physical explanations are available to justify the timespan to reach stability in Kh, and 

the pressure heads used. By extending the original set-up with additional 

measurements, our study aimed at quantifying water flow dynamics through cut 

branch samples of Malus sylvestris L. when used in the hydraulic method to explain 

some of the reported uncertainties. In addition to outlet Kh, measurements of (i) inlet 

Kh with a flow meter, (ii) diameter change as proxy of radial flow between xylem and 

surrounding living tissue with a linear variable displacement transducer (LVDT), and 

(iii) the pressure difference across the sample with pressure sensors were included. 

Stability in conductivity was defined as in fluid dynamics theory, where hydraulic 

steady-state is achieved when inflow equals outflow, and radial flow becomes zero. 
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To assess the effect of pressure heads on conductivity measurements, a low (2 kPa) 

and high (8 kPa) pressure head were applied in the set-up. In addition, the impact of 

the hydraulic method on xylem tension was assessed, and X-ray computed 

microtomography (µCT) was used to verify some of our findings. Finally, acoustic 

emissions (AE) were measured on dehydrating Malus sylvestris L. branches to 

construct acoustic VCs and assess whether these are reliable substitutes for the 

hydraulic ones. 

 

 

2.3 Materials and methods 

 

2.3.1 Plant material 

 

Malus sylvestris L. branches for hydraulic conductivity and µCT measurements were 

collected during August and September 2016, while AE measurements were carried 

out in August 2017 (DOY 214 till DOY 215). The study trees grew in sand-lime soil at 

the Faculty of Bioscience Engineering, Ghent University, Belgium (51°03’10.3”N 

latitude; 3°42’32.3”E longitude). The trees had an average diameter at breast-height 

of 17.2 ± 1.7 cm, and an average height of 3.6 ± 0.7 m. They were approximately 15 

years old, were pruned every two to three years, and aside from being rainfed, no 

additional watering was supplied. 

 

2.3.2 Maximum and average vessel length 

 

Maximum vessel length was determined by connecting the proximal end of cut 

branches to a compressed air tank via flexible tubing (Ewers & Fisher, 1989). Air is 

then pressurized to 100 kPa, and sent through the branch, with the apex end 

submerged in water. The branch is gradually cut back until a steady stream of 

bubbles originates from one xylem vessel element. Branch length is measured and 

represents the length of the longest vessel. Maximum vessel length of Malus 

sylvestris L. was on average equal to 58.9 ± 6.4 cm (n = 10). Branches were then cut 

back further until about 50% of the xylem vessels were open. This length was 

considered to be the average vessel length, and was equal to 13.4 ± 3.2 cm (n = 10). 
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2.3.3 Sampling procedure for the hydraulic, µCT and AE method 

 

Branches for the hydraulic, µCT and AE method were cut underwater before sunrise, 

ensuring full hydration of functional vessels. To ensure that xylem tension at the time 

of cutting was near zero to avoid cutting artefacts (Cochard et al., 2013), three 

alternate leaves near the apical end of the branch were covered in aluminum foil the 

day prior to measurement. Wrapping the leaves in aluminum foil allows leaf water 

potential to equilibrate with xylem tension by lowering stomatal conductance and 

transpiration (Trifilò et al., 2014). After branch excision, xylem water potential (ψx, 

MPa) was determined with a pressure chamber (Model 1000, PMS Instrument 

Company, Corvalis, OR, USA), and equaled for all cut branches 0 MPa. Hydraulic 

branches were on average 113 ± 7 cm long (n = 18), µCT branches 115 ± 7 cm (n = 

5), and AE branches 114 ± 8 cm (n = 4). The length of the study branches was 

around twice the maximum vessel length to avoid artificially created embolisms from 

the cutting procedure (Melcher et al., 2012; Cochard et al., 2013). The cut end was 

then submerged in a water-filled bucket, and the branches were covered with a black 

polyethylene bag during transportation to the lab, which took about two minutes. 

 

2.3.4 Sample preparation hydraulic method 

 

A 15 cm section was marked in the middle of the branch, with average diameter of 

7.56 ± 0.07 mm (n = 18). This 15 cm section was chosen based on the estimated 

average vessel length of the species, and allowed to a certain extent comparison with 

the 15 cm long samples used in the original hydraulic method on Acer saccharum 

Marshall (Sperry et al., 1988a). Study branches were subjected to different bench-top 

dehydration periods: zero, two, four, six, eight, ten, twelve, fourteen, and sixteen 

hours. Two additional steps were executed prior to dehydration: (i) removal of all but 

one leaf in the marked 15 cm section. Wounds were covered with superglue to limit 

leakage, potentially disrupting conductivity measurements. (ii) Covering three leaves 

close to the 15 cm section with aluminum foil, to determine xylem tension at the end 

of each bench-top dehydration period, while the remaining leaves were left exposed 

to accelerate the dehydration process. Following each dehydration period, branches 

were gradually shortened underwater up to the 15 cm section, which allowed 

sufficient time to relax the tension and avoid cutting artefacts (Cochard et al., 2013). 

Additional care was taken to keep the remaining leaf above the water surface during 

cutting. The section was then wiped and the remaining leaf covered in aluminum foil 

(Fig. 2.1I, Fig. 2.2E1). From both ends of the sample, 0.5 cm of bark was removed 

with a sharp knife to ensure that water directly entered the xylem vessels. To nullify 

the pinching effect of the garden shears used to shorten the branches, both ends 

were cut transversal with a sharp knife to reopen the vessels. Parafilm was wrapped 
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around the bark at both ends to allow a smooth fit with the silicone connection tubes 

of the hydraulic conductivity apparatus. 

 

2.3.5 Hydraulic conductivity apparatus 

 

The hydraulic conductivity apparatus was built to mimic the original setup described 

by Sperry et al. (1988a), where Kh is obtained by measuring the flow rate at the outlet 

side via an electronic precision balance (Fig. 2.1L; Fig. 2.2F1), but to unravel the 

water flow dynamics in the study samples during Kh measurements, the apparatus 

was enhanced (Fig. 2.1; Fig. 2.2), allowing for a complete assessment of the 

hydraulic method.  

 

 

Fig. 2.1 Schematic of the modified hydraulic conductivity apparatus used for hydraulic conductivity 

measurements: (A), reservoir with Volvic water to induce required pressure head; (B), Liqui-Cel mini 

module degasser; (C), vacuum pump; (D), Liqui-Flow flow meter; (E) and (J), Vegabar14 pressure 

sensor; (F), bypass tube; (G), cut Malus sylvestris L. branch sample; (H), Linear Variable 

Displacement Transducer (LVDT); (I), aluminum covered leaf; (K), receptacle; (L) electronic precision 

balance; (M), Guardo Action Cam +; (N), Campbell Scientific CR1000 data logger; (O), computer. 
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Fig. 2.2 Overview of the modified hydraulic conductivity apparatus used for hydraulic conductivity 

measurements (central panel): (A), reservoir with Volvic water to induce the required pressure head; 

(B), Liqui-Cel mini module degasser; (C), Liqui-Flow flow meter; (D), Vegabar14 pressure sensor; (E), 

custom-built holder containing a cut Malus sylvestris L. branch sample; (E1), aluminum covered leaf; 

(E2) Linear Variable Displacement Transducer (LVDT); (E3), bypass tube; (F1), electronic precision 

balance; (F2) receptacle; (F3), Guardo Action Cam +. 

 

The apparatus was expanded with a flow meter (Liqui-Flow with 0-20 g h-1 range and 

0.05 g h-1 accuracy, Bronckhorst (High Tech), Montigny les Cormeilles, France) at 

the inlet side (Fig. 2.1D; Fig. 2.2C), a Linear Variable Displacement Transducer 

(LVDT, DF/5.0, Solartron Mobrey, Brussels, Belgium) perpendicular to the sample 

surface (Fig. 2.1H; Fig. 2.2E2), and two pressure sensors (Vegabar14 with 0-10 kPa 

range and 0.01 kPa accuracy, Schiltach, Germany) at both ends of the study sample 

(Fig. 2.1E-J; Fig. 2.2D). Two different pressure heads (2 and 8 kPa) were applied to 

assess possible embolism refilling. The pressure heads were set by changing the 

height of the hydraulic head, which was a reservoir with a broad surface to ensure 

that the pressure head remained fixed at 2 or 8 kPa during the course of the 

conductivity experiment (Fig. 2.1A; Fig. 2.2A). The supplied solution to the reservoir 

was commercially bottled mineral Volvic water (Volvic natural mineral water, Danone 

waters group, France; pH = 7), because it closely resembles the ion composition of 

xylem sap (Steven Jansen, pers. comm.). Micropur tablets (Micropur Forte MF 1T, 
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Katadyn Inc., Switzerland) were added to the Volvic solution to prevent the formation 

of bacteria and viruses. A lid prevented evaporation and contamination of the 

solution, but was placed loosely onto the reservoir to avoid pressure build-up in the 

system. A mini-degassing module (Liqui-Cel mini module G543, Membrana, NC, 

USA), connected to a vacuum pump (MVP055-3, Pfeiffer Vacuum, Assiar, Germany), 

was installed between reservoir and study sample to remove air bubbles from the 

solution in order to avoid artificial embolism formation (Fig. 2.1B-C; Fig 2.2B). 

Samples were installed in a custom-built holder (Fig. 2.2E), which ensured a stable 

installation of both LVDT and examined sample. The silicone tubes that connect the 

sample to the apparatus, were manually filled with Volvic water via a syringe. Care 

was taken when connecting the sample via plastic clamps to these silicone tubes to 

avoid formation of air bubbles. Tissue paper was put underneath the connections to 

check for leakages. In the case of leaks, sample measurement was stopped, 

discarded and repeated. A receptacle was placed at the end of the apparatus to 

catch the outflowing solution (Fig. 2.1K, Fig. 2.2F2). The opening was covered with 

Parafilm to avoid evaporation, but a small incision was made to avoid pressure build-

up in the system. A bypass tube was installed to flush the hydraulic apparatus before 

and after each experiment (Fig. 2.1F; Fig. 2.2E3), to remove air bubbles and 

contaminations as well as to determine zero or background flow. Flushing lasted for 

10 min by connecting the apparatus to an inox pressure case (pressure case RVS 

24L spray-matic, Air Compact, Gentbrugge, Belgium), which was filled with volvic 

water and pressurized to 100 kPa (Fig. 2.3A). 
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Fig. 2.3 Overview of the flushing procedure (left panel): (A) inox pressure case filled with Volvic water 

at a pressure of 100 kPa; (B), visual removal of air emboli from a Malus sylvestris L. branch sample. 

 

Five second and one minute average data of flow meter, pressure sensors and LVDT 

were collected as millivolt (mV) signals via a data acquisition system (CR1000, 

Campbell Scientific, Logan, UT, USA), which was connected to a computer 

(Fig. 2.1N, O; Fig. 2.2). Values were monitored live with the LOGGERNET software 

(LOGGERNET 4.5, Campbell Scientific, Logan, UT, USA). The precision balance 

could not be logged thus photos of the display were taken every minute with a 

camera (Guardo action cam +, TE-GROUP nv, Kapellen, Belgium; Fig. 2.1M; 

Fig. 2.2F3). 
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2.3.6 Hydraulic conductivity 

 

Sample measurements typically lasted longer than half a day to ensure that Kh based 

on hydraulic steady-state could be quantified. Hydraulic steady-state was achieved 

using two approaches: (i) stability in Kh, which refers to the point where Kh at the inlet 

side approximates Kh at the outlet side within a threshold range of 0.006 ± 0.001 10-5 

kg s-1 m MPa-1 or the difference between both becomes minimal. This assumption is 

justified, because the difference in inlet (Pin) and outlet pressure (Pout) remained 

constant during the course of conductivity measurements. This condition guarantees 

that the Volvic water only runs through the xylem. (ii) Stability in diameter change 

(Δd, mm), which refers to the point where the change in branch diameter flattens out. 

Then, water is no longer directed to living cells to replenish them and radial flow will 

thus be minimal, no longer influencing xylem hydraulic conductivity. Besides aiming 

for hydraulic steady-state, Kh values were also taken at the start of each conductivity 

experiment, or using a deviation in running mean (RM) of the outflow (Sperry et al., 

1988a). Calculation of RMs was based on the previous five 1-min conductivity 

readings, and were plotted against time to determine at which point the trend in RM 

deviated from a previous decreasing/increasing trend. 

 

Raw data extracted from the data logger (mV) was processed to get diameter change 

(Δd, mm) for LVDT, inflow (Fin, g h-1) for flow sensor, and inlet (Pin, MPa) and outlet 

pressure (Pout, MPa) for pressure sensors, by using their respective calibration 

equations. There was a delay of several seconds between capturing and saving the 

photo of the balance display, hence creating an offset between camera and logger 

time that needed correction. The camera time was extracted from the metadata by 

using Phyton 2.7.13 software. For each specific time interval (t, h) derived from the 

metadata, weight readings of the balance (W, g) were noted manually from the 

camera images and converted to outflow data (Fout, g h-1; Eq. 2.3): 

 

 Fout = 
Wi+1-Wi

ti+1-ti
 (Eq. 2.3) 

 

The offset between camera and logger time was corrected by linearly interpolating 

Fout over fixed one minute time intervals using the PhytoSim software package 

(PhytoSim 2.1, Phyto-IT bvba, Mariakerke, Belgium). Inlet (Kh,in, 10-5 kg s-1 m MPa-1; 

Eq. 2.4) and outlet (Kh,out, 10-5 kg s-1 m MPa-1; Eq. 2.5) hydraulic conductivity were 

calculated by incorporating the length of the sample (Lsample = 0.15 m) and the 

pressure difference (Pin-Pout, MPa) over it. By directly measuring the pressure drop 

over the sample, corrections for passive water uptake were not required (Torres-Ruiz 

et al., 2012): 
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 Kh,in = (

Fin

1000 × 3600
 × Lsample

Pin-Pout

)  × 10
5
 (Eq. 2.4) 

 

 Kh,out = (

Fout

1000 × 3600
 × Lsample

Pin-Pout

)  × 10
5
 (Eq. 2.5) 

 

2.3.7 Maximum hydraulic conductivity 

 

Maximum hydraulic conductivity (Kh,max) was assessed after initial conductivity 

measurements (Cochard et al., 2013), by flushing the samples with degassed Volvic 

water for one hour under 100 kPa of pressure (Fig. 2.3; Jacobsen, 2005). The 

flushing procedure seemed to work at first sight as air was removed from the sample 

(Fig. 2.3B), but flushed conductivity was almost three times lower than initial 

conductivity. Therefore, Kh,max was calculated differently, by assuming that maximum 

hydraulic conductivity coincides with the conductivity value of freshly-cut branches 

before sunrise. Kh,max was determined for both pressure heads, calculated over a 

maximum timespan of 30 minutes (Cochard, 2006), and chosen in accordance to 

hydraulic steady-state between in- and outflow. The obtained Kh,max values were used 

for the remainder of the experiment to calculate PLC (Eq. 2.1), and are referred to as 

Kh,max from freshly cut branches. 

 

2.3.8 Hydraulic vulnerability curve 

 

The hydraulic vulnerability curve (VC) was obtained by plotting percentage loss of 

conductivity (PLC, %) against xylem water potential (ψx, MPa) for each consecutive 

bench-top dehydration period. Four types of hydraulic VCs were constructed for each 

of the two pressure heads: (i) hydraulic steady-state VC according to near equality in 

Kh,in and Kh,out, (ii) hydraulic steady-state VC according to minimal or zero radial flow 

between xylem and surrounding living tissue. This was determined via a segmented 

regression on diameter change (Muggeo, 2008), where the distinct breakpoint 

indicated a clear transition between a fast and a slower increase in diameter. (iii) VC 

based on a deviation in RM of the outflow (Sperry et al., 1988a), and (iv) VC 

constructed from the first measured conductivity values. To calculate the change in 

xylem water potential during the experiment, an average was made of two 

relationships: (i) a linear relation between diameter change and ψx (Vergeynst et al., 
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2015a), and (ii) a linear relation between time and ψx. The VC x-axes could then be 

adjusted so that conductivity values matched with the prevailing steady-state xylem 

tension at that time. 

 

2.3.9 AE sample preparation and data registration 

 

Four branches were sampled for AE measurements and transported to an 

experimental room, which was illuminated with an artificial green light during 

preparation steps to diminish photosynthesis and transpiration. Wet cloths were fixed 

against the cut end of the branches to avoid air entry, and branches were placed in 

custom-built holders to ensure an unbiased link and an equal distance (8 cm) 

between the two sensor types. Broadband point-contact AE sensors (KRNBB-PC, 

KRN Services, Richland, WA, USA) monitoring acoustic activity, and dendrometers 

(DD-S, Ecomatik, Dachau, Germany) measuring xylem shrinkage, were installed on a 

section of exposed xylem (1.5 × 0.5 cm). The AE sensor was pressed against the 

xylem via a compression spring (D22050, Tevema, Amsterdam, The Netherlands) in 

a small pvc tube. A droplet of vacuum grease (High-Vacuum Grease, Dow Corning, 

Seneffe, Belgium) was added between sensor tip and branch to ensure good 

acoustic contact, which was validated via the pencil lead break test (Tyree & Sperry, 

1989; Vergeynst et al., 2015b). Petroleum jelly was applied between dendrometer tip 

and xylem, to avoid evaporation from the exposed wound (Vergeynst et al., 2016). 

After installation, wet cloths were removed and TL lights turned on in order to start 

the bench-top dehydration experiment. 

 

Readings from dendrometers were registered every minute via custom-built 

acquisition boards. The AE signals were amplified by 35.6 decibels (dB) (AMP-1BB-

J, KRN Services, Richland, WA, USA) and waveforms of 7168 samples length were 

acquired at 10 MHz sample rate. The signals were collected using two 2-channel PCI 

boards and redirected to the software program AEwin (PCI-2, AEwin E4.70, Mistras 

Group BV, Schiedam, The Netherlands). A 20-1000 kHz electronic band pass filter 

was applied and only waveforms above the noise level of 28 dB were retained 

(Vergeynst et al., 2016). To determine the decrease in xylem water potential of AE 

branches, no more than three leaves were wrapped in aluminum foil at any given 

time, while the remainder were left exposed to ensure a similar dehydration time 

similar to hydraulic branches. Water potential readings were done every 20 minutes, 

providing a sufficient one-hour timespan for a newly wrapped leaf to come in 

equilibrium with branch xylem. Both during leaf removal and wrapping, AE detection 

was put on hold to avoid noise disturbance. 
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2.3.10 Acoustic vulnerability curve 

 

The obtained AE signals were used to construct acoustic vulnerability curves (VCAE) 

(Mayr & Rosner, 2011; Vergeynst et al., 2015a). The AE signals were cumulated over 

the measurement period from which the first derivative was calculated to construct an 

AE activity curve. The endpoint of the vulnerability curve was determined as the point 

at which the decrease in AE activity, following the AE activity peak, decreased most 

strongly. From a mathematical point of view this corresponds to the local maximum of 

the third derivative (Vergeynst et al., 2016). Four branches were bench-top dried for 

24 hours, providing sufficient time to reach complete dehydration, as was validated 

by the µCT image of a 16-h dehydrated Malus sylvestris L. branch (Fig. 2.14), 

illustrating near full embolism formation. AE activity was numerically calculated over a 

15-min time interval (moving window), whereas the third derivative was determined 

over a 12-h time interval (moving window), based on the time scale at which the AE 

peak occurred (Vergeynst et al., 2016). The continuous x-axis of the acoustic 

vulnerability curves (VCAE) was obtained via a segmented linear relation between 

xylem diameter shrinkage (Δd/di, µm mm-1) and discrete measurements of ψx 

(Table 2.2; Fig. 2.4). 

 

Table 2.2 Equation of the segmented linear regression before and after the 

breakpoint between point measurements of water potential and relative xylem 

diameter shrinkage 

 

Branch BP (µm.mm-1) Eq. before BP R2 Eq. after BP R2 

1 -78.84 0.009* Δd di⁄ -0.008 0.95 0.19* Δd di⁄ -14 0.99 
2 -36.24 0.020* Δd di⁄ -0.026 0.99 0.49* Δd di⁄ -17 0.99 
3 -21.62 0.033* Δd di⁄ -0.004 0.96 0.77* Δd di⁄ -16 0.99 

4 -62.98 0.012* Δd di⁄ -0.014 0.97 0.26* Δd di⁄ -16 0.99 

Breakpoint (BP, µm.mm-1) between point measurements of water potential (WP, MPa) and relative 

xylem diameter shrinkage (Δd/di, µm.mm-1) for the four Malus sylvestris L. branches. The linear 

regression equations with enlisted R2 are used to construct the continuous water potential axis for the 

acoustic VCs. 
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Fig. 2.4 Linear regression before and after the breakpoint between relative xylem diameter shrinkage 

(Δd/di, µm.mm-1) and water potential (MPa) for the four Malus sylvestris L. branches. The segmented 

linear regression is used to obtain continuous xylem water potential axes for the acoustic VCs. 

 

2.3.11 X-ray computed microtomography (µCT) 

 

To unravel water flow dynamics in the study samples during conductivity 

measurements, different aspects were investigated via µCT: (i) native embolism of 

freshly cut branches, (ii) the effect of flushing, (iii) the duration of the bench-top 

dehydration period to reach full embolism formation, and (iv) the possibility of low 

pressure heads refilling embolized vessels. 15 cm long apple samples with a 

diameter similar to the segments used in the hydraulic method were scanned at the 

NanoWood CT facility (Laboratory of Wood Technology, Faculty of Bioscience 

Engineering, Ghent University, Belgium) (Dierick et al., 2014). Samples were fixed in 
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a small terostat-filled bottle (Terostat-IX, Teroson, Henkel, Düsseldorf, Germany), 

and centered via screws (Fig. 2.5). 

 

 

Fig. 2.5 Malus sylvestris L. sample in a custom-built holder placed on the rotation platform of the 

NanoWood µCT scanner. The sample is centered by four screws and terostat is used to tightly fix the 

sample and avoid dehydration during scanning. 

 

The targeted scanning point was taken ~5 cm below the top end and was marked 

with tape in the event scanning needed to be executed at the same height, which 

was necessary to determine the effect of a low pressure head by first dehydrating 

and scanning the sample, installing it in the hydraulic conductivity apparatus, and 

finally re-scanning the sample at the marked position. The top end of the samples 

was covered with terostat to avoid evaporation, after which the sample was 

positioned on the rotation platform of the NanoWood µCT-scanner (Fig. 2.5). 

Samples were scanned for 32 min, and the resulting 3.5 mm high 3D volume was 

reconstructed from 2000 projections taken during a 360 degree rotation. 

Reconstructions were made with the Octopus reconstruction software package 
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(Dierick et al., 2004; Vlassenbroeck et al., 2007, distributed by XRE; www.xre.be), 

and resulted in an approximate voxel pitch of 5-µm resolution. 

 

2.3.12 Anatomy 

 

A ~5 cm long wood sample with a diameter of 7.48 mm was taken from a freshly cut 

apple branch for anatomical analysis. The sample was stored in a solution of 60% 

ethanol, 30% deionized water, and 10% glycerol and stored for one year. A 35 µm 

thick cross section was then cut from the sample with a sliding microtome (Hn-40, 

Reichert-Jung, Saarland, Germany) at the Department of Biology (Ghent University, 

Belgium). The cross section was stained for 15 min with 0.5% w/v astra blue, 0.5% 

w/v chrysoidine, and 0.5% w/v acridine red and mounted in euparal after dehydration 

in isopropyl alcohol. Images were captured using a Nikon Ni-U microscope equipped 

with a Nikon DS-Fi1c camera (Fig. 2.6). 

 

 

Fig. 2.6 35 microns thick transverse cross section of a young branch of a 15-year old Malus sylvestris 

L. tree showing from inward to outward pit, xylem, cambium and bark. The cross section had a total of 

7739 xylem vessels. Scale bar = 1mm. Credit Dr. Olivier Leroux. 
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Anatomical analysis was restricted to manually counting the amount of xylem vessels 

on the cross section with the image analysis software Fiji (Schindelin et al., 2012). A 

total of 7739 vessels were obtained from the cross section and this value was used to 

translate the amount of cavitated vessels derived from the µCT images of 0-h, 6-h, 

12-h, and 16-h dehydrated apple samples to a percentage of cavitated vessels. 

 

2.3.13 Statistics 

 

Analysis of variance (ANOVA) was performed to detect differences between average 

Kh of freshly cut and flushed branches (P < 0.05), performing a Wilcoxon signed rank 

test and Levene test to check for normality and homogeneity. The acoustic 

vulnerability curve (VCAE) was averaged over the four branches and fitted using the 

smooth.spline function in the stats library in R software (RStudio version 1.1.419 - © 

2009-2017 RStudio, Inc.). Xylem water potential at which 50% of cavitation-related 

AE occur (AE50, MPa) was also determined. Hydraulic VCs were fitted via the fitplc R 

package in the stats library of R software (Duursma & Choat, 2017). Two types of 

models were fitted to the data: (i) the reparametrized Weibull function of Ogle et al. 

(2009), and (ii) a sigmoidal model as postulated by Pammenter and Van der Willigen 

(1998). Only for hydraulic steady-state in Kh for 8 kPa pressure head was the use of 

a Weibull fit justified, because a xylem water potential of 0 MPa coincided with 0% 

PLC. From the fitplc package, P50 values of hydraulic VCs were calculated as well 

(Duursma & Choat, 2017). Figures were made with RStudio and SigmaPlot 13 

graphing software package. 

 

 

2.4 Results 

 

2.4.1 Hydraulic method 

 

Measurements of hydraulic conductivity and branch diameter dynamically changed 

with time when using the hydraulic method. Independent of the duration of bench-top 

dehydration, Kh first decreased, reaching a local minimum, followed by an increase 

towards an absolute maximum and a further decrease until the end of the 

experimental run. Hydraulic steady-state in conductivity was reached when Kh,in 

approximately equaled Kh,out within a threshold range of 0.006 ± 0.001 10-5 kg s-1 m 

MPa-1 (Fig. 2.7 A-C), or the difference between both became minimal (Fig. 2.7 D-F). 
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Fig. 2.7 Change in inlet pressure (grey, Pin, kPa), outlet pressure (light grey, Pout, kPa), stem diameter 

or radial flow (orange, Δd, mm), inlet hydraulic conductivity (red, Kh,in, 10-5 kg s-1 m MPa-1), and outlet 

hydraulic conductivity (blue, Kh,out, 10-5 kg s-1 m MPa-1) of Malus sylvestris L. samples for two different 

pressure heads (8 kPa: A-C; 2 kPa: D-F), and for three different bench-top dehydration periods (0-h: 

A, D; 6-h: B, E; 12-h: C, F) during conductivity measurements. 

 

Overall, the timespan to reach hydraulic steady-state increased with the duration of 

bench-top dehydration (Table 2.3, Fig. 2.7). 
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Table 2.3 Timespan to reach hydraulic steady-state according to stability in hydraulic 

conductivity (Kh) and stability in diameter change or radial flow (Δd) for the different 

bench-top dehydration periods and the two pressure heads (8 and 2 kPa) 

 

Dehydration 
period (h) 

t∆(Kh,in-Kh,out)
 ≈ 0 (min) t∆d ≈ 0 (min) 

 8 kPa 2 kPa 8 kPa 2 kPa 

0 105 232 27 205 
2 105 213 28 224 
4 114 216 179 81 
6 223 278 93 167 
8 205 / 101 / 
10 279 604 160 95 
12 306 308 144 100 
14 348 / 163 / 

Timespan for when inlet Kh approximately equals outlet Kh in a threshold range of 0.006 ± 0.001 10-5 

kg s-1 m MPa-1 or the difference becomes minimal (t∆(Kh,in-Kh,out)
 ≈ 0, min) and timespan for when 

diameter change becomes minimal (t∆d ≈ 0, min) for the different bench-top dehydration periods and 

the two pressure heads (8 and 2 kPa). 

 

Maximum Kh of hydrated samples (0 hours of dehydration) corresponded well with 

Kh,max measured on freshly cut branches, but absolute values of Kh and 

corresponding maximum values per experimental run decreased when longer sample 

dehydration periods were used (Table 2.4; Fig. 2.7). 

 

Table 2.4 Evolution of maximum hydraulic conductivity at the inlet (Kh,max,in) and 

outlet side (Kh,max,out) for both pressure heads (8 and 2 kPa) and for the different 

bench-top dehydration periods in comparison to Kh,max of freshly cut branches 

 

Dehydration 
period (h) 

Kh,max,in (10-5 kg s-1 m MPa-1) Kh,max,out (10-5 kg s-1 m MPa-1) 

 8 kPa 2 kPa 8 kPa 2 kPa 

0 9.1 8.5 8.9 8.5 
2 8.9 6.9 9.2 6.6 
4 6.8 6.1 6.9 6.0 
6 5.4 3.5 5.4 3.4 
8 4.4 / 4.1 / 
10 2.7 1.8 2.5 1.8 
12 1.6 1.0 1.5 0.8 
14 0.9 / 0.8 / 

freshly cut 8.6 ± 1.5 8.6 ± 0.5 8.6 ± 1.5 8.0 ± 0.6 

Value of maximum hydraulic conductivity at inlet (Kh,max,in (10-5 kg s-1 m MPa-1)) and outlet side 

(Kh,max,out (10-5 kg s-1 m MPa-1)) for the different bench-top dehydration periods and the two pressure 

heads (8 and 2 kPa) compared to Kh,max of freshly cut branches. 
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For both pressure heads, the difference between Pin and Pout remained constant 

during the experimental run, but increased with dehydration level, because of the 

increase in resistance in the hydraulic pathway (Fig. 2.7). Diameter change (Δd, mm) 

or radial flow from xylem to surrounding living tissues was negligible in hydrated 

samples (0 hours of dehydration), but became important and pronounced in all 

dehydrated samples (Fig. 2.7). The timespan to reach hydraulic steady-state in radial 

flow also increased with dehydration level for the 8 kPa pressure head, but was less 

clear for the 2 kPa pressure head (Table 2.3). Initial xylem water potentials (ψx, 

MPa), measured after each bench-top dehydration step, and thus prior to the 

experimental run, became more negative with longer bench-top dehydration periods, 

but returned to zero when the sample was removed from the hydraulic conductivity 

apparatus (Fig. 2.8). 

 

 

Fig. 2.8 Average xylem water potential (ψx, MPa) of Malus sylvestris L. with standard deviation at the 

end of each bench-top dehydration period (hours) for both the 2 kPa (light grey, closed circles), and 

the 8 kPa pressure head (black, closed circles). At the end of the conductivity experiment, xylem 

tension returned to zero independent of the bench-top dehydration period (black, open circles). 

 

Hydraulic VCs were constructed for both pressure heads from inlet and outlet Kh 

using four approaches: (i) hydraulic steady-state in Kh, (ii) hydraulic steady-state in 

Δd, (iii) deviation in RM, and (iv) start value (Fig. 2.9). 
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Fig. 2.9 Hydraulic vulnerability curves (VC) of Malus sylvestris L. showing percentage loss of 

conductivity (PLC, %) against adjusted xylem water potential (ψx, MPa) derived from hydraulic steady-

state in hydraulic conductivity (Kh, 10-5 kg s-1 m MPa-1) for inlet hydraulic conductivity (Kh,in, black, 

closed circles) and outlet hydraulic conductivity (Kh,out, black, open circles), derived from hydraulic 

steady-state in diameter change or radial flow (Δd, mm) for Kh,in (red, closed circles) and Kh,out (red, 

open circles), derived from deviation in running mean (RM) for Kh,in (light grey, closed circles) and Kh,out 

(light grey, open circles), and derived from start value for Kh,in (orange, closed circles) and Kh,out 

(orange, open circles). VCs are shown for the 8 kPa (A) and 2 kPa pressure head (B), and are fitted 

with a sigmoidal model with the exception of the Weibull fit for hydraulic steady-state in Kh of the 8 kPa 

pressure head. 



Assessment of hydraulic and AE method 

59 

 

Each conductivity reading was plotted against its corresponding xylem water 

potential, which was calculated, because of the release in xylem tension during each 

experimental run (Fig. 2.8). For the 8 kPa pressure head, a distinct sigmoidal curve 

with a strong fit was obtained for hydraulic steady-state in Kh and Δd (Table 2.5; 

Fig. 2.9A). 

 

Table 2.5 Root mean square error as a measure for goodness of fit of 

Weibull/sigmoidal fits to hydraulic vulnerability of Malus sylvestris L. calculated for 

adjusted and initial xylem water potential, for both inlet (Kh,in) and outlet hydraulic 

conductivity (Kh,out) and for both pressure heads (8 and 2 kPa). 

 

Adjusted ψx 8 kPa 2 kPa 

 RMSE Kh,in RMSE Kh,out RMSE Kh,in RMSE Kh,out 

Steady-state in Kh 0.019 0.019 0.745 0.774 
Steady-state in Δd 0.224 0.178 0.635 0.641 
Deviation RM 0.610 0.472 0.851 0.842 
Start value 0.993 0.537 0.668 0.877 

Initial ψx     

Steady-state in Kh / 0.016 / 0.767 
Steady-state in Δd / 0.216 / 0.735 

Root mean square error (RMSE, -) derived from Weibull and sigmoidal fits of obtained hydraulic VCs 

from four scenarios (hydraulic steady-state in conductivity (Kh) – hydraulic steady state in radial flow 

(Δd) – deviation in running mean (RM) – start value) against adjusted and initial xylem water potential 

(ψx), for both inlet Kh and outlet Kh and the two pressure heads (8 and 2 kPa). 

 

The diffirence between inlet and outlet-based VCs was also minimal, clearly pointing 

to stability. VCs based on RM and start value had a weaker sigmoidal fit, and the 

larger divergence between inlet and outlet PLC values showed that stability was not 

reached, and dynamic water flow conditions were still occurring in these samples, 

affecting the respective Kh readings (Table 2.5; Fig. 2.9A). For the 8 kPa pressure 

head, a Weibull could be fitted to hydraulic steady-state in Kh, as this was the only 

scenario with almost 0% PLC at a xylem water potential of 0 MPa (Fig. 2.9A). Similar 

findings resulted from the 2 kPa pressure head measurements, but the goodness of 

sigmoidal fit was more comparable between all scenarios (Table 2.5; Fig. 2.9B). Due 

to the lower used pressure head, maximum conductivity values decreased more 

rapidly for similar bench-top dehydration periods, resulting in steeper increases 

towards 100% PLC compared to 8 kPa pressure head (Table 2.4). For both pressure 

heads, P50 values became more negative when moving from hydraulic steady-state 

in Kh to start value (Table 2.6), because the time to reach stability in Kh was the 

longest (Table 2.3). 
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Table 2.6 Derived P50 values from hydraulic VCs of Malus sylvestris L. calculated 

from scenarios against adjusted and initial xylem water potential, for both inlet (Kh,in) 

and outlet hydraulic conductivity (Kh,out) and for both pressure heads (8 and 2 kPa). 

 

Adjusted ψx 8 kPa 2 kPa 

 P50 Kh,in P50 Kh,out P50 Kh,in P50 Kh,out 

Steady-state in Kh -0.44 -0.44 -0.27 -0.30 
Steady-state in Δd -0.59 -0.56 -0.35 -0.35 
Deviation RM -1.17 -1.09 -0.82 -0.46 
Start value -1.36 -1.20 -0.78 -0.36 

Initial ψx     

Steady-state in Kh / -1.01 / -0.74 
Steady-state in Δd / -1.08 / -0.61 

Values of 50% loss in conductivity (P50, MPa) derived from hydraulic VCs calculated from four 

scenarios (hydraulic steady-state in conductivity (Kh) – hydraulic steady state in radial flow (Δd) – 

deviation in running mean (RM) – start value) against adjusted and initial xylem water potential (ψx), 

for both inlet Kh and outlet Kh and the two pressure heads (8 and 2 kPa). 

 

P50 derived from inlet and outlet-based VCs was minimal for hydraulic steady-state in 

Kh and Δd, compared to deviation in RM and start value (Table 2.6; Fig. 2.9B). 

 

Hydraulic VCs based on steady-state in Kh and Δd for Kh,out were also plotted against 

initial xylem tension (Fig. 2.10). In comparison with deviation in RM and start value, 

these VCs had a stronger sigmoidal fit for the 8 kPa pressure head (with again a 

Weibull fit for steady-state in Kh), but were comparable weak for the 2 kPa pressure 

head (Table 2.5; Fig. 2.10A and B, respectively). The P50 was -1.01 MPa for steady-

state in Kh and -1.08 MPa for steady-state in Δd for the 8 kPa pressure head, 

whereas P50 was -0.74 MPa and -0.61 MPa, respectively, for the 2 kPa pressure 

head (Table 2.6). 
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Fig. 2.10 Hydraulic vulnerability curves (VC) of Malus sylvestris L. showing percentage loss of 

conductivity (PLC, %) against initial xylem water potential (ψx, MPa) derived from hydraulic steady-

state in hydraulic conductivity (Kh, 10-5 kg s-1 m MPa-1) for outlet hydraulic conductivity (Kh,out, black), 

and derived from hydraulic steady-state in diameter change or radial flow (Δd, mm) for Kh,out (red). VCs 

are shown for the 8 kPa (A) and 2 kPa pressure head (B), and are fitted with a sigmoidal model with 

the exception of the Weibull fit for hydraulic steady-state in Kh of the 8 kPa pressure head. 
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2.4.2 µCT method 

 

X-ray computed microtomography was applied to further assess the impact of the 

hydraulic method on hydraulic conductivity measurements. Because flushed 

conductivity was significantly lower than initial conductivity of freshly cut branches 

(Fig. 2.11), suggesting a possible flaw in the flushing procedure, µCT images of both 

states were used to visualize xylem before and after flushing (Fig. 2.12). 

 

 

Fig. 2.11 Difference between average hydraulic conductivity (Kh, 10-5 kg s-1 m MPa-1) of freshly cut 

Malus sylvestris L. samples (dark grey), and average Kh of flushed samples (light grey) at both the 

inlet and outlet side (n = 5) with their standard deviation. Significant differences are indicated with 

different letters (P < 0.05). Freshly cut Kh was significantly higher than flushed Kh at both the inlet and 

outlet side (P = 0.00031 and 0.00013, respectively). 

 

Because all embolized vessels were completely refilled after flushing, the flushing 

method was judged to work properly (Fig. 2.12B). 

 

The effect of small pressure heads on Kh measurements was also studied using µCT 

images and showed that vessels also refilled during an experimental run (Fig. 2.13). 
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Fig. 2.12 (A), X-ray computed microtomography (µCT) image illustrating native embolism (black dots) 

of a freshly cut Malus sylvestris L. sample. (B), flushed µCT image of the same Malus sylvestris L. 

sample, showing that the flushing method was capable of refilling all embolized vessels. 

 

 

Fig. 2.13 Montage of X-ray computed microtomography (µCT) images illustrating the refilling of 

embolized vessels (black dots) of a 12-h dehydrated Malus sylvestris L. sample under a 8 kPa 

pressure head (A, B), and the refilling of embolized vessels of a 6-h dehydrated Malus sylvestris L. 

sample under a 2 kPa pressure head (C, D) during hydraulic conductivity measurements. 
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For the 8 kPa pressure head, 94.7 % of embolized vessels of a 12-h dehydrated 

apple sample were refilled (Fig. 2.13A, B), while for the 2 kPa pressure head, 93.4 % 

of embolized vessels of a 6-h dehydrated apple sample were refilled (Fig. 2.13C, D). 

Based on the number of cavitated vessels derived from 0-h, 6-h, 12-h, and 16-h 

dehydrated apple samples, an approximated P50 of -0.87 MPa was obtained 

(Fig. 2.14). 

 

 

Fig. 2.14 Hydraulic steady-state VC in outlet hydraulic conductivity (Kh,out, 10-5 kg s-1 m MPa-1) for 8 

kPa pressure head (light grey, open circles), fitted with a Weibull function, and amount of cavitation 

according to X-ray computed microtomography (µCT) (black, closed circles) of Malus sylvestris L. 

showing percentage loss of conductivity (PLC, %) against initial xylem water potential (ψx, MPa). 

Average acoustic vulnerability curve (VCAE, red) with standard error bands (1 SE) of Malus sylvestris 

L. showing percentage cumulative acoustic emissions (cum AE, %) against xylem water potential (ψx, 

MPa). µCT results were derived from 0-h, 6-h, 12-h and 16-h dehydrated Malus sylvestris L. samples, 

and the µCT images of the 0-h and 16-h dehydrated samples are also visualized. The Hydraulic VC 

slightly underestimated vulnerability to cavitation, while AE measurements were in close proximity to 

µCT results. 

 

2.4.3 AE method 

 

The average acoustic VC, displaying changes in AE during sample dehydration 

continuously, resulted in a shape that agreed well with the point measurements 

obtained from µCT (Fig. 2.14). The resulting AE50 (i.e. water potential at which 50% 
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cavitation-related AE occur) was -0.86 ± 0.04 MPa, which closely corresponded to 

the P50 of -0.87 MPa derived from the µCT data points (Fig. 2.14). 

 

 

2.5 Discussion 

 

2.5.1 Hydraulic steady-state 

 

One of the major uncertainties when applying the hydraulic method is the timespan to 

reach stability as this determines the value of Kh,out to construct the hydraulic VC. 

According to Melcher et al. (2012), a deviation in running mean (RM) of Kh,out, as 

proposed by Sperry et al. (1988a), should result in stable (steady-state) 

measurement conditions. But measurement of the water flow dynamics through the 

samples in the hydraulic conductivity apparatus showed that a deviation in RM did 

not yield stable conditions: (i) there is a distinct difference between Kh,in and Kh,out (on 

average 0.2 10-5 kg s-1 m MPa-1 for the 8 kPa pressure head, and 1.24 10-5 kg s-1 m 

MPa-1 for the 2 kPa pressure head), and radial flow is rapidly increasing (on average 

a slope of 0.0030 mm min-1 for the 8 kPa pressure head, and a slope of 0.0018 mm 

min-1 for the 2 kPa pressure head) (Fig. 2.7). (ii) There is a distinct deviation between 

hydraulic VCs constructed from Kh,in and Kh,out (Fig. 2.9), and between the resulting 

P50 values (Table 2.6). (iii) The non-steady-state in hydraulic conductivity also 

translates in weak sigmoidal fits (Table 2.5). Moreover, prolonging conductivity 

measurements beyond a timespan of 30 min, illustrates a large variability in deviation 

in RM making it impossible to select the value to construct the hydraulic VC, 

especially if only measurements of Kh,out are considered (Fig. 2.7).  

 

Based on the theory of fluid dynamics, and given a constant ΔP over the measured 

sample, stability in hydraulic conductivity is reached at hydraulic steady-state, which 

implies that Kh,in must be equal to Kh,out, and with radial flow zero. Only then water 

flow will be restricted to the xylem, and will no longer be redirected to refill osmotically 

active living cells. Theoretically, this corresponds with stationary flow described by 

the van den Honert concept (van den Honert, 1948), which is the basis to calculate 

xylem hydraulic conductivity (Sperry et al., 1988a). The timespan to reach hydraulic 

steady-state increased with increased levels of dehydration (Table 2.3). From a 

physiological point of view, this pattern corresponds to the water transport dynamics 

in intact plants, and can be illustrated by the close link that exists between sap flow 

and stem diameter variations (Fig. 2.15, Steppe et al., 2006, 2012). 
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Fig. 2.15 Synthesis of dynamic water transport showing the diurnal course of transpiration rate (solid 

black line), stem sap flow (dashed black line), and stem water content depletion rate (thick solid black 

line) for a well-watered (A) and drought-stressed plant (B), and the diurnal course of diameter variation 

(thick black line) for a well-watered (C) and drought-stressed plant (D). The tight coupling between 

stem flow and diameter variation illustrates that the dynamic behavior emerges from the time lag 

between water loss by transpiration and root water uptake. The temporal imbalance takes longer to 

overcome under drought stress, putting more strain on the internal water reserves. 

 

Water transport dynamics are a direct result of the time-lag that exists between foliar 

transpiration and root water uptake (Fig. 2.15A, B; Schulze et al., 1985; Steppe et al., 

2002). This translates into a dynamic diameter variation pattern of shrinkage (i.e. 

depletion of internal water reserves during the day) and swelling (i.e., replenishment 

of internal water reserves overnight) to overcome the imbalance between water loss 

and uptake (Fig. 2.15C, D; Herzog et al., 1995; Zweifel et al., 2001; Steppe et al., 

2002). Measurements of stem diameter variation also provide information on radial 

(turgor-driven) stem increment (Steppe et al., 2006; Venturas et al., 2017), hence 

justifying the use of a LVDT in our study as a means to assess the impact of radial 

flow dynamics on Kh measurements. Dynamic water transport in stem and branches 

can thus be best described by the flow of water in two coaxial cylinders separated by 

a virtual membrane (Steppe et al., 2012). The first pathway is the direct flow path 

through the xylem driven by a water potential gradient (van den Honert, 1948), and 
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the second one is the radial flow path, which drives changes in stem water content in 

the living tissue, also known as elastic changes. In well-watered plants, the temporal 

imbalance between leaf transpiration and stem sap flow (or root water uptake) is 

small, and steady-state or stationary flow conditions are quickly reached, with radial 

water flow only slightly contributing to the transpiration stream (Fig. 2.15A). This 

results in a limited diameter shrinkage and swelling registered by the LVDT 

(Fig. 2.15C). This explains why (i) hydraulic steady-state is faster reached in samples 

that are less dehydrated, and (ii) changes in diameter are negligible in these samples 

(Fig. 2.7, Table 2.3). In a drought-stressed plant, the imbalance between transpiration 

and stem sap flow is larger, requiring a higher contribution from radial water flow to 

the transpiration stream. This results in a larger time-offset until equilibrium is 

reached (Fig. 2.15B), and a more pronounced diameter shrinkage and swelling 

(Fig. 2.15D). Given these dynamic water transport principles, we can conclude that 

the longer the bench-top dehydration period, the longer it takes to reach hydraulic 

steady-state, and the more pronounced the increase in stem diameter will be during 

Kh measurements (Fig. 2.7, Table 2.3).  

 

By extending the original hydraulic conductivity apparatus with additional 

measurements, a solid background was provided to assess the impact of different 

(i.e., steady-state, non-steady-state) Kh values to construct hydraulic VCs. Hydraulic 

VCs based on steady-state in Kh and Δd were the only justified approaches to depict 

vulnerability to drought-induced cavitation in Malus sylvestris L. (Fig. 2.9). The VCs 

illustrated stability by the strong overlap between VCs based on Kh,in and Kh,out 

(Table 2.6; Fig. 2.9), and could be described by a strong sigmoidal fit (Table 2.5). 

Hydraulic steady-state in Δd was defined at the breakpoint distinguishing faster from 

slower increases in stem diameter. While this approach is easy in use, it still includes 

a small radial water flow effect, which explains why the timespan to reach stable Kh 

was shorter than for stability in Kh (Table 2.3). VCs based on hydraulic steady-state 

in Kh were the only ones providing near 0% PLC in hydrated samples, suggesting 

that steady-state in Kh is the best determinant for overall hydraulic steady-state 

(Fig. 2.9). 

 

2.5.2 Assessment of the hydraulic method 

 

Being able to objectively quantify hydraulic steady-state flow conditions in the study 

samples, one of the major concerns regarding the use of the hydraulic method 

seemed to be dealt with. But by using this approach, we discovered an additional and 

substantial flaw in the theory behind the hydraulic method. According to Sperry et al. 

(1988a), low pressure heads in the range of 1 to 8 kPa would be insufficient to refill 

embolized vessels (Kolb et al., 1996; Melcher et al., 2012). At first glance, this 
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seemed to hold because the difference between Pin and Pout (i) remained constant 

during an experimental run, and (ii) increased with the duration of bench-top 

dehydration, which was explained by an increased resistance in the xylem flow path 

(Fig. 2.7). 

 

In our study, the change in xylem water potential measured before and after each 

experimental run (Fig. 2.8) contradicted the common belief that small positive 

pressure heads are incapable of embolism refilling. By leaving one covered leaf 

attached to the sample during Kh measurements, we demonstrated that xylem water 

potential, independent of bench-top dehydration period, always returned to zero 

(Fig. 2.8). Under the assumption that embolism refilling is impossible under small 

pressure heads, xylem tension should remain constant or decrease in a detached 

branch and not increase as we observed (Fig. 2.8). We therefore assume that the 

water flow caused the xylem tension to dissipate, like it similarly does in a flushed 

branch for Kh,max determination. 

 

The dynamic change in ψx occurring during each experimental run required 

calculation of adjusted, steady-state (instead of initial) ψx that corresponded to the 

respective Kh values to construct hydraulic VCs. These hydraulic VCs strongly shifted 

to the left (Fig. 2.9), with on average, across the two pressure heads, a P50 of -0.36 

MPa and -0.46 MPa, respectively (Table 2.6). These values are most probably 

incorrect for Malus sylvestris L. as P50 values between -0.85 MPa and -6.1 MPa have 

previously been reported for this species (Choat et al., 2012; Beikircher et al., 2013; 

De Baerdemaeker et al., 2018). Despite successful quantification of hydraulic steady-

state, the corresponding steady-state ψx no longer reflects the amount of embolized 

vessels, which were present at the end of bench-top dehydration and characterizing 

the intended level of drought stress. To avoid the issue of refilling, one might reason 

that the first measured Kh then represents actual conductivity of the drought-stressed 

sample. But constructing VCs with Kh start values showed similar issues as when 

deviation in RM was used: no stability, and therefore violating the steady-state 

precondition (Table 2.6; Fig. 2.9), and a weak sigmoidal fit (Table 2.5). To mirror the 

intended drought level of the study sample, steady-state Kh and Δd values for both 

pressure heads were plotted against initial ψx (Fig. 2.10). Resulting VCs showed a 

stronger sigmoidal fit, and the P50 values of the 8 kPa pressure head for stability in Kh 

and stability in Δd were well within the above mentioned range of reported P50's for 

this species (Table 2.6), but given the principles of dynamic water transport through 

the study samples, this approach should be used with care, because it combines 

steady-state in Kh with initial, non-steady-state ψx. 
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2.5.3 Hydraulic method induces embolism refilling: validation with µCT 

 

X-ray computed microtomography (µCT) allows distinguishing functional from 

embolized vessels without disrupting the dynamic water relations of the examined 

species (Cochard et al., 2015). The µCT images showed that freshly cut branches 

had approximately 9% native embolism (Fig. 2.12A), and that flushing was capable of 

refilling all vessels (Fig. 2.12B). By using Kh from freshly cut branches as proxy for 

Kh,max to calculate PLC, the potential risk of overestimating Kh,max by flushing vessels 

that lost their functionality during plant development (Jacobsen & Pratt, 2012) was 

avoided. However, we witnessed the opposite effect as flushed Kh,max was 

significantly lower than Kh,max from freshly cut branches (Fig. 2.11). A possible 

hypothesis might be that high-pressure flushes can dislocate the gels and tyloses 

present in non-functional vessels (Jacobsen & Pratt, 2012), which can then clog the 

remaining vessels of the sample. This significant problem has been previously 

addressed by Espino & Schenk (2011). Another and perhaps more likely hypothesis 

however is that embolisms could potentially change pit membrane structures, and 

that the interaction with high-pressure flushes can then result in a reduction of 

hydraulic conductivity when measured with low pressure heads.  

 

Not only high-pressure flushing, but also low positive pressure heads were capable of 

refilling embolized vessels, though this was long assumed not be the case (Sperry et 

al., 1988a). Both 8 and 2 kPa pressure heads refilled about 94 % of the cavitated 

vessels (Fig. 2.13), questioning the use of pressurized water to quantify drought-

induced cavitation. Moreover, application of the calculated maximum-to-use pressure 

head as recommended by Van Ieperen et al. (2000) (calculated to be 6 kPa for our 

Malus sylvestris L. samples using 28 µm as diameter of the largest vessel) will not 

safeguard conductivity measurements from artificial embolism refilling. This refilling 

also explains the increase in Kh (Fig. 2.7), and in ψx (Fig. 2.8) during each 

experimental run, which is supported by the findings of Brodersen et al. (2010) and 

Brodersen and McElrone (2013), who observed a decrease in xylem water potential 

after vessels refilled. Moreover, Knipfer et al. (2016) already highlighted implications 

for measurements with the hydraulic method, as the authors validated with µCT that 

embolized vessels of grapevine stems were refilled within one hour when stems were 

relaxed under water. Additionally, the 12-h dehydrated sample swelled 6.6 % due to 

refilling at 8 kPa (Fig. 2.13A, B), and the 6-h dehydrated sample swelled 2.4 % due to 

refilling at 2 kPa (Fig. 2.13C, D), emphasizing the importance of considering dynamic 

water flow in study samples when using the hydraulic method (Fig. 2.7). The fact that 

small positive pressure heads can refill embolized vessels is not that unlikely if one 

considers the phenomenon of root pressure (Tyree & Sperry, 1989). Root pressure is 
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a widely accepted mechanism to explain recovery from daily cycles of embolism 

formation in intact plants (Tyree & Zimmermann, 2002). In general, root pressure is 

very weak with values only slightly exceeding atmospheric pressure (range: 1-150 

kPa; see Sperry et al., 1988b; Fisher et al., 1997; De Swaef et al., 2013; Lopez & 

Barclay, 2016). During the day, its influence is negligible, but during the night, when 

transpiration is zero, root pressure pushes up the sap, dissolving air bubbles and 

refilling embolized vessels (Tyree & Zimmermann, 2002; Wegner, 2014). 

 

2.5.4 Hydraulic versus µCT and optical method 

 

Implementation of visualization techniques such as µCT and the optical method to 

quantify drought-induced cavitation is increasing as they have the benefit of 

continuously visualizing embolism formation and capable of generating complete VCs 

from single samples (Cochard et al., 2015; Brodribb et al., 2017). µCT has an 

additional advantage of being non-destructive as intact plants can be monitored. 

Theoretical hydraulic conductance kh can be calculated from conduit dimensions of 

functional and embolized vessels on the µCT images, hence providing a more 

reliable substitute to the hydraulic method to determine PLC (Choat et al., 2016). As 

such, µCT has been primordially used as reference technique to validate the 

reliability and the accuracy of VCs obtained with the hydraulic method (Cochard et 

al., 2015; Nolf et al., 2017). From optical images, the area of embolized vessels can 

be derived, and even though this calculation does not take the fourth power influence 

of vessel radius into account, vulnerability thresholds similar to techniques that 

quantify loss in Kh were obtained (Brodribb et al., 2017). Also when, in Malus 

sylvestris L., the hydraulic P50 from the VC displaying steady-state in Kh against initial 

xylem tension under 8 kPa, which is the pressure head closest to the proposed 

maximum-to-use pressure head of 6 kPa according to Van Ieperen et al. (2000), was 

compared to the µCT P50 value, a close correspondence was found, with a slight 

underestimation in vulnerability of 16 % when using the hydraulic approach (Table 

2.6; Fig. 2.10, Fig. 2.14). But knowing now that using initial xylem tension strongly 

overestimates steady-state ψx, and that using steady-state ψx would strongly 

overestimate a species’ drought sensitivity questions the meaningfulness of using 

steady-state values to construct hydraulic VCs. 

 

2.5.5 Hydraulic versus AE and pneumatic method 

 

Because quantification of vulnerability to drought-induced cavitation is crucial in 

drought-related plant research, but the above new insights in the hydraulic method 

may raise methodological concerns because of some flawed assumptions, we tested 
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the AE method as reliable substitute to determine P50 values (Fig. 2.14). Yielding an 

average AE50 (i.e. xylem water potential at 50% cavitation-related AE) of -0.86 ± 0.04 

MPa for Malus sylvestris L., similar to the µCT P50, the AE method was verified to be 

accurate, and can thus be used as a more easily accessible and lower-cost 

technique compared to µCT. In contrast to the hydraulic method, AE can also 

continuously measure changes in dehydration without the risk of embolism refilling 

and xylem tension changes (Rosner et al., 2006; Mayr & Rosner, 2011; Vergeynst et 

al., 2015a). Already in 1983, Tyree and Dixon highlighted the importance of the AE 

technique as a powerful diagnostic tool to quantify plant water relations, and even 

though further progress is required (Cochard et al., 2013), recent and ongoing 

developments prove promising in the use of AE as a reliable alternative to the 

hydraulic method (Wolkerstorfer et al., 2012; De Roo et al., 2016). 

 

The pneumatic method is a similar and interesting alternative to the AE method in 

that regard that by measuring air flow conductance, the method does not depend 

directly on hydraulic properties, and can thus also continuously register dehydration 

changes without being affected by hydraulic-related artefacts (Pereira et al., 2016). 

Moreover, air flow measurements are strongly related to embolisms because the 

axial resistance through lumen vessels and pit membranes is considerably lower than 

the radial resistance through the periderm and cambium (Sorz & Hietz, 2006). 

Consequently, the percentage of maximum air discharge (PAD) was validated to be a 

quantitative substitute for PLC (Pereira et al., 2016; Zhang et al., 2018), which is a 

definite edge over the AE method as collected AE signals do not solely originate from 

embolism formation (Vergeynst et al., 2016). However, like the hydraulic method, the 

pneumatic method is destructive and in contrast to the AE method unsuited for in situ 

measurements of drought stress on living plants (De Roo et al., 2016). 

 

 

2.6 Conclusion 

 

Correctly assessing a plant species’ vulnerability to drought-induced cavitation 

becomes increasingly important, especially in the light of projected climatic changes. 

The hydraulic method is regarded as the golden standard to quantify vulnerability by 

sending pressurized water through cut branch samples subjected to increasing levels 

of dehydration. Separating branches from plants in combination with stationary flow 

to measure outlet hydraulic conductivity ignores the dynamics of xylem water 

transport. Expanding the hydraulic method with measurements of in- and outflow, 

radial flow and pressure difference across the sample, allowed us to use the 

principles of dynamic water transport to determine stable Kh. Hydraulic steady-state 
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in Kh was achieved at timespans that well exceeded previously reported ones, but 

more important, pushing water through the sample to measure Kh progressively 

decreased xylem tension in the samples, shifting hydraulic steady-state VCs to less 

negative water potentials, and hence overestimating species’ vulnerability to drought-

induced cavitation. With the use of µCT, reduction in xylem tension could be 

attributed to artificial embolism refilling despite the low pressure heads that were 

used to drive water through the samples, even though it has long been assumed that 

these pressure heads were insufficient to promote refilling. Combination of steady-

state Kh with initial xylem tension yielded VCs with a P50 in the proximity of µCT P50, 

but neglect dynamic water transport in the sample, questioning the meaningfulness of 

steady-state values. Future care must be taken when using the hydraulic method to 

quantify vulnerability to drought-induced cavitation. When publishing hydraulic 

results, it should be reported how stable Kh values were determined, and whether the 

hydraulic VCs reflect the decrease in xylem tension. Methods that can measure 

dehydration continuously on a single sample, without disrupting dynamic water 

relations, can be reliable substitutes for the hydraulic method. The acoustic emission 

technique possesses this desirable trait, and compared to the high cost and 

impracticalities of µCT installations, a promising alternative worth further investing. 
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3.1 Abstract 

 

Reassimilation of internal CO2 via woody tissue photosynthesis has a substantial 

effect on tree carbon income and wood production. However, little is known about its 

role in xylem vulnerability to cavitation and the effect on drought-driven tree mortality. 

Young trees of Populus nigra L. were subjected to light-exclusion at branch and stem 

level. After 40 days, measurements of xylem water potential, diameter variation and 

acoustic emission (AE) were performed in detached branches to obtain acoustic 

vulnerability curves to cavitation following bench-top dehydration. Acoustic 

vulnerability curves and derived AE50 values (i.e., water potential at which 50% of 

cavitation-related acoustic emissions occur) significantly differed between light-

excluded and control branches (AE50,light-excluded = -1.00 ± 0.13 MPa; AE50,control = -1.45 

± 0.09 MPa; P = 0.007) denoting higher vulnerability to cavitation in light-excluded 

trees. Woody tissue photosynthesis represents an alternative and immediate source 

of non-structural carbohydrates (NSC) that confers lower xylem vulnerability to 

cavitation via sugar-mediated mechanisms. Embolism repair and xylem structural 

changes could not explain this observation as the amount of cumulative AE and 

basic wood density did not differ between treatments. We suggest that woody tissue 

assimilates might play a role in the synthesis of xylem surfactants for nanobubble 

stabilization under tension. 
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3.2 Introduction 

 

The cohesion-tension theory postulates that water is passively transported through 

the xylem, and driven by negative pressure gradients generated by transpiration at 

the leaf level, implying that vascular water is metastable (Dixon & Jolly, 1895; 

Steudle, 2001). Under drought stress, xylem sap is subjected to increasing tension 

and xylem conduits may eventually cavitate interrupting water transport and impairing 

carbon assimilation. The vulnerability to cavitation depends on the maximum pore 

size of the interconduit membrane as expected from the air-seeding hypothesis 

(Zimmermann, 1983; Loepfe et al., 2007). Under expected scenarios of more intense 

and severe drought episodes, massive xylem embolism threatens the survival of 

trees worldwide (Mcdowell et al., 2008). However, as xylem and phloem functioning 

are intimately linked (Hölttä et al., 2009b; Hubeau & Steppe, 2015), tree mortality 

cannot be uniquely ascribed to tree hydraulic failure or carbon starvation as 

independent mechanisms (Sala et al., 2010; McDowell, 2011; Steppe et al., 2015). In 

this context, woody tissue photosynthesis may play a crucial role in plant hydraulic 

performance (Vandegehuchte et al., 2015). 

 

Respired CO2 by living cells of woody tissues radially diffuses to the atmosphere, or 

alternatively, accumulates within roots, stem and branches due to high resistance of 

peripheral tissues to radial CO2 diffusion (Steppe et al., 2007). The internal pool of 

respired CO2 accounts for the major carbon source to fuel woody tissue 

photosynthesis (stem recycling photosynthesis, Ávila et al., 2014). The contribution of 

woody photosynthesis to total carbon income largely varies depending on the 

species and environmental conditions (see Ávila et al., 2014). Remarkably, 

reassimilation of internal CO2 can completely offset respiratory carbon losses under 

certain conditions (Damesin, 2003; Berveiller et al., 2007). Consequently, woody 

tissue photosynthesis substantially contributes to wood production. For instance, 

reductions in stem growth ranging from 25% to 56% were observed in three 

California native plant species when woody tissue photosynthesis was prevented by 

covering stems with aluminum foil (Saveyn et al., 2010). Similarly, it was estimated 

from isotopic analyses that 11% of stem growth in eucalyptus trees relied on woody 

tissue assimilates (Cernusak & Hutley, 2011). 

 

Furthermore, due to the strategic spatial location of chloroplast-containing cells in 

stem and branches, woody tissue photosynthesis constitutes an immediate source of 

non-structural carbohydrates (NSC) to satisfy local energetic demands (Teskey et al., 

2008; Molares & Ladio, 2009), and actively maintain the hydraulic function (Schmitz 

et al., 2012; Bloemen et al., 2016). Sugar-mediated mechanisms could explain the 
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link between NSC availability and hydraulic performance. First, the capacity of xylem 

to transport water does not uniquely rely on the xylem resistance to avoid cavitation, 

but also on its ability to reverse embolism (Salleo et al., 2004; Zwieniecki & Holbrook, 

2009). As embolism reversal under tension is an energetic demanding process, 

adequate NSC supply is indispensable to create osmotic gradients necessary to refill 

embolized conduits (Nardini et al., 2011; Brodersen & McElrone, 2013). Second, 

greater availability of NSC ascribed to woody tissue photosynthesis may confer 

xylem structural traits more resistant to vulnerability to drought-induced cavitation, 

such as smaller pit membrane aperture size or/and denser wood (Hacke et al., 2001; 

Choat et al., 2003). Third, surfactants may contribute to stabilize nanobubbles under 

negative pressure, hence avoiding embolism formation (Schenk et al., 2017). Gas 

saturation in xylem sap initially leads to nanobubble formation at the nanoporous pit 

membrane that would eventually result in embolism if the bubble expands beyond a 

critical threshold (Schenk et al., 2015). Nanobubbles can be stabilized under tension 

via lipid-based xylem surfactants, hence inhibiting and delaying cavitation (Schenk et 

al., 2017). Given that assimilated carbon is the crucial building block in the chemical 

structure of xylem surfactants and proteins, carbon shortages may limit stabilization 

of nanobubbles. 

 

Despite recent evidence of the role of woody tissue assimilates to maintain hydraulic 

integrity (Schmitz et al., 2012; Bloemen et al., 2016), woody tissue photosynthesis 

remains largely ignored in the field of drought-driven tree mortality (Vandegehuchte 

et al., 2015). To further advance in this line, we aimed at comparing vulnerability to 

cavitation between light-excluded and control branches of Populus nigra L. trees. We 

hypothesize that woody tissue photosynthesis mitigates vulnerability to drought-

induced cavitation. For this goal, vulnerability curves were obtained with a method 

based on the analysis of acoustic emissions (AE) to detect cavitation events (Milburn 

& Johnson, 1966; Tyree & Sperry, 1989b; Mayr & Rosner, 2011; Vergeynst et al., 

2015, 2016; De Roo et al., 2016), and we further discuss the significance of the 

abovementioned sugar-mediated mechanisms involved in xylem vulnerability to 

cavitation. 
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3.3 Materials and methods 

 

3.3.1 Plant material and experimental set-up 

 

Six Populus nigra L. clones, with an average stem diameter of 41.5 ± 3.5 mm at 

breast height and an average height of 4.5 ± 0.5 m (mean ± standard deviation), 

were grown in 70 L pots containing a soil mixture of peat litter, sand and calcium-

magnesium based fertilizers in the greenhouse facilities of Ghent University 

(51°03’10.3”N latitude; 3°42’32.3”E longitude). Trees were grown under well-watered 

conditions for 3.5 months (from DOY 142 to DOY 250) during the 2015 growing 

season. On DOY 195, stem and branches of three trees were loosely wrapped in 

aluminum foil to prevent woody tissue photosynthesis whilst transpiration was 

allowed (light-exclusion treatment), while the other three trees remained uncovered to 

allow woody tissue photosynthesis (control treatment) (Fig. 3.1). 

 

 

Fig. 3.1 Illustration of the wrapping procedure with aluminum foil to prevent woody tissue 

photosynthesis on Populus nigra L.. 

 

On DOY 236, one branch per tree of the control treatment and on DOY 238, one 

branch per tree of the light-exclusion treatment was sampled for bench-top 

dehydration and measurements of vulnerability to cavitation via acoustic emissions. 
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3.3.2 Sampling procedure and acoustic vulnerability to cavitation 

 

One branch per tree was collected to assess xylem vulnerability to cavitation using 

measurements of acoustic emissions, diameter variations and water potential (Mayr 

& Rosner, 2011; Vergeynst et al., 2015a, 2016; Epila et al., 2017). Selected branches 

of light-excluded and control trees did not differ in basal diameter (5.6 ± 0.5 mm) or 

length (93 ± 21 cm). Predawn and midday leaf water potentials measured two weeks 

prior to the AE experiment were similar (Table 3.1). Branches were cut under water 

at predawn, followed by two additional re-cuts of 3 cm to avoid air-entry artefacts 

(Cochard et al., 2013; Wheeler et al., 2013). To prevent preliminary dehydration, the 

cut-end of the branches was covered with wet cloth and packed in black polyethylene 

bags for transportation to the laboratory. Eight leaves per branch were always 

covered in aluminum foil to ensure equal dehydration rates between branches   

(Rosner, 2012, 2015). To further ensure equal dehydration between treatments, 

aluminum foil was removed from the light-excluded branches prior to the start of 

bench-top dehydration. Before the onset of the bench-top dehydration experiment, 

wood samples of ~10 cm length were taken from each branch to estimate basic wood 

density (ρb, kg.m-3) with a precision balance (Sartorius precision balance with 0.001 g 

accuracy, Sartorius Weighing Technology, GmBH, Goettingen, Germany). Branches 

were not flushed prior to initiation of bench-top dehydration. Therefore native 

embolism was not integrated within the vulnerability curves. For the purpose of our 

experiment, with branches that did not differ in their predawn and midday water 

potential (Table 3.1), using non-flushed material is however valid to compare 

differences between treatments in vulnerability to cavitation of functional vessels. 

 

Table 3.1 Measurements of predawn and midday leaf water potential before the 

onset of the acoustic vulnerability experiment of light-excluded and control Populus 

nigra L. trees 

 

Measurements DOY Light-excluded Control 

Predawn ψleaf (MPa) 224 -0.22 ± 0.05a -0.21 ± 0.03a 
 233 -0.34 ± 0.04a -0.36 ± 0.05a 
Midday ψleaf (MPa) 219 -0.49 ± 0.09a -0.51 ± 0.06a 
 224 -0.58 ± 0.08a -0.65 ± 0.12a 
 233 -0.54 ± 0.09a -0.54 ± 0.15a 

Predawn and midday leaf water potential (ψleaf) prior to the start of the acoustic VC experiment. 

Different letters indicate significant differences (P < 0.05) between light-excluded and control 

branches. Values are presented as means ± standard deviation. 
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To monitor xylem shrinkage, a section of bark (1.5 × 0.5 cm) was removed with a 

scalpel prior to dendrometer (DD-S, Ecomatik, Dachau, Germany) installation. Water 

loss from the wound was prevented by applying petroleum jelly (Vergeynst et al., 

2016). Dendrometer read-outs were registered every minute via a custom-built 

acquisition board. Xylem water potential (ψx, MPa) was measured on leaves 

enclosed in aluminum foil with a pressure bomb (PMS Instrument Company, 

Corvalis, OR, USA). The segmented linear relation between relative xylem diameter 

shrinkage (Δd/di, µm mm-1) and discrete measurements of ψx was used to obtain 

continuous ψx data (Table 3.2; Fig. 3.2). 

 

Table 3.2 Equation of the segmented linear regression before and after the 

breakpoint between point measurements of water potential and relative xylem 

diameter shrinkage 

 

Poplar Treatment 
BP 

(µm mm-1) 
Eq. before BP R2 Eq. after BP R2 

1 L-E -16.93 0.098* ∆d di⁄ -0.16 0.94 0.028* ∆d di⁄ -1.35 0.97 

2 L-E -12.75 0.13* ∆d di⁄ -0.18 0.98 0.023* ∆d di⁄ -1.54 0.92 
3 L-E -32.70 0.045* ∆d di⁄ -0.27 0.96 0.022* ∆d di⁄ -1.01 0.96 

4 C -1.81 0.55* ∆d di⁄ -0.18 0.98 0.030* ∆d di⁄ -1.11 0.97 
5 C -1.49 0.84* ∆d di⁄ -0.08 0.99 0.035* ∆d di⁄ -1.29 0.97 

6 C -8.68 0.20* ∆d di⁄ +0.06 0.91 0.047* ∆d di⁄ -1.26 0.92 

Breakpoint (BP, µm mm-1) between point measurements of water potential (WP, MPa) and relative 

xylem diameter shrinkage (Δd/di, µm mm-1) for the three light-excluded (L-E, poplar 1, 2, and 3), and 

control (C, poplar 4, 5, and 6) branches. The linear regression equations with enlisted R2 are used to 

construct the continuous water potential axis for the acoustic VCs. 

 

Branches were additionally equipped with a broadband point-contact acoustic 

emission (AE) sensor (KRNBB-PC, KRN Services, Richland, WA, USA). A 

compression spring (D22050, Tevema, Amsterdam, The Netherlands) in a small pvc 

tube was used to press the AE sensors against a section of exposed xylem (1.5 × 0.5 

cm) of the branches. A droplet of vacuum grease (High-Vacuum Grease, Dow 

Corning, Seneffe, Belgium) between the sensor tip and branch ensured good 

acoustic contact, and installation was validated by the pencil lead break test by firmly 

pressing a 2H 0.3 mm propelling pencil against the surface of the branch under an 

angle of 45 degrees at 5 cm distance from the AE sensor. This procedure is in 

accordance to the ASTM E976 standard and installation was deemed sufficient if the 

test results in an AE signal with an amplitude around 80 dB (Tyree & Sperry, 1989b; 

Hamstad et al., 1994; Sause, 2011; Vergeynst et al., 2015b). 
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Fig. 3.2 Linear regression before and after the breakpoint between relative xylem diameter shrinkage 

(Δd/di, µm mm-1) and water potential (MPa) for (A) three light-excluded branches POP(LAR) 1, 

POP(LAR) 2 and POP(LAR) 3, and for (B) three control branches POP(LAR) 4, POP(LAR) 5 and 

POP(LAR) 6. The segmented linear regression is used to obtain continuous xylem water potential 

axes for the acoustic VCs 

 

To reduce noise interference from leaves and the exposed end, sensors were 

installed in the middle of the leaf-free section of the branches. The distance between 

the AE sensor and the dendrometer was fixed at 10 cm via a custom-built holder to 

ensure an unbiased link between AE and diameter shrinkage (Epila et al., 2017). The 

AE signals were amplified by 35.6 decibels (dB) with an amplifier (AMP-1BB-J, KRN 

Services, Richland, WA, USA) and waveforms of 7168 samples length were acquired 

at 10 MHz sample rate. The signals were collected using two 2-channel PCI boards 

and redirected to the software program AEwin (PCI-2, AEwin E4.70, Mistras Group 

BV, Schiedam, The Netherlands). A 20-1000 kHz electronic band pass filter was 

applied and only waveforms above the noise level of 28 dB were retained (Vergeynst 

et al., 2016). The low xylem tension at the start of dehydration combined with the 

strong attenuation of wood ensures that low-amplitude AE signals originating too far 

from the region of sensor installation will fall below the threshold (Beall, 2002a). The 

frequency of water potential measurements was guided by AE signal detection (Epila 

et al., 2017). When new leaves were covered, AE signal detection was put on hold to 

avoid noise disturbance from the wrapping process. Registered AE signals were 

cumulated over the measurement period from which the first derivative was 

calculated to construct an AE activity curve. According to Vergeynst et al. (2016), the 

endpoint of the vulnerability curve (AE100) is defined as the point at which the 

decrease in AE activity, following the AE activity peak, decreased most strongly. 
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Mathematically, this point corresponds to the local maximum of the third derivative. 

Due to fast dehydration, branches were fully embolized after 2 hours so that AE 

activity was numerically calculated over 15-min intervals (moving window), whereas 

the third derivative was determined over 30-min intervals (moving window), based on 

the time scale at which the AE peak occurred (Vergeynst et al., 2016). Absolute 

cumulative acoustic emissions were then rescaled between zero and the defined 

endpoint to obtain a relative percentage of cumulative AE. 

 

3.3.3 Statistical analyses 

 

Acoustic vulnerability curves (VCAE) were averaged within treatments and the curves 

fitted using the smooth.spline function in the stats library in R software (RStudio 

version 1.1.419 - © 2009-2017 RStudio, Inc.). Drought vulnerability values such as 

the onset of cavitation (ψx at which 12% of cavitation-related AE occur; AE12), 50% 

embolized (ψx at which 50% of cavitation-related AE occur; AE50), full embolism (ψx 

at which 88% of cavitation-related AE occur; AE88), and endpoint of the VCAE (ψx at 

which 100% of cavitation-related AE occur; AE100) were determined. Analyses of 

variance (ANOVA) were performed to detect differences between treatments, and 

parameters were validated for normality and homogeneity via Wilcoxon signed rank 

test and Levene test. 

 

 

3.4 Results and discussion 

 

Compared to other species, high vulnerability to cavitation of P. nigra, with 50% of 

cavitation-related AE occurring at -1.45 MPa for control branches (Table 3.3), was 

consistent with the high water requirements of the species (Fichot et al., 2015). 

 

Table 3.3 Average vulnerability to cavitation values of light-excluded and control 

Populus nigra L. branches 

 

Vulnerability values (MPa) Light-excluded Control 

AE12 -0.86 ± 0.14a -1.10 ± 0.11a 
AE50 -1.00 ± 0.13a -1.45 ± 0.09b 
AE88 -1.45 ± 0.08a -1.99 ± 0.04b 
AE100 -1.78 ± 0.03a -2.35 ± 0.17b 

Water potential at 12, 50, 88 and 100% cumulative acoustic emissions of branch xylem (AE12, AE50, 

AE88 and AE100). Different letters indicate significant differences (P < 0.05) between light-excluded and 

control branches. Values are presented as means ± standard deviation. 

 



AE reveals role of woody tissue photosynthesis 

83 

Predawn and midday leaf water potentials measured two weeks prior to the start of 

the AE experiment showed no difference between treatments, indicating that light-

exclusion of woody tissue did not influence the native embolism state of the species 

(Fig. 3.3, Table 3.1). 

 

 

Fig. 3.3 Average acoustic vulnerability curves (VCAE) of three control Populus nigra L. branches (light 

grey) and three light-excluded branches (dark grey) with their standard error bands (1 SE). 

Vulnerability values AE12 (), AE50 (), AE88 () and AE100 (dashed line) are indicated. The lowest 

native water potential measured before dehydration is shown for the light-excluded (dark grey arrow) 

and the control (light grey arrow) branches. Light-excluded branches experienced greater vulnerability 

to drought-induced cavitation. 

 

However, light exclusion to prevent woody tissue photosynthesis in stem and 

branches increased xylem vulnerability to cavitation (Fig. 3.3, Table 3.3). Light-

excluded branches were fully embolized (AE88) at a water potential of -1.45 MPa, 

whereas control branches were 50% embolized at the same water status (Fig. 3.3, 

Table 3.3). Consistently, AE50, AE88 and AE100 were significantly lower in control 

branches (P < 0.05; Table 3.3). Light-excluded branches experienced a steeper 

increase in embolism formation for a given reduction in ψx. From the onset of 

cavitation (AE12), ψx reductions of 0.010 and 0.014 MPa were representative for an 

increase of 1% in cumulative AE for light-excluded and control branches, respectively 

(Fig. 3.3). The most plausible consequence of impeded woody tissue photosynthesis 
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is a parallel decrease of the NSC pool in parenchyma, although potential shifts in 

carbon source/sink dynamics under light-exclusion may alter this relationship. In any 

case, greater vulnerability to drought-induced cavitation in light-excluded branches 

illustrates the clear effect that sugars play in the species’ hydraulic functioning. The 

underlying mechanisms coupling xylem vulnerability to cavitation and NSC supply via 

woody tissue photosynthesis remain largely unknown (Vandegehuchte et al., 2015). 

To disentangle these mechanisms in our specific experiment, we have further 

examined the absolute amount of cumulative AE at the endpoint of the acoustic VC 

(Fig. 3.4), and the shape of the acoustic VCs. 

 

3.4.1 Sugar-mediated embolism repair under tension 

 

Embolism refilling is known to occur in a wide variety of species driven by positive 

root pressures originated during night-time or under well-watered conditions (Fisher 

et al., 1997; Ewers et al., 2001; Hao et al., 2013). Alternatively, embolism refilling 

occurs under negative pressure as a complex process finely regulated by gradients 

of water, sugars and ions developed between xylem and phloem cells (Zwieniecki & 

Holbrook, 2009; Secchi & Zwieniecki, 2010; Nardini et al., 2011). It is hypothesized 

that embolism triggers a cascade of processes − embolism sensing, starch 

depolymerisation, and enrichment of solutes in the film of sap adhered to the 

cavitated conduit − that creates an osmotic gradient between the cavitated vessel 

and vessel-associated cells that eventually draws water from the latter for refilling 

(Salleo et al., 2004; Zwieniecki & Holbrook, 2009; Brodersen et al., 2010; Nardini et 

al., 2011). 

 

The role of woody tissue photosynthesis in hydraulic functioning was first evidenced 

by Schmitz et al. (2012). The authors observed reduced leaf-specific hydraulic 

conductivity of five mangrove species when branches were covered with aluminum 

foil to prevent woody tissue photosynthesis. This reduction in hydraulic conductivity 

was attributed to an inhibition of the embolism repair process due to a depletion of 

the carbon status of the branch. In their experiment, measurements were performed 

on detached branches using the hydraulic method, which measures xylem hydraulic 

conductivity by sending a water-based solution under small positive pressure through 

the branch, hence creating favorable conditions for refilling (Hao et al., 2013). More 

recently, preliminary analyses of AE were applied in P. deltoides × nigra trees to 

compare xylem functionality between control and light-excluded branches after a 

drought period of five days (Bloemen et al., 2016). The larger number of cumulative 

AE signals registered in bench-dried control branches compared to their light-

excluded counterparts indicated that more vessels were still functional and prone to 

cavitate prior to branch excision for AE measurements. Again, an active role of 
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woody tissue photosynthesis in the maintenance of xylem water transport capacity 

was observed, and embolism reversal was suggested as the underpinning 

mechanism linking xylem functional integrity and NSC availability in living plants 

(Nardini et al., 2011; Brodersen & McElrone, 2013). However, drought-induced 

vulnerability curves were not obtained in any of these studies (Schmitz et al., 2012; 

Bloemen et al., 2016) to provide further empirical support to this hypothesis. 

 

Applying our methodological approach, cycles of cavitation and refilling would lead to 

a greater amount of cavitation-related AE given that multiple cavitation events would 

occur in the same vessel after embolism repair. However, the amount of cumulative 

AE registered at the endpoint of the acoustic VC did not differ between treatments 

(P = 0.49; Fig. 3.4) suggesting that embolism repair should be ruled out as a potential 

mechanism mitigating vulnerability to cavitation in detached control branches.  

 

Fig. 3.4 Number of cumulative acoustic emissions (AE) registered at the endpoint of the acoustic 

vulnerability curves (VCAE), and basic wood density (ρb, kg.m-3) of three control branches (light grey) 

and three light-excluded branches (dark grey) with their standard error (1 SE). The difference in 

cumulative AE and ρb between treatments is not significant (P = 0.49 and 0.68, respectively). 

 

Furthermore, recording evidence for embolism refilling under tension seems unlikely 

on cut dehydrating branches. Branch detachment from the living plant is required for 
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the bench-top dehydration technique, and impedes tension relaxation that might 

facilitate conditions for embolism repair (Zwieniecki & Holbrook, 2009), as it could be 

observed in living plants (e.g., Brodersen et al. 2010) or in detached branches when 

a solution is artificially flushed at a positive pressure (e.g., Schmitz et al. 2012). 

 

3.4.2 Sugar-mediated synthesis of xylem structural changes 

 

Xylem structural changes due to reductions in the NSC pool could be argued as an 

additional factor influencing xylem vulnerability to cavitation. Carbon shortages 

ascribed to disabled woody tissue photosynthesis are known to inhibit wood 

production, and may alter wood traits, which determine the trade-off between xylem 

safety and optimal carbon-for-water exchange (Sperry, 2003). Hacke et al. (2001) 

found in 48 tree species that wood density is the most important characteristic of the 

xylem structure to assess vulnerability to cavitation, with wood density and 

vulnerability to drought-induced cavitation being inversely related (Rosner, 2017). In 

our experiment, poplar clones were grown under the same environmental conditions 

and subjected to stem and branch light-exclusion for 40 days. One could speculate 

that potential reduction in the NSC pool resulting from the period of impeded woody 

tissue photosynthesis might have reduced stem growth (Saveyn et al., 2010; 

Bloemen et al., 2016). However, it is very unlikely that the 40 days of light-exclusion 

in our study resulted in different wood traits related to cavitation vulnerability (e.g., pit 

membrane size aperture, wood density; Hacke et al. 2001; Choat et al., 2003) given 

the limited temporal scale of the treatment in the context of wood phenology (e.g., 

Pérez-De-Lis et al., 2016). Wood density did not differ between treatments before 

branches were detached to construct acoustic VCs (P = 0.68; Fig. 3.4). Furthermore, 

the number of vessels formed during the treatment period, and thus being potentially 

affected by light-exclusion, was small relative to the total amount of functional vessels 

constituting sapwood in the sampled branches. Stem sapwood area increment during 

light-exclusion (DOYs 195-236) relative to total stem sapwood area was only 5%, and 

did not differ between treatments (registered with linear variable displacement 

transducers installed on the tree stem). Therefore, xylem structural changes were not 

considered as principal factor determining greater vulnerability to cavitation of light-

excluded branches. 

 

3.4.3 Sugar-mediated synthesis of xylem surfactants and proteins 

 

Recent findings of Schenk et al. (2017) have proven the existence of carbon-based 

choline-containing phospholipid surfactants and other amphiphilic lipids and proteins 

in pit membranes of xylem vessels. In the pit membrane and immediately after 
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nanobubble snap-off, surfactant organic compounds form a coating layer on 

nanobubbles to stabilize them under negative pressure. Due to this coating layer, 

nanobubbles may be less prone to exceed the critical threshold for embolism 

formation (Blake, 1947), hence lowering vulnerability to cavitation (Schenk et al., 

2015). Vessel-associated parenchyma cells are the most likely source of xylem 

surfactants and proteins, which are derived from phospholipids (Schenk et al., 2017). 

By disabling woody tissue photosynthesis during a well-watered regime, reduced 

NSC substrate in woody tissues might downregulate metabolism in vessel-associated 

cells, hence decreasing the sugar supply for the metabolic pathway of phospholipid 

surfactants and proteins. Increased vulnerability to drought-induced cavitation in light-

excluded branches observed in this study could be ascribed to a limited amount of 

surfactants and the consequent reduction in the capability of stabilizing nanobubbles. 

This theory concurs with our results since light-excluded branches cavitated at higher 

water potentials compared to the control branches (Fig. 3.3), while the total amount 

of cumulative AE at the endpoint of the acoustic VC did not differ significantly 

between treatments (Fig. 3.4). 

 

Due to a limited understanding of phloem functioning in comparison with our 

knowledge of xylem transport (Sevanto, 2014; Hubeau & Steppe, 2015), little 

attention is paid to the potential role of phloem failure in xylem malfunction. Phloem 

unloading is commonly assumed as the only NSC source to fulfill the energetic 

demand of metabolic processes that occur in vessel-associated parenchyma cells. 

However, water shortages negatively affect phloem transport, and consequently, 

drought-driven phloem turgor collapse and increased phloem sap viscosity 

compromise adequate NSC supply to vessel-associated cells (Sala et al., 2010; 

Sevanto, 2014; Hubeau & Steppe, 2015). Phloem malfunction and subsequent local 

carbon starvation therefore accelerates irreversible hydraulic failure, and highlights 

once more complex feedbacks between tree carbon cycling and hydraulic functioning   

(Sala et al., 2010; McDowell, 2011; Steppe et al., 2015). In this context, the ability of 

chloroplast-containing cells in woody tissue to immediately supply sugars − avoiding 

long-distance transport – to adjacent vessel-associated cells for synthesis of 

surfactants (Schenk et al., 2015, 2017), or embolism reversal (Schmitz et al., 2012; 

Bloemen et al., 2016), acquire major relevance to maintain xylem transport capacity. 

This immediate source of NSC to face drought-induced cavitation might confer wider 

margins of hydraulic safety during drought stress. Furthermore, as photosynthetic 

water use efficiency in woody tissue is larger than in leaves (Cernusak & Marshall, 

2000), reassimilation of internal CO2 might constitute an increasingly important 

carbon source under changing climate regimes (Bloemen et al., 2013), given that leaf 

gas exchange would be limited to a greater extent in scenarios of more intense and 

severe drought events. 
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Although woody tissue photosynthesis has been widely studied in terms of tree 

carbon cycling (Berveiller et al., 2007; Molares & Ladio, 2009; Ávila et al., 2014), it is 

surprisingly neglected in the field of plant hydraulics and climate-driven tree mortality 

(Vandegehuchte et al., 2015). With this straightforward test, we highlight the crucial 

role of woody tissue photosynthesis in vulnerability to cavitation and encourage 

researchers to explore this emerging line and potential mechanisms underlying this 

relationship. Studies at the tree level will be of special interest as drought vulnerability 

along the soil−to−leaf continuum may differ from measurements made at the organ 

scale (Tyree & Ewers, 1991b). Further development of non-destructive and non-

invasive AE techniques would be adequate for in vivo measurements of vulnerability 

to cavitation in field-grown trees (De Roo et al., 2016). Moreover, several questions 

related to the role of CO2 reassimilation in plant hydraulics merit further effort: What 

are the primary sinks for woody tissue assimilates? What is the role of sugars in the 

build-up of xylem surfactants and proteins? What is the metabolic pathway of these 

surfactants and proteins? Manipulative experiments to discriminate between NSC 

sources together with high-resolution tomography to study the effect of sugar 

availability on xylem structure, embolism reversal and nanobubble stabilization would 

help to comprehensively understand the importance of woody tissue photosynthesis 

in tree hydraulic performance and drought-driven tree mortality. 
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4.1 Abstract 

 

A reliable method to screen the impact of drought on plant hydraulic functioning is 

critical for better assessing and projecting climate change effects on plant species 

across the globe. Relying on 50% loss of hydraulic conductivity and/or basic wood 

density only has proven to be misleading or inadequate in some reported instances, 

therefore we propose a tripartite framework that combines acoustic vulnerability, 

hydraulic capacitance and xylem anatomy for a more complete picture of a species’ 

response to drought-induced cavitation. We tested the method on temperate (Malus 

and Populus), Mediterranean (Olea), and tropical (Maesopsis and Erytrophleum) tree 

species, and on several species of the Triticeae tribe. Xylem vulnerability to drought-

induced cavitation of these contrasting study species was acoustically determined 

with broadband point-contact sensors during bench-top dehydration, and was 

complemented with hydraulic capacitance information derived from desorption curves 

by continuously weighing the samples, and with xylem anatomical characterization 

performed on optical micrographs of stained thin sections. Our findings demonstrate 

that: (i) species with low AE50 (i.e., water potential at 50% cavitation-related AE) are 

not necessarily more drought sensitive when having high hydraulic capacitance 

values, (ii) dynamics in entire vulnerability and desorption curves are better suited to 

determine differences in drought vulnerability between species than static values, 

and (iii) trade-off between hydraulic safety and efficiency is species-dependent. The 

proposed tripartite method clearly showed how contrasting species behaved under 

drought, and which underlying local mechanisms were used to avoid or retard 

drought-induced cavitation. We conclude that this tripartite approach is necessary 

when screening and assessing any species’ hydraulic response to drought to insure 

that accurate data on species vulnerability to drought are obtained, and propagated 

into climate change projections. 
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4.2 Introduction 

 

Understanding the impact of climate change on plant functioning is becoming 

increasingly important to improve the understanding of our climate system (Lobell & 

Gourdji, 2012; Lindner et al., 2014). Climate change and its associated extremes in 

temperature and drought are lowering crop productivity and fertility (Barlow et al., 

2015), and are altering growth responses (Piao et al., 2011), drought-mortality (Allen 

et al., 2010) and distribution (Delzon et al., 2013) of tree species across the globe. It 

is therefore more than ever necessary that reliable screening methods are used to 

better map species’ hydraulic responses to drought to improve the accuracy of 

process-based models with which overall plant responses to climate change are 

predicted. 

 

Physiological and anatomical traits help clarifying important aspects of a species’ 

hydraulic functioning (Beikircher & Mayr, 2009; De Micco & Aronne, 2012; Epila et 

al., 2017; De Baerdemaeker et al., 2018). This translates into two important key 

traits: hydraulic efficiency and hydraulic safety (Lauri et al., 2011). Hydraulic safety 

represents the ability of xylem to avoid embolism formation (Sperry & Tyree, 1990), 

whereas hydraulic efficiency is referred to as the volume flow rate of water per 

pressure gradient (Lauri et al., 2011). According to the cohesion-tension theory, 

water is passively transported through the plant’s vascular system. This passive 

transport is driven by negative pressure gradients generated by foliar transpiration, 

implying that vascular water is metastable (Dixon & Jolly, 1895; Steudle, 2001). 

Drought stress increases the tension within the vascular system, resulting in a 

disruption of the continuous xylem water columns (i.e., cavitation) and thus in 

embolisms (Tyree & Sperry, 1989a; Tyree & Zimmermann, 2002). Following the air-

seeding hypothesis, drought-induced embolisms spread as a function of maximum 

pore size in the interconduit membrane (Zimmermann, 1983; Loepfe et al., 2007; 

Mayr et al., 2014), decreasing hydraulic conductivity to a maximum extent upon 

which the plant will wilt, and eventually die (Vilagrosa et al., 2012). 

 

High hydraulic safety will help protect the plant against the risks associated with 

drought stress (Lauri et al., 2011). Physiological assessment of hydraulic safety is 

typically done by constructing a vulnerability curve (VC), which relates percentage 

loss of xylem hydraulic conductivity (PLC, %) to increasing drought stress indicated 

by xylem water potential (ψx, MPa) (Pammenter & Willigen, 1998). From the VC, the 

universal trait P50 is derived, representing the water potential at which 50% loss of 

hydraulic conductivity occurs (Choat et al., 2012). Basic wood density (ρb, kg.m-3) is a 

second widely used trait to indirectly determine a species’ hydraulic safety, with a 
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higher ρb related to a more resistant xylem to drought-induced cavitation (Li et al., 

2016; Rosner, 2017). Both traits are widely used to determine whether species are 

sensitive to drought stress or not (Hacke & Sperry, 2001; Hacke et al., 2001; 

Pittermann et al., 2006; Hao et al., 2008; Rosner, 2013). However, these two traits 

alone are not always sufficient to fully comprehend the hydraulic response of species 

to drought, and might thus be inadequate to reveal the complete picture (Epila et al., 

2017). Quantification of hydraulic capacitance has, for instance, added value, 

because it determines the capacity with which a species buffers water shortage via 

internally stored water (Edwards & Jarvis, 1982; Steppe & Lemeur, 2007; Vergeynst 

et al., 2015a), thereby tempering sudden decreases in water potential (Sperry et al., 

2008; Meinzer et al., 2009), and limiting or at least retarding embolism formation 

(Phillips et al., 2004). Besides basic wood density, also other anatomical traits, like 

conduit size, pit pore size, vessel grouping, percentage of parenchyma and conduit 

cell-wall reinforcement have been reported as important factors to determine a 

species’ individual trade-off between hydraulic safety and efficiency, needed to 

ensure optimal plant growth (Tyree & Ewers, 1991b; Sperry & Hacke, 2004; Sperry et 

al., 2008; Blackman et al., 2010). 

 

Because of the potential limitations associated with static values to specify a species’ 

vulnerability to drought-induced cavitation, a methodological tripartite framework was 

developed to comprehensively map or screen a species’ hydraulic response to 

drought-induced cavitation by including information on embolism formation, 

capacitive water release, and anatomical strategies. This tripartite method integrates: 

(i) xylem vulnerability to drought-induced cavitation by using acoustic emissions from 

bench-top dehydrated samples, (ii) hydraulic capacitance and capacitive water 

release, derived from desorption curves by continuously weighing the samples, and 

(iii) xylem anatomical analysis to underpin acoustic and capacitive water release 

results. To assess its reliability and robustness, the proposed tripartite method was 

applied on different plant species from contrasting environments: two temperate 

(Malus and Populus), one Mediterranean (Olea), and two tropical (Maesopsis and 

Erythrophleum) secondary growth tree species, and several primary growth species 

belonging to the Triticeae tribe. Specific working hypotheses were that (i) a single 

trait is often insufficient to characterize a species’ vulnerability to drought-induced 

cavitation, which might jeopardize the accuracy of climate change projections by 

process-based models, which rely on a single trait, and (ii) the trade-off between 

hydraulic safety and efficiency is species-dependent. 
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4.3 Materials and methods 

 

4.3.1 Plant material 

 

To assess the tripartite method, which gathers data on embolism formation, 

capacitive water release, and anatomy, secondary growth tree species from 

contrasting climatic regions as well as primary growth species of the Triticeae tribe 

were selected from our experimental database. 

 

One-year-old Malus ×domestica ‘Gala’ Borkh. saplings, one-year-old Populus 

tremula L. saplings, and young three-year-old Populus nigra L. trees as temperate 

species. Malus ×domestica ‘Gala’ saplings were artificially doubled from nodal 

segments using colchicine to compare differences in drought stress responses 

between di- (‘Gala’-2x) and tetraploid (‘Gala’-4x) plantlets (De Baerdemaeker et al., 

2018). Populus tremula saplings were grown in four treatments for two months to 

assess the impact of climate change on tree physiology, and included (i) well-

watered, ambient (WA) (i.e., atmospheric CO2 concentration ([CO2]) = 400 ppm), (ii) 

drought-stressed, ambient (DA), (iii) well-watered, elevated air temperature and 

atmospheric [CO2] (WE) (i.e., ambient air temperature + 3°C, and [CO2]) = 700 ppm), 

and (iv) drought-stressed, elevated air temperature and atmospheric [CO2] (DE) 

grown saplings (Hubeau, unpublished data). Selected Populus nigra trees came from 

a control and a light-exclusion treatment to study the effect of woody tissue 

photosynthesis on hydraulic functioning (Chapter 2). Young two-year-old Olea 

europaea L. trees served as Mediterranean species example (Padilla-Díaz, 

unpublished data), and young three-year-old Maesopsis eminii Engl. trees (Epila et 

al., 2017) and field-harvested branches of adult Erythrophleum ivorense A. Chev. and 

E. suaveolens Guill. & Perr. trees from Cameroon represented tropical species in this 

study (Gorel, unpublished data). The branches were enclosed in wet, opaque bags 

and stored in a cold box (around 4°C) during transport from Cameroon to Belgium.  

 

Besides secondary growth species, the Triticeae tribe species Triticum aestivum 

‘Hartog’ L., Secale cereale ‘DuikerMax’ L., ×Triticosecale ‘US2014’ Wittm., and 

×Triticosecale ‘Dublet’ Wittm. were selected as primary growth species examples 

(Degraeve, unpublished data). 

 

4.3.2 Sampling protocol and hydraulic trait measurements 

 

From selected study species, either the stem (S) of potted plants, or branches (B) 

from potted or field-grown trees are sampled. Diameter and length are measured 
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prior to the start of the experiment to ensure uniformity between the samples for both 

the acoustic emission (AE) and hydraulic capacitance (C) monitoring (Table 4.1). 

 

Table 4.2 Diameter and length of the stems/branches investigated with the proposed 

tripartite method 

 

Species ID D (mm) L (cm) Reference 

Malus ×domestica ‘Gala’ Borkh. S 7.7 ± 1.0 112 ± 14 
De Baerdemaeker et al. 
(2018) 

Populus tremula L. S 4.8 ± 0.5 74 ± 7 Hubeau, unpublished data 
Populus nigra L. B 5.6 ± 0.5 93 ± 21 Chapter 2 

Olea europaea L. S 6.5 ± 1.0 109 ± 9 
Padilla-Díaz, unpublished 
data 

Maesopsis eminii Engl. B 6.0 ± 0.9 75 ± 22 Epila et al. (2017) 
Erythrophleum ivorense A. Chev. B 9.2 ± 1.8 80 ± 11 Gorel, unpublished data 
Erythrophleum suaveolens Guill. 
& Perr. 

B 8.7 ± 0.8 81 ± 4 Gorel, unpublished data 

Triticeae tribe species S 3.8 ± 0.4 61 ± 10 
Degraeve, unpublished 
data 

Diameter D (mm) and length L (cm) of the stems/branches of the different species investigated with 

the tripartite method. ID ‘S’ refers to stems and ID ‘B’ refers to branches. Values are means ± standard 

deviation. 

 

To avoid artificial embolism formation, study samples have to be cut under water and 

avoid water loss by transpiration. Therefore, branches in the field are typically cut 

before sunrise, while potted plants are kept in a darkened experimental room one 

day prior to sampling to mimic low transpiration at the moment of cutting. Stems of 

potted plants are cut just above the root zone, whereas branches are cut as close as 

possible to the junction with the stem to ensure that samples include maximum 

vessel length. Branches sampled in the field are stored in black polyethylene bags 

with wet towels to avoid dehydration during transport. In the darkened experimental 

room, all samples are recut twice under water (~3 cm/cut) to allow for relaxation and 

to avoid artefacts due to air entry (Cochard et al., 2013). To avoid sample 

dehydration and air entry during subsequent sensor installation, the cut end is 

wrapped with a wet cloth. Sensor positioning is marked to ensure that 

stems/branches have the sensors at the center of the sample, and at equal distance 

from the single cut end. 

 

Sensor installation is performed under artificial green light to limit photosynthesis and 

transpiration. In this study, a maximum of four samples could be simultaneously 

measured. To develop vulnerability curves (VC), each study sample is equipped with 

a broadband point-contact AE sensor with a flat frequency response between 20 and 

1000 kHz (KRNBB-PC, KRN Services, Richland, WA, USA) and a dendrometer (DD-

S, Ecomatik, Dachau, Germany). A minimum of three replicate samples per run is 
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measured. A custom-built holder has been developed to mount the two sensors on 

the sample and to ensure a tight coupling between AE and xylem shrinkage (Fig. 

4.1A, B). The AE sensor is pressed on either the bark or an exposed xylem area (1.5 

× 0.5 cm) of the study sample via a compression spring (D22050, Tevema, 

Amsterdam, The Netherlands) in a small pvc tube (Fig. 4.1A, C). A droplet of vacuum 

grease (High-Vacuum Grease, Dow Corning, Seneffe, Belgium) is added between 

sensor tip and sample to ensure good acoustic contact, after which installation was 

validated by the pencil lead break test by firmly pressing a 2H 0.3 mm propelling 

pencil against the surface of the sample under an angle of 45 degrees at 5 cm 

distance from the AE sensor. This procedure is in accordance to the ASTM E976 

standard and installation was deemed sufficient if the test results in an AE signal with 

an amplitude around 80 dB (Tyree & Sperry, 1989b; Hamstad et al., 1994; Sause, 

2011; Vergeynst et al., 2015b). In order to measure xylem shrinkage during bench-

top dehydration, a similar section of xylem (1.5 × 0.5 cm) is exposed with a scalpel 

after which the dendrometer is installed (Fig. 4.1A, D). To prevent evaporation via the 

wound, petroleum jelly is applied between dendrometer tip and exposed xylem 

(Vergeynst et al., 2016). 

 

 

Fig. 4.1 Custom-built sample holder to enable stable perpendicular installation of the acoustic 

emission and dendrometer sensor to the surface of the study stem/branch (A, B). The point-contact 

AE sensor was mounted using a custom-built pvc holder with spring inside (A, C). A dendrometer 

without magnetic field was applied to avoid acoustic interference (A, D). 

 

To simultaneously obtain desorption curves (DC), mass loss of an equal amount of 

uniform samples (maximum four in our experimental set-up, with a minimum of three 

replicate samples) is measured with continuous weight balances (DK 6200 with 

0.01 g accuracy, Henk Maas, Veen, The Netherlands) (Fig. 4.2). Once the samples 
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are installed properly, wet cloths are removed from both the VC- and DC-samples, 

and room light is switched on in order to start the bench-top dehydration experiment. 

 

 

Fig. 4.2 Continuous weight balances used to develop desorption curves (DC). The DK 6200 weight 

balances have 0.01 g accuracy. 

 

Readings from dendrometers and balances are registered every minute via custom-

built acquisition boards. The AE signals are amplified by 35.6 dB (AMP-1BB-J, KRN 

Services, Richland, WA, USA) and waveforms of 7168 samples length are acquired 

at 10 MHz sample rate. The signals are collected using two 2-channel PCI boards 

and redirected to the software program AEwin (PCI-2, AEwin E4.70, Mistras Group 

BV, Schiedam, The Netherlands). A 20-1000 kHz electronic band pass filter is 

applied and only waveforms above the noise level of 28 decibels (dB) are retained 

(Vergeynst et al., 2016). The low xylem tension at the start of dehydration results in 

low-amplitude AE signals and combined with the strong attenuation of wood ensures 

that low-amplitude AE signals originating too far from the region of sensor installation 

will fall below the noise threshold (Beall, 2002a). Overall, in the frequency range 

between 100 and 200 kHz, attenuation of AE amplitude along the grain of wood is 

about 0.3 dB/cm (Beall, 2002b). As dehydration continues however, attenuation of 

wood decreases, allowing for a progressive registration of low-amplitude AE signals 

originating from further away.    

 

Xylem water potential (ψx, MPa) is measured in aluminum foil wrapped excised 

leaves using the pressure chamber (PMS Instrument Company, Corvalis, OR, USA; 

Scholander et al., 1965). Wrapping is done to ensure equilibrium between leaf and 

stem/branch water potential (Begg & Turner, 1970). Two approaches can be used to 

measure evolution in ψx, but in both approaches dehydration in VC- and DC-samples 

has to be similar. This implies that either all leaves of VC-samples are wrapped with 

aluminum foil, and that all leaves of the corresponding DC-samples are stripped and 
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wounds covered with petroleum jelly (approach 1), or that only a handful of leaves 

(typically eight in this study) of the VC-samples are wrapped with aluminum foil, and 

that all leaves of the DC-samples are left attached (approach 2). The latter will 

increase sample dehydration due to higher leaf transpiration, and will reduce 

experimental run time. The frequency of ψx readings is guided by the appearance 

speed of AE signals, which are visualized as red dots in the range 28-95 dB and are 

monitored in real-time with the AEwin software program. When leaves are removed, 

and when new leaves are covered with aluminum foil (approach 2), AE signal 

detection is put on hold to avoid noise disturbance from the cutting and wrapping 

process. To ensure that newly covered leaves have sufficient time to reach 

equilibrium with the xylem water potential of the sample (approach 2), a minimum of 

three leaves must be wrapped at all times. 

 

4.3.3 Acoustic vulnerability curve 

 

The AE signals acquired per study sample are used to construct an acoustic 

vulnerability curve (VCAE) (Mayr & Rosner, 2011; Vergeynst et al., 2016). The AE 

signals are cumulated over the measurement period and are averaged over 1, 5 or 

10 minutes depending on the duration of the bench-top dehydration experiment. 

From the cumulative AE, the first derivative is calculated to construct an AE activity 

curve. According to the definition in Vergeynst et al. (2016), the endpoint of the 

vulnerability curve (AE100) is determined as the point at which the decrease in AE 

activity, following the AE activity peak, decreases most strongly. From a 

mathematical point of view, this point corresponds to the local maximum of the third 

derivative (Fig. 4.3B, orange dashed line; Vergeynst et al., 2016). The AE activity is 

numerically calculated over a time interval of 15 minutes (moving window). For the 

third derivative, the time interval (also moving window) is based on the timespan at 

which the AE peak occurs (i.e., 2 hours in Fig. 4.3B). Calculating the third derivative 

over a time interval of 15 minutes results in a too fluctuating output pattern (Fig. 

4.3A), which hampers quantification of the endpoint. The time interval to numerically 

calculate the third derivative is, hence, dependent on the duration of the bench-top 

dehydration experiment, the study species, and the dehydration conditions in order to 

get meaningful results (Vergeynst et al., 2016). Absolute cumulative AE is rescaled 

between zero and the defined endpoint to obtain a relative percentage of cumulative 

AE. 
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Fig. 4.3 Illustration of one-minute average cumulative acoustic emissions (CumAE, red), first 

derivative or AE activity at 15-minute intervals (CumAEder1, black), and third derivative (CumAEder3, 

grey) at 15-minute intervals (A) and at 2-hour intervals (B) of a branch sample of Malus ×domestica 

‘Gala’-2x during the entire bench-top dehydration experiment. The endpoint of the VCAE (AE100) 

corresponds to the local maximum of the third derivative (B, orange dashed line). 

 

Measurements of xylem shrinkage with the dendrometer are used to generate a 

continuous x-axis (ψx, MPa) for development of the VCAE. Two approaches can be 

used to calculate ψx from xylem shrinkage (Fig. 4.4): using (i) a linear (black, open 

circles) or (ii) a segmented-linear (red, open diamonds) regression relationship 

between relative radial xylem shrinkage or strain (Δd/di, µm mm-1) and point 

measurements of ψx (Vergeynst et al., 2015a). 
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Fig. 4.4 Stress-strain curve between point measurements of water potential (MPa) and branch 

diameter shrinkage or strain (µm mm-1) for a stem sample of Populus tremula (, black), and a stem 

sample of Populus nigra (, red), and stress-time curve for a branch sample of Malus ×domestica 

‘Gala’-2x (, grey). Continuous xylem water potential data can be calculated from: (i) linear 

interpolation of water potential over time (grey line), (ii) linear regression between water potential and 

strain (black line), and (iii) segmented-linear regression between water potential and strain (red line). 

 

Plotting ψx point measurements against Δd/di produces the so-called stress-strain 

curve (Fig. 4.4). Δd/di is calculated as the ratio of continuous diameter changes Δd to 

initial diameter prior to dehydration (di) (modified from Vergeynst et al., 2015a; Eq. 

4.1): 

 

 
∆d

di

 = 
dt-di

di

 (Eq. 4.1) 

 

with Δd the difference between the diameter (dt) measured by the dendrometer at a 

given time (t) and the initial diameter (di) measured with an electronic caliper. A third 

approach not requiring dendrometer measurements is linear interpolation in function 

of time between the point measurements of ψx (Fig. 4.4, grey crosses; De 

Baerdemaeker et al., 2018). This produces a stress-time curve that, if derived from a 

strong succession of water potential measurements in time (at least three to four per 
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hour), is regarded as a justified approach to generate a continuous ψx-axis. However, 

this implies either an intensive manual assessment of ψx via the pressure chamber 

(with overnight measurements during long dehydration periods), or via the installation 

of stem psychrometers, which can be impractical because possible complications 

with the brittle and expensive thermocouples can arise during installation (Vergeynst 

et al., 2015a). The stress-strain curve is thus more beneficial as it reduces the 

number of ψx measurements needed, delivers information on the strain of the 

species, and importantly, the slope of the curve also represents the apparent 

modulus of elasticity (E’r, MPa) in radial direction (Irvine & Grace, 1997; Eq. 4.2): 

 

 Er
'
 = 

dψ

d(Δd di⁄ )
 (Eq. 4.2) 

 

Plotting relative percentage of cumulative AE versus continuous ψx produces the 

VCAE (Fig. 4.5). Values corresponding with the onset of cavitation (ψx at 12% AE; 

AE12), 50% cavitation-related AE (ψx at 50% AE; AE50) and full embolism (ψx at 88% 

AE; AE88) can be derived from this curve. 

 

 

Fig. 4.5 Acoustic vulnerability curve (VCAE) relating percentage cumulative AE to decreasing water 

potentials for a branch sample of Malus ×domestica ‘Gala’-2x. Vulnerability values AE12 (), AE50 (), 

AE88 (), and AE100 (dashed line) are also indicated. 
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4.3.4 Desorption curve, hydraulic capacitance and wood density 

 

A section of ~5 cm is taken prior to dehydration from the cut ends of both the VC- 

and DC-samples. At the end of the dehydration period, a second section equal in 

length is taken from the samples (Vergeynst et al., 2015a). Diameter and length of 

the sections are measured with an electronic caliper, and mass is determined with a 

precision balance (Sartorius precision balance with 0.001 g accuracy, Sartorius 

Weighing Technology GmBH, Goettingen, Germany). Each section is then oven dried 

(103°C) till constant mass (Reeb & Milota, 1999). Length, diameter and mass are re-

measured, and considering a cylindrical shape, basic wood density (ρb, kg m-3) (oven 

dry mass/green volume), and initial and final mass fraction of the sections (mass of 

water over oven-dried mass) are calculated (Vergeynst et al., 2015a). For the 

Triticeae tribe species, volume of the internal hollow cylinder is subtracted from the 

total volume to avoid underestimation in ρb. 

 

The mass loss recorded by the balances during bench-top dehydration is used as a 

proxy for the overall change in water content (∆WC, g). Depending on the study 

sample, ∆WC represents the change in water content of the branch/stem plus leaves 

if leaves are left attached to the samples, or of the branch/stem only if leaves are 

removed. If leaves are removed from the sample, mass loss can also be normalized 

to volumetric water content (VWC, kg m-3) by re-scaling the mass loss data to the 

range in VWC between initial and final VWC of the ~5 cm sections taken from the 

VC-samples. Initial and final VWC are obtained by multiplying initial and final mass 

fraction with ρb, and sections of VC-samples are used, because VC-samples supply 

the ψx-axis for the DC (Vergeynst et al., 2015a). 

 

The DC is then established by plotting either mass loss or VWC against the ψx-axis 

(Fig. 4.6A-C). Two regions of interest can be distinguished using two defined 

breakpoints, calculated via the Segmented package in R (Muggeo, 2008). The zone 

between the first and the second breakpoint is known as the elastic shrinkage phase 

or phase I. The zone after the second breakpoint till AE100 derived from VCAE is 

known as the cavitation or inelastic shrinkage phase or phase II (Vergeynst et al., 

2015a). Hydraulic capacitance (C, in g MPa-1 or kg m-3 MPa-1) for both phases (Cel 

and Cinel, respectively) is calculated as the slope of the linear regression between 

mass loss or VWC and ψx (Vergeynst et al., 2015a; Eq. 4.3): 

 

 C = 
d(V)WC

dψ
x

=
d(V)WC

d(Δd di⁄ )
(

dψ
x

d(Δd di⁄ )
)

-1

=
d(V)WC

d(Δd di⁄ )
(Er

' )
-1

 (Eq. 4.3) 
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Fig. 4.6 Illustration of a desorption curve (DC) relating mass loss to decreasing xylem water potential 

for a branch plus leaves sample of Malus ×domestica ‘Gala’-2x (A), a stem sample of Populus tremula 

(C) (black open circles), and a stem sample of Secale cereale ‘DuikerMax’ (E), and of a desorption 

curve relating volumetric water content against decreasing xylem water potential for a stem sample of 

Populus tremula (C) (black closed circles). Elastic shrinkage (Ⅰ, red), and inelastic shrinkage (Ⅱ, 

grey) are delimited by vertical dashed lines, and the corresponding hydraulic capacitance of both 

phases (C, g MPa-1 or kg m-3 MPa-1) are calculated as the slope of the linear regressions (red and 

grey lines). Corresponding VCAE of the Malus ×domestica ‘Gala’-2x branch sample (B), the Populus 

tremula stem sample (D), and the Secale cereale ‘DuikerMax’ stem sample (F) are displayed. For 

desorption curves based on mass loss or volumetric water content of the branch/stem sample (without 

leaves), both defined capacitive phases can be transposed onto the corresponding VCAE (C-F). 

 

4.3.5 Anatomy 

 

Additional segments of ~3 cm in length are cut from the VC-samples, and stored in a 

Copenhagen Mix solution, which consists of 99% ethanol, distilled water and glycerol 

(70:28:2). 

 

There is no unique method for preparing sections for microtome slicing, which is 

dependent on whether the species is classified as soft- or hardwood (Gärtner & 

Schweingruber, 2013). A typical preparation step is shortly heating the stored 

sections in an oven at 60°C to facilitate the cutting procedure with the microtome 

(e.g. sledge microtome HM 440 E, MICROM Laborgeräte GmbH, Walldorf, 

Deutschland). The resulting cross-sections are dehydrated in graded series of 

ethanol. To distinguish different xylem cell types, staining solutions such as the 

safranin-astra blue coloring (Fig. 4.7A) (v. Aufseß, 1973), or the staining solution of 

0.5% w/v astra blue, 0.5% w/v chrysoidine, and 0.5% w/v acridine red can be used 
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(Fig. 4.7B). These staining solutions will color lignin-enriched cell walls red (i.e., 

conduits, fibers) and parenchyma cell walls blue. 

 

 

Fig. 4.7 35-µm thick cross-sections of Malus ×domestica ‘Gala’-2x stained with safranin-astra blue (A) 

and Malus sylvestris L. stained with 0.5% w/v astra blue, 0.5% w/v chrysoidine, and 0.5% w/v acridine 

red (B). The staining solutions are used to distinguish different xylem cell types. Credit: Dr. Olivier 

Leroux. 

 

The thickness of the cross-sections is preferably in the order of 30 microns, but is 

dependent on wood hardness and the softening prior to microtome slicing. The 

thinner the cross-sections, the easier the anatomical analysis, but the higher the risk 

of fracturing the cross-section. To preserve the cross-section, a mounting agent (e.g., 

Euparal) is applied after which the cross-sections are covered with microscope cover 

glasses and stored as permanent slides. To investigate the anatomical parameters, 

an overview image is usually taken with a 10x objective magnification, after which the 

cross-section is divided into four equal quadrants and visualized by a 20x objective 

magnification, to allow for more detailed analysis. The light microscopes (e.g., Vanox-

S, Olympus Belgium NV, Aartselaar, Belgium; Nikon Ni-U, Nikon BeLux, Brussels, 

Belgium) are therefore equipped with a digital microscope camera (e.g,. Olympus 

SC100, Olympus Belgium NV, Aartselaar, Belgium; Nikon DS-Fi1C, Nikon BeLux, 

Brussels, Belgium). In our study, analysis is performed on the entire cross-section 

and more in-depth on the four separate quadrants with the open source image 

analysis software Fiji (Schindelin et al., 2012), but other analysis software can also 

be used (e.g., ArcGIS, ESRI, Redlands, CA, USA; Epila et al., 2017). 
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To distinguish vessels from other anatomical elements like fibers or tracheids (in the 

case of primary growth species), an area-based filtering or color threshold filtering is 

applied. Vessel grouping index (Vg, -) is calculated as the ratio of total number of 

vessels to total number of vessel groupings, which includes the sum of solitary 

vessels, vessel clusters, and radial multiples (Scholz et al., 2013b). Individual vessel 

areas (A, µm²) are determined directly from the processed images and, assuming a 

circular vessel shape, individual vessel diameters (d, µm) can be calculated and 

averaged across the cross-section (Eq. 4.4): 

 

 d = 2 ×√
A

π
 (Eq. 4.4) 

 

Following the technique described by Steppe and Lemeur (2007), hydraulic diameter 

(dh, µm) is assessed (Eq. 4.5): 

 

 dh= √
1

n
∑ di

4

n

i=1

4

 (Eq. 4.5) 

 

Conduit wall reinforcement (-) is calculated by determining the thickness to span ratio 

(t b⁄ )h
2 as described by Hacke et al. (2001). Wall thickness (t) and conduit wall span 

(b) are measured and averaged over the four separate quadrants. 

 

It is important to mention that anatomical measurements are not restricted to the 

ones listed above. These measurements are interesting in light of supporting the 

species’ vulnerability to drought-induced cavitation and its respective trade-off 

between hydraulic efficiency (i.e., vessel area, hydraulic diameter) and hydraulic 

safety (i.e., vessel grouping, conduit wall reinforcement). However, quantification of 

the amount of fibers for their mechanical support, and, if not yet matured, for their 

contribution to Cinel, as well as quantification of conduit-associated and ray 

parenchyma for their contribution to Cel can be equally important to support the 

species’ water storage capacity derived from its respective desorption curve. 

 

4.3.6 Statistics 

 

Acoustic vulnerability curves (VCAE) and desorption curves (DC) are averaged 

between the different samples, and in case of VCAEs, prior to averaging, time is 
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removed as independent variable with the PhytoSim software (PhytoSim 2.1, Phyto-

IT bvba, Mariakerke, Belgium). VCAEs are fitted with the smooth.spline function in the 

stats library in R software (RStudio version 1.1.419 - © 2009-2017 RStudio, Inc.). To 

determine significant differences between VCAE, C, and xylem anatomy parameters, 

analysis of variance (ANOVA) is carried out using the R software. Tests are 

assessed at a probability level of 5%, and all parameters are validated for normality 

via the Wilcoxon signed rank test and homogeneity via the Levene test. 

 

 

4.4 Results 

 

4.4.1 Acoustic vulnerability 

 

Acoustic vulnerability analysis showed that the temperate study species were 

amongst the more vulnerable ones (Table 4.2), with AE50 values ranging between -

0.85 MPa (M. domestica ‘Gala’-4x) and -2.57 MPa (P. tremula DA). The tropical 

species E. ivorense and M. eminii also showed low negative AE50 values (-1.93 MPa 

and -1.90 MPa, respectively), suggesting higher drought sensitivity for these species 

(Table 4.2). The tropical tree species E. suaveolens, with an AE50 value 

of -3.88 MPa, and the Mediterranean tree species O. europaea, with an AE50 value 

of -5.98 MPa, showed higher tolerance to drought-induced cavitation (Table 4.2). 

Triticeae tribe species were classified as drought sensitive with ×Triticosecale 

‘Dublet’ the most vulnerable (AE50 = -1.33 MPa) and Secale cereale ‘DuikerMax’ the 

least vulnerable (AE50 = -1.73 MPa; Table 4.2) one. 

 

4.4.2 Hydraulic capacitance and wood density method 

 

The tropical tree species M. eminii showed high elastic (Cel) and inelastic (Cinel) 

hydraulic capacitance, releasing this capacitively stored water during the entire 

timespan of bench-top dehydration up to full embolism formation (t100% = 2.75 ± 1.14) 

(Table 4.2). The two other tropical tree species were characterized by lower 

C-values, but in case of E. suaveolens, this internally stored water contributed to 

branch hydraulics over a longer timespan (t100% = 3.73 ± 0.56), which resulted in 

more pronounced values of Cel and Cinel when calculated from mass loss DCs (g 

MPa-1) (Table 4.2). In the tropical tree species, an overall trend of decreasing C with 

more negative AE50 and higher ρb was observed (Table 4.2, Fig. 4.8). 
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Table 4.2 Xylem water potential at 50% cavitation-related AE, elastic capacitance, inelastic capacitance, basic wood density, and 

dehydration time till complete embolism formation of different species and treatments investigated with the proposed tripartite 

method 

 

ID AE50 (MPa) 
Cel Cinel 

ρb (kg m-3) t100% (days) 
kg m-3 MPa-1 g MPa-1 kg m-3 MPa-1 g MPa-1 

Temperate species        

M. domestica ‘Gala’-2x -0.99 ± 0.23 - 1.76 ± 0.48* - 3.01 ± 0.28* 485 ± 15 0.11 ± 0.02* 
M. domestica ‘Gala’-4x -0.85 ± 0.14 - 4.07 ± 0.87* - 8.74 ± 1.90* 443 ± 37 0.09 ± 0.02* 
P. tremula WA -2.38 ± 0.18 103 ± 14 0.51 ± 0.20 201 ± 47 1.01 ± 0.53 389 ± 23 1.01 ± 0.01 
P. tremula DA -2.57 ± 0.27 83 ± 13 0.45 ± 0.19 146 ± 26 0.76 ± 0.31 349 ± 17 1.30 ± 0.08 
P. tremula WE -2.08 ± 0.13 93 ± 42 0.65 ± 0.15 285 ± 32 2.06 ± 0.26 411 ± 9 0.84 ± 0.09 
P. tremula DE -2.49 ± 0.04 92 ± 8 0.52 ± 0.17 254 ± 55 1.63 ± 0.30 367 ± 24 0.92 ± 0.03 
P. nigra control -1.45 ± 0.09 - - - - 438 ± 31 0.07 ± 0.02* 
P. nigra light-excluded -1.00 ± 0.13 - - - - 421 ± 55 0.07 ± 0.01* 

Mediterranean species        

O. europaea -5.98 ± 0.92 72 ± 28 4.22 ± 1.22 23 ± 10 1.35 ± 0.64 611 ± 54 7.38 ± 0.02 

Tropical species        

M. eminii -1.90 ± 0.10 319 ± 20 6.33 ± 3.60 655 ± 56 19.94 ± 5.12 302 ± 21 2.75 ± 1.14 
E. ivorense -1.93 ± 0.03 68 ± 22 3.65 ± 1.55 138 ± 34 7.40 ± 2.64 489 ± 47 1.88 ± 0.02 
E. suaveolens -3.88 ± 0.70 94 ± 32 13.78 ± 8.86 35 ± 14 4.40 ± 2.10 585 ± 63 3.73 ± 0.56 

Triticeae tribe species        

T. aestivum ‘Hartog’ -1.62 ± 0.21 - 0.15 ± 0.08 - 0.82 ± 0.34 141 ± 20 0.94 ± 0.08 
S. cereale ‘DuikerMax’ -1.73 ± 0.10 - 0.07 ± 0.02 - 1.20 ± 0.32 102 ± 3 1.49 ± 0.40 
×Triticosecale ‘US2014’ -1.47 ± 0.04 - 0.20 ± 0.04 - 0.68 ± 0.12 155 ± 13 1.14 ± 0.16 
×Triticosecale ‘Dublet’ -1.33 ± 0.06 - 0.42 ± 0.10 - 2.48 ± 0.72 170 ± 17 1.33 ± 0.19 

Xylem water potential at 50% cavitation-related AE (AE50, MPa), elastic capacitance (Cel, (k)g (m-3) MPa-1), inelastic capacitance (Cinel, (k)g (m-3) MPa-1), basic 

wood density (ρb, kg m-3), and dehydration time till complete embolism formation (t100%, days) of different species and treatments (ID) investigated with the 

tripartite method. Cel and Cinel values with an asterix (*) refer to a combined weight loss of stem/branch and leaves. t100% values with an asterix (*) refer to VC 

samples with only a handful of leaves wrapped in aluminum foil. Values are means ± standard deviation. 
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Fig. 4.8 From left to right, from top to bottom, relation between 50% cavitation-related acoustic 

emissions (AE50, MPa) and volumetric water content derived elastic hydraulic capacitance (Cel, kg m-3 

MPa-1), change in water content derived elastic hydraulic capacitance (Cel, g MPa-1), volumetric water 

content derived inelastic hydraulic capacitance (Cinel, kg m-3 MPa-1), change in water content derived 

inelastic hydraulic capacitance (Cinel, g MPa-1), basic wood density (ρb, kg m-3), dehydration time till 

complete embolism formation (t100%, days), vessel area (A, µm2), hydraulic diameter (dh, µm), vessel 

grouping index (Vg, -), and vessel cell-wall reinforcement ((t b⁄ )h
2, -) for the contrasting temperate 

(black), Mediterranean (red), tropical (blue) and Triticeae tribe (orange) study species investigated with 

the tripartite method. 
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4.4.3 Xylem anatomy 

 

Average vessel area (A) and hydraulic diameter (dh) were highest for the tropical tree 

species, suggesting a high hydraulic efficiency (Table 4.3). The more negative AE50 

of E. suaveolens and O. europaea corresponded with a high vessel cell-wall 

reinforcement ((t b⁄ )h
2), with A and dh of O. europaea lowest compared to all other 

study species (Table 4.2 and 4.3). (t b⁄ )h
2 was lowest for M. domestica and the 

primary growth Triticeae tribe species, which corresponded to their higher 

vulnerability to drought-induced cavitation (Table 4.2 and 4.3). As expected, ((t b⁄ )h
2) 

was linearly related with AE50 across the contrasting study species, indicating that 

higher vessel cell-wall reinforcement translates to increased drought tolerance (Fig. 

4.8). For P. tremula, A and dh were lowest for the drought elevated air temperature 

and atmospheric [CO2] treatment (DE), which showed the highest degree of vessel 

grouping (Vg) (Table 4.3). Tracheids were not included in the analysis of the primary 

growth species. 

 

Table 4.3 Anatomical parameters vessel area, hydraulic diameter, vessel grouping 

index, and vessel cell-wall reinforcement of different species and treatments 

investigated with the proposed tripartite method 

 

ID A (µm2) dh (µm) Vg (-) (t b⁄ )h
2 (-) 

Temperate species     

M. domestica ‘Gala’-2x 553 ± 43 27.2 1.21 0.012 ± 0.005 
M. domestica ‘Gala’-4x 790 ± 54 32.9 1.16 0.005 ± 0.002 
P. tremula WA 844 ± 422 34.7 1.61 0.029 ± 0.015 
P. tremula DA 810 ± 392 33.8 1.74 0.024 ± 0.014 
P. tremula WE 582 ± 253 28.4 1.61 0.026 ± 0.017 
P. tremula DE 556 ± 280 28.2 2.01 0.029 ± 0.018 

Mediterranean species     

O. europaea  27 ± 16   6.4 1.61 0.059 ± 0.021 

Tropical species     

M. eminii 1359 ± 767 44.6 1.52 0.020 ± 0.010 
E. ivorense 2218 ± 1613 59.1 1.62 0.010 ± 0.003 
E. suaveolens 1751 ± 1297 52.7 1.78 0.038 ± 0.011 

Triticeae tribe species     

T. aestivum ‘Hartog’ 588 ± 306 29.0 1.22 0.023 ± 0.017 
S. cereale ‘DuikerMax’ 392 ± 262 24.5 1.12 0.027 ± 0.012 
×Triticosecale ‘US2014’ 745 ± 425 33.0 1.11 0.016 ± 0.008 
×Triticosecale ‘Dublet’ 834 ± 624 36.4 1.22 0.015 ± 0.008 

Vessel area (A, µm2), hydraulic diameter (dh, µm), vessel grouping index (Vg, -), and vessel cell-wall 

reinforcement ((t b⁄ )h
2, -) of different species and treatments (ID) investigated with the tripartite method. 

Aside from dh and Vg, values are means ± standard deviation. 
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4.5 Discussion 

 

4.5.1 Bark versus xylem acoustic emissions 

 

Acoustic emission sensors can detect dehydration-related AE signals through the 

bark surface of branches and stems, and are therefore well suited to non-

destructively and non-invasively measure a species’ vulnerability to drought-induced 

cavitation (Cochard et al., 2013). When using AE-sensors, it is generally 

recommended to install the sensor on the xylem surface, after bark removal, to 

establish a better acoustic coupling with AEs originating from cavitating vessels 

(Mayr & Rosner, 2011). Bark removal damages the sample, but because the created 

wound is small, given the small sensor head dimension, the wound can be readily 

sealed with vacuum grease without having detrimental effects (Fig. 4.1A, C). 

 

Against this recommendation, Vergeynst et al. (2015a) mounted broadband AE 

sensors on the bark surface of Vitis vinifera L. and obtained VCAEs that were in close 

agreement with the results of X-ray computed microtomography (µCT). But when 

mounting the AE sensors on the bark surface of Fraxinus excelsior L., the sensors 

failed to register the first stages of dehydration when acoustic and µCT VCs were 

compared (Pers. Comm. Lidewei Vergeynst). In general, wood is known to have a 

strong attenuation effect on AE (Beall, 2002a), which reduces with progressing 

dehydration (Vergeynst et al., 2015b). 

 

Prior to actual AE measurements, it should therefore be tested what the attenuation 

factor is of the examined species and how it diminishes with ongoing dehydration and 

whether differences in AE attenuation exist when mounting the sensor on the bark or 

the xylem of the species. In Populus nigra L., VCAEs derived from AE measurements 

on bark and xylem were in close agreement with no significant difference in AE 

amplitude (42.4 ± 5.8 dB vs 44.6 ± 6.8 dB) and absolute cumulative AE (24010 ± 

4385 vs 24963 ± 10913), which justifies that in this species AE measurements can be 

carried out on the bark surface without losing any hydraulic information or damaging 

the study sample (Fig. 4.9). Sensor-mounting on the bark has an additional 

advantage that AE events resulting from shrinkage and water loss of living tissue can 

also be detected and assessed (Vergeynst et al., 2016). 

 

In monocot grasses, such as our Triticeae tribe study species, no such choice is 

possible, and AE sensors have to be mounted on the outer surface of the culms. 
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These primary growth stems or culms are hollow in the center and are surrounded by 

sheaths at leaf-basis, which also contain vessels that contribute to the overall xylem 

water transport (Cope & Gray, 2009). Here, VCAE can be verified with µCT imaging, 

but due to the non-secondary growth nature of the Triticeae tribe, AE registration is 

less prone to strong attenuation effects, making measurements on the culm surface 

reliable to construct VCAEs (Degraeve, unpublished data). 

 

 

Fig. 4.9 Average acoustic vulnerability curve relating percentage cumulative AE to decreasing water 

potential for AE sensors installed on both the bark (VCAE bark, black), and the xylem (VCAE xylem, red) 

of three Populus nigra branch samples. Vulnerability values AE12 (), AE50 (), AE88 (), and AE100 

(dashed line) are indicated. Overlap in VCAEs justifies AE sensor mounting on the bark surface of this 

species. 

 

4.5.2 Stress-strain curve: linear versus linear segmented 

 

The use of AE in drought-induced cavitation research is valuable, because AE 

sensors can continuously monitor dehydration, producing entire VCAEs from single 

samples. This is in contrast to, for instance, the hydraulic method, where new sample 

sets per dehydration step have to be collected (Cochard et al., 2013). These different 

samples are then measured and aggregated into a single hydraulic VC (Cochard et 
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al., 2013), but by doing so an error associated to sample variability is introduced, 

which is nonexistent in VCAE. 

 

To benefit from the continuous AE measurements on single samples and to develop 

physiologically meaningful VCAEs, the time axis is replaced by ψx, which is 

considered as the golden standard for plant water status (Sperry et al., 1988a). 

Manual measurements of ψx carried out on the VC-samples are however destructive 

and discontinuous (Scholander et al., 1965), negating the continuous AE 

measurements. We therefore used continuous ψx values, which can be calculated 

from stress-time curves if sufficient ψx measurements are available (Fig. 4.4; De 

Baerdemaeker et al., 2018), or from stress-strain curves (Fig. 4.4). The stress-strain 

approach was first tested on Vitis vinifera L., where a linear relationship was found 

between xylem shrinkage or strain (Δd/di) and ψx (Vergeynst et al., 2015a). However, 

dependent on study species, a distinct breakpoint may occur in this linear 

relationship, making a segmented-linear regression the better determinant to avoid 

over- or underestimation of the actual ψx (Fig. 4.4) (Chapter 2; Hubeau, unpublished 

data). In addition, the slope of the stress-strain curve represents the species’ 

modulus of elasticity in radial direction (E’r) (Eq. 4.2), which is a physiological variable 

that quantifies the magnitude of elastic shrinkage in response to drought stress 

(Irvine & Grace, 1997; Steppe & Lemeur, 2007) and can be used in the assessment 

of the hydraulic response of plants to drought. The breakpoint that is sometimes 

observed in the stress-strain curve can be attributed to the transition from elastic to 

inelastic xylem shrinkage. In P. nigra, P. tremula and the Triticeae tribe species, this 

breakpoint divided the stress-strain curve in two distinct parts, where the first part 

showed a strong increase in ψx per unit xylem shrinkage, followed by a more steady 

increase. This pattern was however reversed in E. suaveolens and O. europaea. For 

the Triticeae tribe species, the breakpoint in the stress-strain curve at -0.89 ± 0.26 

MPa corresponded well with the average ψx in the DC (-0.91 ± 0.26 MPa), marking 

the transition from elastic to inelastic shrinkage. Similar findings were observed in E. 

suaveolens: breakpoint in the stress-strain curve was around -2.37 ± 0.47 MPa, while 

the transition in DC was around -2.42 ± 0.57 MPa. The agreement between 

breakpoint in the stress-strain curve of P. tremula (-1.46 ± 0.33 MPa) and O. 

europaea (-2.23 ± 0.19 MPa), and their respective transition from elastic to inelastic 

shrinkage in DC  (-1.93 ± 0.46 MPa and -3.04 ± 0.51 MPa), was however less 

pronounced. Overall, these results indicate that the elastic water storage in P. 

tremula, and especially in the Triticeae tribe species, is insufficient to buffer 

decreases in ψx, while water released from cavitating vessels has a more substantial 

contribution towards tempering xylem tension, which is also reflected in the lower 

elastic and higher inelastic hydraulic capacitances (Table 4.2). In the tropical and 

Mediterranean species, the capacitively released water from living tissue is often 
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more crucial to buffer ψx and retard cavitation, which translated into higher elastic 

capacitances compared to their inelastic buffering capacity (Table 4.2). For species 

with a distinct linear relationship (V. vinifera in Vergeynst et al. (2015a) and E. 

ivorense in this study), inelastic capacitance was higher than elastic capacitances 

(Table 4.2), but more research is required to verify whether this is a general pattern. 

 

4.5.3 Endpoint determination of the acoustic VC 

 

The challenge in using AE to construct vulnerability curves is determining the 

endpoint of the acoustic VC (Rosner, 2015). It has been shown that AE signals are 

measured beyond full embolism formation, thus exceeding the amount of vessels that 

can cavitate (Wolkerstorfer et al., 2012; Cochard et al., 2013), and that different AE 

sources, such as shrinkage of living cells and fibers, Haines jumps and fracture 

forming are also registered (Vergeynst et al., 2016). Though Tyree et al. (1984) found 

a good correlation between the amount of cavitating vessels and bulk AE signals in 

dehydrating sapwood of Thuja occidentalis, extraction of cavitation-related AE from 

the bulk of signals is still a quest. 

 

Vergeynst et al. (2016) approached the problem by proposing a mathematical 

technique to determine the endpoint of VCAEs (see Materials and Methods – acoustic 

vulnerability curves). This technique still registers excess in AE signals over 

cavitating vessels, but allows demarcating a zone wherein vessels lose their 

functionality. By including xylem anatomy, the amount of vessels can be determined 

per individual branch/stem, verifying whether the amount of cavitated vessels 

coincides with the cumulative amount of AE at the endpoint of the VCAE. 

 

Validating acoustic results is crucial to further promote the use of AE in drought-

induced cavitation research, and to counter statements such as the one that the AE 

method would be more qualitative than quantitative (Cochard et al., 2013). Regarding 

the endpoint determination proposed by Vergeynst et al. (2016) independent support 

was supplied by the method of Nolf et al. (2015), which originally aimed at correlating 

maximum AE activity (or the first derivative of cumulative AE) to hydraulic P50. 

Because hydraulic P50 implies a correct VC endpoint, the close agreement between 

AE50 and hydraulic P50 demonstrates that using the maximum in third derivative to 

quantify the endpoint is valid, because the same AE activity calculation was used in 

both studies (Fig. 4.3). The method of Vergeynst et al. (2016) can hence be 

considered as an improved extension of the method of Nolf et al. (2015), which was 

originally restricted to quantify AE50 and not to construct a delineated VCAE. The 

method of Vergeynst et al. (2016) thus allows to cross reference AE50 against 
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hydraulic P50, and to construct VCAEs that quantitatively depict a species’ vulnerability 

to drought-induced cavitation. 

 

4.5.4 Mass loss versus volumetric water content in desorption curves 

 

Multiple strategies are employed by vascular plants to cope with drought. These 

strategies are unfortunately not all summarized in a species’ vulnerability curve, 

which mainly reflects changes in hydraulic conductivity, but should also consider a 

species’ ability to effectively use water storage buffers to temper decreases in ψx 

(Pivovaroff et al., 2016). By simultaneous measurement of mass loss during AE 

registration of bench-top dehydrating samples, corresponding desorption curves (DC) 

can be constructed from which a species’ hydraulic capacitance (C) can be derived. 

 

Samples can be dehydrated on weight balances with or without attached leaves, 

which implies that the mass loss of leaves plus stem/branch or of solely the 

stem/branch is measured. The leaves plus stem/branch approach supplies data on 

the buffering effect of water present in leaves and the supporting stem/branch, and 

enables assessment of the water storage function of both organs (De Baerdemaeker 

et al., 2018). The disadvantage of this approach is that changes in water content 

strictly related to the branch/stem level cannot be extracted. The two distinct 

capacitive phases of the DC can therefore not be meaningfully transposed onto the 

respective VCAE (Fig. 4.6A, B). When only stems/branches are used, registered mass 

loss will represent the change in water content under decreasing ψx at stem/branch 

level, and is the preferred approach if the ultimate goal is to map a species’ response 

to drought-induced cavitation to be further related to xylem structure and function. 

Values of ψx demarcating the transition from elastic to inelastic shrinkage can then be 

useful transposed onto the VCAE, illustrating the tight coupling between drought 

vulnerability and the effective use of hydraulic capacitance as drought survival 

strategy (Fig. 4.6C-F). Hydraulic capacitance of living cells (Cel) is used to temporarily 

postpone embolism formation, while water released from cavitation (Cinel) acts as a 

second important buffer to temper further decrease in ψx (Vergeynst et al., 2015a). 

 

DCs at stem/branch level can be constructed with mass loss or with volumetric water 

content (VWC) (Fig. 4.6C). Both types of DCs and their derived Cel and Cinel values 

have their relevance in drought-induced cavitation research. VWC DCs quantify the 

absolute amount of water released per volume of sample and per unit decrease in ψx, 

but could be misinterpreted when comparing contrasting species if the time to reach 

complete embolism formation (t100%) is not taken into account. For instance, the 

tropical species E. ivorense and E. suaveolens were characterized by low VWC Cel 

and Cinel values compared to temperate tree species, but water released from these 
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internal reserves contributed longer (higher t100%) to temper decreases in ψx (Table 

4.2, Fig. 4.8). Mass loss DCs retain information on t100%, resulting in higher mass loss 

Cel and Cinel values for species that take a longer time to reach complete embolism 

formation (Table 4.2, Fig. 4.8). Moreover, C values derived from mass loss DCs are 

often used in process-based models to simulate the effect of drought stress on plant 

functioning (Steppe & Lemeur, 2007; Salomón et al., 2017). Sometimes 

normalization of mass loss to VWC via basic wood density cannot be justified, which 

was the case for the Triticeae tribe species in this study. Because of their hollow 

culms, mass loss DCs are recommended for monocot grasses to calculate hydraulic 

capacitance (Fig. 4.6E). 

 

4.5.5 P50 and ρb versus the tripartite method 

 

Xylem water potential corresponding with 50% loss of hydraulic conductivity (P50) and 

basic wood density (ρb) are two widely used functional traits in ecophysiological 

research to assess drought resistance of plant species (Choat et al., 2012; Rosner, 

2017). While P50 provides information on the vulnerability of plants to cavitation 

(Maherali et al., 2004), ρb adds insights on hydraulic capacitance (Chave et al., 2009; 

Anderegg et al., 2016; Jupa et al., 2016). The existence or non-existence of a link 

between both traits can either support the concept of a trade-off between hydraulic 

safety and efficiency (Hacke et al., 2001; Lachenbruch & Mcculloh, 2014; Rosner, 

2017), or reject it (Gleason et al., 2016). A positive correlation between more 

negative P50 and increased ρb can be expected (Rosner, 2017), because an increase 

in wood density likely promotes structural changes in pit membrane porosity by 

affecting the density and arrangement of pit membrane microfibrils in order to avoid 

negative effects associated with drought (Li et al., 2016), trading reduced water 

transport (efficiency) for more mechanical strength against cavitation (hydraulic 

safety). However, Gleason et al. (2016) demonstrated that this trade-off is 

primordially weak across different species, especially angiosperms, and that the link 

between P50 and ρb is not straightforward because species with high wood density 

are not inherently characterized by a better mechanical strength over low wood 

density species (Gleason et al., 2008; Butler et al., 2012). Although this trade-off was 

pronounced in the tropical species E. suaveolens and the Mediterranean species O. 

europaea, the similarity in AE50 and the large divergence in ρb for the two remaining 

tropical species, as well as the spread in AE50 and the small divergence in ρb for the 

temperate and Triticeae tribe species (Fig. 4.8), supports the idea of a weaker trade-

off between both quantities (Gleason et al., 2016). On the other hand, our tripartite 

framework did illustrate a distinct linear relationship between AE50 and t100% and AE50 

and (t b⁄ )h
2 across the contrasting study species (Fig. 4.8), but similar as discussed 
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for the link between P50 and ρb, these tight couplings should be investigated more 

thoroughly to avoid premature conclusions. 

 

Overall, the range in AE50 of our woody study species corresponded with the P50s 

enlisted per climatic region by Maherali et al. (2004), but our tripartite method 

illustrated that a combination of only AE50 and ρb of the study species was sometimes 

inadequate to draw unambiguous conclusions about their response to drought-

induced cavitation. It is true that AE50 alone was sufficient to classify O. europeae as 

the most and M. domestica as the least drought resistant species, but ρb of M. 

domestica was in the same order of magnitude as ρb of P. tremula and P. nigra which 

were characterized by more negative AE50 values (Table 4.2), again confirming that 

the range in ρb not necessarily reflects a similar range in AE50 (Fig. 4.8; Gleason et 

al., 2008; Butler et al., 2012). Moreover, the low ρb values of the hollow culms of the 

Triticeae tribe species were not depictive for their vulnerability to drought-induced 

cavitation, as their AE50s were more negative than those of woody M. domestica and 

light-excluded P. nigra (Table 4.2). 

 

Also the tropical tree species M. eminii would be classified as drought sensitive 

species when only based on AE50 value of -1.9 MPa and low ρb of 302 kg m-3 (Table 

4.2). However, by including the DC analysis and derived hydraulic capacitance 

values, M. eminii demonstrated to effectively delay drought stress by utilizing its vast 

water storage buffer originating from both cavitating vessels and living tissue (Table 

4.2) (Epila et al., 2017). Furthermore, the high vessel area (A) and hydraulic diameter 

(dh) illustrated that the species is characterized by a high hydraulic efficiency (Table 

4.3), allowing it to maintain its rapid growth development under drought stress (Epila 

et al., 2017). 

 

Differences in vulnerability to drought-induced cavitation could be correctly depicted 

using AE50 and ρb in the tropical species E. ivorense and E. suaveolens, with the 

latter being characterized by higher hydraulic safety according to AE50 of -3.88 MPa 

and ρb of 585 kg m-3 (Table 4.2), which is further supported by its higher vessel cell-

wall reinforcement (Table 4.3). But hydraulic capacitance data was needed to 

understand the difference in AE50. E. suaveolens showed a higher Cel, which served 

to temper the decrease in ψx up to the onset of embolism formation, while E. ivorense 

benefitted from a higher Cinel to postpone further embolism formation (Table 4.2). The 

combination of hydraulic capacitance and AE50 can better describe a species’ 

hydraulic response to drought (Fig. 4.8), and explained in case of Erytrophleum why 

both species can safely operate although having a high vessel area (A) and hydraulic 

diameter (dh) (Table 4.3). By assessing all these parameters, more clarity is shed 

onto these species’ niche differentiation (Gorel, unpublished data). 
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The effect of different water and temperature/[CO2] regimes on the hydraulic 

functioning of the temperate tree species P. tremula seemed at first glance quite 

insignificant based on the small, non-significant variation in AE50 and ρb, which was 

also related to small differences in hydraulic capacitance and wood anatomy, with 

elevated conditions having the highest Cinel and lowest A and dh. (Table 4.2 and 4.3). 

This serves as a perfect example of why static values might be insufficient to reveal 

the complete story, and how entire VCs and DCs can fill important knowledge gaps. 

Assessment of the entire VCs showed that P. tremula WE was the most drought-

sensitive species, because it showed the steepest increase in vulnerability following 

the onset of embolism formation, and the shortest timespan until complete embolism 

formation (t100%) (Table 4.2) (Hubeau, unpublished data), which was further 

supported by a high degree of vessel grouping (Vg) (Table 4.3). Even though the 

elevated atmospheric conditions resulted in a higher Cinel for P. tremula, analysis of 

DC dynamics showed that the water storage buffer was inadequately used as it only 

became substantial around 50% cavitation, while Cinel became substantial at the 

onset of embolism formation for P. tremula grown under ambient atmospheric 

conditions (Hubeau, unpublished data). Increasing temperature and [CO2] resulted in 

less hydraulic safety, especially in the well-watered treatment, a low benefit from 

hydraulic capacitance to delay drought stress, and a reduced hydraulic efficiency 

(Table 4.3), highlighting the important impact of climate change on the hydraulic 

functioning of this species (Hubeau, unpublished data). 

 

For the Triticeae tribe species, values of AE50 showed that S. cereale ‘Duikermax’ as 

the most and ×Triticosecale ‘Dublet’ as the least drought resistant species (Table 

4.2). It was again only after including hydraulic capacitance in the assessment that 

‘Dublet’ was found not to be as drought vulnerable as depicted by its AE50, because 

the species showed the highest Cel and Cinel (Table 4.2). Furthermore, application of 

AE can be recommended here as a cutting-edge technology to quantify vulnerability 

to drought-induced cavitation, because the hollow culms in these species make 

determination of P50 with the hydraulic method impossible (Degraeve, unpublished 

data). 

 

By integrating the in literature often overlooked properties such as desorption curves, 

hydraulic capacitances, and xylem anatomical measurements, with the more widely 

researched P50 and basic wood density, species can be better mapped in their 

hydraulic response to drought. The proposed tripartite method that combines data on 

embolism formation, capacitive water release, and anatomy is valuable as tool to 

provide a comprehensive picture of drought hydraulic strategies used by contrasting 

species, and can be readily applied as screening method to generate traits that, 
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when incorporated in process-based models, will improve the accuracy with which 

the responses to climate change can be predicted. 

 

 

4.6 Conclusion 

 

The hydraulic architecture of plants and its plastic adaptation to drought is versatile, 

and inter- and intra-species unique. Understanding the impact of drought on 

hydraulic functioning is key in assessing how plants will cope and survive the 

anticipated scenarios of climate change. Relying only on 50% loss in hydraulic 

conductivity and/or basic wood density is often insufficient to comprehend species’ 

complex drought responses. The proposed tripartite method that combines acoustic 

data on embolism formation, capacitive water release from desorption curves and 

wood anatomical traits serves as low-cost and reliable diagnostic tool to 

comprehensively map and screen a species’ drought sensitivity. Acoustic 

vulnerability includes data on hydraulic safety adaptations, while hydraulic 

capacitance quantifies the amount of water released from living tissue (elastic 

capacitance), or during cavitation (inelastic capacitance), and can be used to delay 

detrimental effects of dehydration. The acquired VCAEs and DCs point to the 

existence of a tight coupling in hydraulic architecture, with elastic capacitance 

contributing to a strategy of coping with mild levels of drought stress, and inelastic 

capacitance kicking in when drought becomes more substantial. Xylem anatomy 

provides data on xylem structural differences to further underpin acoustic and 

hydraulic capacitance results. The tripartite method thus aims at providing the 

underlying physiological link between xylem vulnerability to embolism formation, 

hydraulic capacitance and xylem structural changes to better understand the 

versatility in drought survival strategies employed by contrasting species. 
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5.1 Abstract 

 

Acoustic emissions (AE) have been used since the late 1960’s in drought-induced 

cavitation research as a non-invasive and continuous method to assess the effect of 

drought on plant physiology. Over the last couple of years, the AE technique has 

further improved in AE sensors, data acquisition and analysis systems. Despite these 

recent advancements, it still remains a challenge to extract drought-induced 

cavitation events from the total AE sources registered by the sensors during 

dehydration, which sometimes questions their quantitative use. In quest of a method 

to separate cavitation-related AE signals from other dehydration-related signals, a 

two-year-old potted Fraxinus excelsior L. tree was continuously measured with two 

broadband point-contact AE sensors and simultaneously scanned by X-ray computed 

microtomography (µCT), while being subjected to progressing drought. Machine 

learning was used as a post-processing tool to link visually detected embolism 

formation by µCT with corresponding AE signals. The resulting cavitation-related 

acoustic vulnerability curve (VCAE-C) was compared with the acoustic VC constructed 

from all AE signals (VCAE) and the µCT VC (VCCT). A combination of upper value 

histogram thresholding and linear discriminant analysis (LDA) on the six AE 

parameters amplitude, counts, duration, signal strength, absolute energy and partial 

power in the range 100-200 kHz provided a VCAE-C that was in close agreement with 

the golden standard VCCT, both in time and absolute amount of cavitated vessels. 

Interestingly, also the all-in VCAE closely corresponded to VCCT, illustrating that 

constructing VCs based on all registered AE signals did not compromise the 

quantitative interpretation of the species’ vulnerability to drought-induced cavitation. 

Although machine learning could extract similar amounts of cavitation-related AE as 

µCT, there still is insufficient model-based evidence to conclusively attribute these 

signals as originating from cavitation events. Future research should therefore focus 

on similar experiments with more in-depth analysis of acoustic waveforms. Fast 

Fourier transformation (FFT) could be applied to provide sufficient filtering 

possibilities to remove non-cavitation related AE signals and ultimately increase the 

quantitative strength of AE in drought-induced cavitation research. 
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5.2 Introduction 

 

The strategy adopted by vascular plants to absorb and transport water through their 

conducting xylem tissue during transpiration could be described as brilliant, but lazy. 

Where most other higher species consume energy to take in sufficient amounts of 

water to fuel their metabolism, plants brilliantly developed to follow the basic principle 

of water passively moving from less to more negative water potentials. Consequently, 

xylem vessels and tracheids are well adapted to withstand negative water potentials 

(Tyree & Zimmermann, 2002; Markesteijn et al., 2011), but in drying soil and/or 

atmospheric conditions, the lazy strategy of passively up-taking water comes with the 

risk of cavitation, impairing the xylem conducting system (Sperry & Tyree, 1988). 

Cavitation causes water to be pulled from the vessel or tracheid and replacing it with 

air, resulting in the formation of emboli (Tyree & Sperry, 1989a). 

 

Embolism formation is accompanied by a sudden and rapid release in tension, 

producing energy waves detectable as acoustic emissions (AE) (Tyree et al., 

1984a,b; Lo Gullo & Salleo, 1991). Milburn & Johnson (1966) were the first to register 

acoustic emissions from a dehydrating leaf petiole, and linked these signals to 

cavitation. The first commercially available AE counter to study AEs in wood was 

developed by Tyree & Sperry (1989b), and both AE sensors and acquisition systems 

have since then been greatly enhanced, allowing to record and analyze time, 

parameter and waveform data of each AE event (Mayr & Rosner, 2011; Wolkerstorfer 

et al., 2012; Vergeynst et al., 2016). Frequently used AE parameters to study wood 

properties are peak amplitude, duration and energy (Beall, 2002a), and when adding 

signal strength and partial power in the range 100-200 kHz (Rosner et al., 2006; Mayr 

& Rosner, 2011; Vergeynst et al., 2016), they have also been classified as important 

parameters related to cavitation. 

 

To quantify drought-induced cavitation, a xylem vulnerability curve (VC) is typically 

constructed, relating loss of xylem water transport capacity to xylem water potential 

(Sperry et al., 1988a). While the majority of techniques to construct VCs are 

destructive and discontinuous creating single VCs from extensive sampling (Cochard 

et al., 2013), the continuous and non-invasive nature of the AE technique allows it (i) 

to develop sample-specific VCs (Chapter 4), (ii) to characterize thin drying wood 

sections (Kikuta, 2003), and (iii) to be used in outdoor applications (De Roo et al., 

2016). This method can therefore be recommended as a valuable diagnostic tool to 

assess drought-induced cavitation. However, aside from the findings reported by 

Tyree et al. (1984b) and Lewis (1987), the assumption that all recorded AEs are 

single cavitation events (Haacs & Blank, 1990) is in most cases invalid (Zweifel & 
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Zeugin, 2008; Wolkerstorfer et al., 2012). Extracting cavitation-related AE is therefore 

deemed necessary but remains challenging as a wide variety of AE sources is 

registered during dehydration, including water loss from other xylem elements such 

as fibers, tracheids and parenchyma (Ritman & Milburn, 1988; Cochard & Tyree, 

1990), mechanical strains (Jackson & Grace, 1994; Rosner et al., 2010), dehydration 

of bark tissue (Kikuta, 2003), nanobubble formation (Schenk et al., 2015), Haines 

jumps (Vergeynst et al., 2016), and macro- and micro-crack formation (Kowalski et 

al., 2004; Vergeynst et al., 2016). Because AEs do not quantify loss of hydraulic 

conductivity in the same way as the hydraulic method, the AE technique has also 

been indiscriminately cited to be more qualitative than quantitative (Cochard et al., 

2013), making extraction of cavitation-related AE from total measured AE even more 

important. 

 

During recent years, X-ray computed microtomography (µCT) has evolved from a 

niche technology (Brodersen et al., 2010) to a more accessible reference technique 

in drought-induced cavitation research (Cochard et al., 2015; Torres-Ruiz et al., 

2015; Choat et al., 2016). Reconstructed µCT images visualize the spatial distribution 

of the linear attenuation coefficient µ of the X-rays within the sample, implying that 

water-filled vessels are grey (high µ) and air-filled vessels black (low µ) on the image 

(Suuronen et al., 2013). The µCT method is therefore capable to non-invasively and 

continuously visualize embolism formation. The technique has tremendously 

increased our understanding of drought-induced cavitation, including (i) resolving 

issues related to artificial VCs of long-vesselled species constructed with indirect 

methods (Cochard et al., 2015), (ii) providing evidence on the controversy of 

embolism refilling under tension (Knipfer et al., 2016; Brodersen et al., 2017), and (iii) 

when vessel dimensions are extracted from which theoretical hydraulic conductance 

can be calculated, translating qualitative percentage cavitation to quantitative 

percentage loss of conductance (PLC) (Choat et al., 2016). 

 

Machine learning has been proven to be an important diagnostics tool for processing 

and analyzing biological data (Swan et al., 2013). Dependent on the intended results, 

machine learning is typically divided into unsupervised and supervised learning. 

Unsupervised learning is used when there is only input data, with as goal to model 

the data structure or distribution to identify hidden patterns in the unlabeled dataset 

(Sathya & Abraham, 2013). Supervised learning additionally requires labels (output 

variables) to establish a mapping function from input to output via algorithms, with as 

goal to approximate the mapping function so that from new input data, output 

variables can be effectively predicted (Sathya & Abraham, 2013). Unsupervised 

learning typically starts with an exploratory procedure, such as principal component 

analysis (PCA), to reduce high-dimensionality data into the variables that contribute 
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the most in clarifying the data distribution, and correlation matrix plots (i.e., 

correlogram) to determine which variables are strongly positively and negatively 

correlated to one another. Histograms and receiver operating characteristic (ROC) 

curves can then be used on the PCA and correlogram results as unsupervised 

learning tools to visualize the underlying data distribution, and demarcate thresholds 

on the data based on the most explanatory variables to extract diverse data patterns  

(Hastie et al., 2009). Supervised learning, such as linear discriminant analysis (LDA), 

which incorporates output variables as labels during data analysis, can be more 

beneficial when specific data needs to be extracted, and more importantly LDA can 

filter out these specific data from future datasets when sufficiently trained. LDA, 

which is a generative model, aims at explaining a categorical dependent variable 

(i.e., label) by the values of normally distributed continuous independent variables 

(McLachlan, 2004), and looks for linear combinations of these variables to explain the 

data of interest (Martinez & Kak, 2001). The benefit of LDA is that variables can be 

fitted efficiently, because obtained parameters are directly computed from simple 

statistics such as average, variance and covariance. Additionally, prior knowledge 

can be easily incorporated in the generative distribution making them suited to be 

used as good classifiers. 

 

To further advance the AE technique as valuable tool in drought-induced cavitation 

research, cavitation-related AEs need to be extracted from the entire sample-specific 

AE dataset. We therefore conducted an experiment consisting out of a combination 

of continuous µCT imaging with machine learning algorithms during AE registration in 

a stem of a progressively dehydrating two-year-old potted Fraxinus excelsior L. tree. 

In the unsupervised approach, we constructed histograms of both cavitation and non-

cavitation datasets, classified by µCT results, and ROC curves of the entire dataset 

using the AE parameters amplitude, counts, duration, signal strength, absolute 

energy and partial power in the range of 100-200 kHz to demarcate thresholds for 

these parameters, which were, according to PCA, most suited for extracting 

cavitation-related AE. LDA on the same six AE parameters was executed as 

supervised learning approach by incorporating the amount of cavitation events 

detected by µCT as labels in both cavitation and non-cavitation datasets. Our specific 

working hypothesis was that if only cavitation-related AE signals, instead of all 

registered AE signals, are used to construct acoustic VCs, they will correspond better 

with the reference VCCT and, hence, improve the characterization of drought-induced 

vulnerability to cavitation of species when using acoustic sensors. 
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5.3 Materials and methods 

 

5.3.1 Plant material and experimental set-up 

 

Ten two-year-old Fraxinus excelsior L. trees were grown in 3 L pots containing a soil 

mixture of peat litter, sand and calcium-magnesium based fertilizers in the 

greenhouse facilities of Ghent University (51°03’10.3”N latitude; 3°42’32.3”E 

longitude). Trees were grown under well-watered conditions for 2.5 months (from 

DOY 68 to DOY 142) during the 2017 growing season. On DOY 139, the tree with 

the most straight stem was selected for the measurement campaign, and replanted in 

a custom-built holder designed to keep the tree straight, centered, and tightly fixed 

during X-ray computed microtomography (µCT) scanning (Fig. 5.1A). The tube 

enclosing the µCT scanning part of the tree was made of carbon fiber 

(CarbonWinkel.nl, Tilburg, The Netherlands), because X-rays can easily penetrate 

through carbon. On DOY 142, the tree was transported to the Centre for X-ray 

Computed Tomography of Ghent University, Belgium (51°01’25.7”N latitude; 

3°44’26.2”E longitude), where the dehydration experiment took place from DOY 142 

till DOY 145. 

 

The tree was first removed from the custom-built holder to wash off the soil mixture, 

exposing the roots to speed up dehydration during scanning. The tree was then re-

inserted into the holder, and the loss in root anchoring countered by filling the excess 

room surrounding the roots with packaging foam. The tree was equipped with two 

broadband point-contact AE sensors with a flat frequency response between 20 and 

1000 kHz (KRNBB-PC, KRN Services, Richland, WA, USA), at a respective distance 

of 14.0 cm upstream (Fig. 5.1, AE1) and 24.3 cm downstream (Fig. 5.1 AE2) from the 

scanning position. The diameter of the tree, measured with an electronic caliper, was 

6.6 mm at the upstream AE sensor (AE1), and 6.3 mm at the downstream sensor 

(AE2). At the position of the AE sensors, a section of bark (0.5 × 1.5 cm) was 

removed with a scalpel to expose the xylem, ensuring a better acoustic coupling with 

AEs originating from cavitating vessels (Mayr & Rosner, 2011). To seal the wound 

and ensure good acoustic coupling, a droplet of vacuum grease (High-Vacuum 

Grease, Dow Corning, Seneffe, Belgium) was applied between sensor tip and xylem 

(Vergeynst et al., 2015a). A compression spring (D22050, Tevema, Amsterdam, The 

Netherlands) in a small pvc tube was then used to press the AE sensors against the 

xylem. To monitor xylem shrinkage, an additional section of bark (0.5 × 1.5 cm) was 

removed between the two AE sensors, the wound was sealed with petroleum jelly to 

prevent evaporation, the initial diameter (6.4 mm) was measured and the point 
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dendrometer (DD-S, Ecomatik, Dachau, Germany) was installed at a distance of 19.2 

cm from the scanning position (Fig. 5.1). 

 

 

Fig. 5.1 Experimental setup of the Fraxinus excelsior L. tree in the custom-built holder with carbon 

fiber tube designed to ensure stable and centered positioning of the tree during µCT scanning (A). The 

tree is equipped with two broadband point-contact AE sensors in a pvc spring-containing holder to 

continuously register AEs from the progressively dehydrating xylem (AE1, AE2), and a point 

dendrometer to continuously register xylem shrinkage. This potentiometer-type of dendrometer was 

selected, as its working principle does not generate a magnetic field, which would otherwise produce 

acoustic interference. 

 

The equipped tree was mounted on the rotation stage of the Environmental µCT 

scanner (EMCT), a custom-built CT scanner (Fig. 5.2) (Dierick et al., 2014). This 

scanner is unique in its operating procedure, because it rotates around the mounting 

stage instead of having a rotating stage, which is the classic setup in most CT 

scanners. Though this comes with the disadvantage that a maximum resolution of 5 

µm can be achieved, the EMCT allows objects to be equipped with sensors, without 

the risk for twisting and winding of cables. Furthermore, the EMCT allows continuous 
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scanning because a full rotation automatically brings the scanner back to its starting 

position, implying that the system can do several subsequent rotations and scans 

without stopping. The detector of the EMCT is a CMOS flat panel with 1316 × 1312 

pixels with a 100 µm pitch, and maximum rotation speed of 12 seconds (Dierick et 

al., 2014). 

 

 

Fig. 5.2 Experimental setup of the Fraxinus excelsior L. tree in the Environmental µCT (EMCT) 

scanner. The EMCT continuously rotates around the stationary tree without the risk for twisting and 

winding of sensor cables. The red circle indicates an aluminum enclosed leaf used for pressure 

chamber measurements to determine xylem water potential. 

 

AE sensors and dendrometer were connected to their respective data acquisition 

systems to enable continuous registration. Dendrometer read-outs were registered 

every minute via a custom-built acquisition board. The AE signals were amplified by 

35.6 decibels (dB) with an amplifier (AMP-1BB-J, KRN Services, Richland, WA, USA) 

and waveforms of 7168 samples length were acquired at 10 MHz sample rate. The 

signals were collected using two 2-channel PCI boards and redirected to the software 
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program AEwin (PCI-2, AEwin E4.70, Mistras Group BV, Schiedam, The 

Netherlands). A 20-1000 kHz electronic band pass filter was applied and only 

waveforms above the noise level of 28 dB were retained (Vergeynst et al., 2016). AE 

sensor installation was validated by the pencil lead break test (Tyree & Sperry, 

1989b; Sause, 2011; Vergeynst et al., 2015b). Each collected AE signal was 

represented by a total of 18 AE parameters (Table 5.1), with AE parameters peak 

amplitude, rise time, counts from peak amplitude, wave energy, and duration from 

peak amplitude describing the shape of the AE signal (Fig. 5.3). Internal clocks of 

dendrometer and AE acquisition systems were also matched with the EMCT to avoid 

differences in time between the datasets. 

 

Table 5.3 AE parameters of AE signals collected with the software program AEwin, 

including their respective abbreviation and unit 

 

AE parameter Abbreviation Unit 

Rise time RISE µs 
Counts from peak amplitude COUN - 
Wave energy ENER 10-14 V2 s 
Duration from peak amplitude DURATION µs 
Peak amplitude AMP dB 
Absolute frequency AFRQ kHz 
Root mean square voltage RMS µV 
Average signal level ASL dB 
Reverberation frequency RFRQ kHz 
Initiation frequency IFRQ kHz 
Signal strength SIGSTRNGTH 10-9 V s 
Absolute energy ABSENERGY aJ 
Partial power 0-100 kHz FREQPP1 % 
Partial power 100-200 kHz FREQPP2 % 
Partial power 200-400 kHz FREQPP3 % 
Partial power 400-800 kHz FREQPP4 % 
Frequency centroid FRQC kHz 
Peak frequency PFRQ kHz 

 

The distance between tree and X-ray source was 27 mm (Fig. 5.2), and the distance 

between X-ray source and detector 364 mm. The approximated voxel size was 7.5 

µm. The tube voltage was 70 kV, the tube power 8.47 W and no additional filter was 

applied. Images taken by the EMCT scanner are projections on a vertical plane that 

visualize the distribution in attenuation of X-rays by the scanned sample. A total of 

7200 projections were taken over six consecutive rotations (1200 projections per 

rotation), with each rotation lasting four minutes, resulting in a total scan run duration 

of 24 minutes. 
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Fig. 5.3 Waveform of a registered AE signal from a dehydrating Fraxinus excelsior L. stem. AE 

parameters peak amplitude, rise time, counts from peak amplitude (several threshold crossings 

indicated with green boxes), wave energy (red) and duration from peak amplitude describe the shape 

of the AE signal. 

 

Between each run the scanner was paused to prevent overheating of the X-ray tube. 

A pause took 6 minutes during daytime runs, and 30 minutes during evening and 

nighttime runs. A total of 15 runs was executed during daytime and 8 runs during 

evening and nighttime, with the exceptions of DOY 142 with 8 daytime runs (scanner 

and tree setup preparation), and DOY 145 with 6 daytime runs (end of experiment, 

including dismantling the set-up). The exposure time per projection was 200 ms, and 

the resulting projections had a size of 1316 × 1312 pixels. The vertical height of the 

µCT scanned section of the tree was 1 mm, consisting of a total stack of 1000 

reconstructed 2D slices, with each slice reconstructed from 1200 projections. 

Reconstructions were automated using a Phyton wrapper for the Octopus 

reconstruction software package (currently distributed by XRE; www.xre.be), which 

http://www.xre.be/
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was used for this reconstruction, and ultimately resulted in a 3D reconstruction of the 

tree (Vlassenbroeck et al., 2007). 

 

During the daytime pauses of the EMCT scanner, measurements of xylem water 

potential (ψx, MPa) were collected with the pressure chamber (Model 1000, PMS 

Instrument Company, Corvalis, OR, USA). Leaves excised for ψx measurements 

were wrapped in aluminum foil for at least one hour to ensure equilibration between 

leaf and stem water potential (Fig. 5.2). During wrapping and excision, AE detection 

was put on hold to avoid noise disturbance. 

 

5.3.2 Processing and linking µCT images to AE signals 

 

The open source software package Fiji for multidimensional scientific imaging was 

used to process the reconstructed 2D µCT cross-sections (Schindelin et al., 2012). 

To partly automate the processing procedure, we used two custom-written Fiji 

macros. The first macro was developed to reduce noise, allowing a better 

comparison between images of consecutive events and runs, by cropping each 

image as close as possible to the contours of the cross section, and median filtering 

the cropped images in the z-direction (5 images) (Fig. 5.4). The second macro was 

used to compare µCT images, by first re-positioning the images (function bUnwarpJ) 

to match their contours (Arganda-Carreras et al., 2006). The function ‘image 

calculator’ created a differential output between the two images, resulting in an image 

consisting of the absolute values of the difference in corresponding pixels. The larger 

size of vessels over other xylem elements results in high absolute differences in 

corresponding pixels during the transition from water-filled vessels (grey pixel area on 

µCT image) to cavitated vessels (black pixel area on µCT image) between two 

consecutive µCT images. The function ‘Find Maxima’ traced differences with 

absolute values higher than the manually entered lower limit threshold, in order to 

differentiate between cavitation events and noise. Based on the approximated voxel 

size of 7.5 µm, the reduced noise by the first Fiji macro and the large size of the ring-

porous vessels, a lower limit of 30 was set as noise level, which was adequate to 

only segment cavitated vessels. The region of interest (ROI) manager of Fiji will 

automatically indicate the position of the ‘Find Maxima’ retained cavitated vessels, 

number them and save their coordinates. 
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Fig. 5.4 Schematic representation of how µCT images were processed and linked to AE signals. The 

left graph illustrates how cavitation (red, %) spreads throughout 2D µCT cross-sections of Fraxinus 

excelsior L. as function of time (days). One stack consisting of 1000 2D µCT cross-sections resulted 

from reconstruction of 1200 projections collected over a time period of 4 minutes (event). Scans were 

consecutively taken over 24 minutes, resulting in one total scan run consisting of 6 events (i.e., 0-

1200; 1200-2400; 2400-3600; 3600-4800; 4800-6000; 6000-7200; note that the amount of projections 

per event are vertically displayed). A break was included between each run, and lasted 6 minutes 

during daytime runs and 30 minutes during evening and nighttime runs. The right graph shows the 

amplitude (dB) of all AE signals registered by sensor AE1 (closest to the scanning position) during 

progressive dehydration of the Fraxinus excelsior L. tree (time, days). Each dot in this graph 

represents the amplitude of one AE signal collected during dehydration. For each event and for the 

breaks between runs, µCT images were compared and analyzed for their total amount of visually 

detected embolisms (red numbers), which totaled 457 at the end of the experiment. AE signals were 

grouped according to the time spans where cavitation was detected or not detected, which resulted in 

132 cavitation and non-cavitation AE datasets.  

 

For each event and for the breaks between runs, 50 mid-centered 2D slices were 

extracted from the total stack (1000 2D slices), combined and reconstructed into 

single µCT images, which were pairwise compared and the amount of visually 

detected embolisms quantified by the Fiji macro (Fig. 5.4). Each time a cavitation 

event was detected, the start and end time of the projections used to build the 
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corresponding µCT images were determined, resulting in a timespan for which 

corresponding AE signals registered by sensor AE1 (closest to the scanning position) 

were extracted and divided into separate AE cavitation datasets (Fig. 5.4). Also the 

start and end time of the projections where no cavitation was detected in consecutive 

events, breaks and runs were determined, resulting in a timespan corresponding to 

the non-cavitation AE datasets (Fig. 5.4). At the end of the experiment, µCT 

registered 457 cavitated vessels, for which the AE1 signals were divided into 132 

cavitation and non-cavitation datasets (Fig. 5.4). 

 

5.3.3 Unsupervised and supervised machine learning 

 

To determine which AE sources are coupled to cavitation events, the underlying 

distribution in recorded AE signals of sensor AE1 (closest to the µCT scanning point) 

was determined via principal component analysis (PCA) based on the 18 parameters 

describing each AE signal (Table 5.1), and was visualized by combining individual 

and variable factor map plots with the R package FactoMineR (Fig. 5.5; Lê et al., 

2008). With a total of 25901 registered AE signals, PCA illustrated that the vast 

majority of this amount was present within a large cluster, while a lower amount of 

signals were separated from the cluster as apparent outliers (Fig. 5.5). Because µCT 

detected a total of 457 cavitation events, PCA indicated that these outliers were most 

likely the AE source related to cavitation. In addition, the correlogram of the 

correlation matrix between the 18 AE parameters was constructed to visualize the 

underlying correlations in order to decide which AE parameters were sufficiently 

related to another to be used as variables in the further extraction of cavitation-

related AE. 

 

PCA indicated that outliers in AE signals that were distinctively separated from the 

major cluster (Fig. 5.5) mainly followed the direction of the AE parameters 

ABSENERGY, DURATION, SIGSTRNGTH, COUN, and AMP (Table 5.1). These 

parameters were positively and best (length of the arrows) correlated with the first 

principal component explaining 22.06% of the data distribution. The correlogram also 

illustrated that AE parameters ABSENERGY, DURATION, SIGSTRNGTH, COUN, 

and AMP were positively correlated among themselves (blue gradient) (Fig. 5.6). The 

AE parameter FREQPP2 was negatively and well correlated with the second 

principal component explaining 21.90% of the data distribution (Fig. 5.5), and 

negatively correlated to mainly AE parameters AMP and COUN (red gradient) 

(Fig. 5.6). Because Vergeynst et al. (2016) indicated FREQPP2 as important in 

clustering cavitation-related AE, and to establish a link between parameters 

describing the shape of the AE signal and its frequency spectrum, FREQPP2 in 

addition to ABSENERGY, DURATION, SIGSTRNGTH, COUN, and AMP were 
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selected for the consecutive machine learning steps to extract cavitation-related AE 

from the total measured signals. 

 

 

Fig. 5.5 Individual AE signals (red) and AE parameters (black arrows) factor map of the principal 

component analysis (PCA) executed on the entire AE dataset registered by sensor AE1 on Fraxinus 

excelsior L. during dehydration. Outliers separated from the major cluster correspond best with the 

amount of cavitation detected by µCT (457). AE parameters ABSENERGY, DURATION, 

SIGSTRNGTH, COUN, and AMP (Table 5.1) are correlated with the first dimension explaining 22.06% 

of the data distribution, and AE parameter FREQPP2 (Table 5.1) negatively correlated with the second 

dimension explaining 21.90% of the data distribution. 

 

Histograms of these six AE parameters were constructed for five randomly selected 

(from the total of 132) cavitation and non-cavitation AE datasets. With PCA pointing 

in the direction of AE signals with the highest values in these six AE parameters as 

possible sources for cavitation (outliers Fig. 5.5), an upper level histogram threshold 

was calculated for each of the six AE parameters. The idea behind this approach is to 

determine a threshold value per AE parameter and per AE dataset that extracts the 

same amount of AE signals as cavitation events registered by µCT from the AE 

datasets. To obtain a static histogram threshold value per AE parameter that can be 

used to distinguish cavitation from other AE sources over the entire AE dataset, the 

thresholds values per AE parameter over the 5 randomly selected cavitation AE 

datasets were averaged. 
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Fig. 5.6 Correlation matrix correlogram of the 18 AE parameters describing AE signals extracted from 

the entire AE dataset registered by sensor AE1 on Fraxinus excelsior L. during dehydration. AE 

parameters ABSENERGY, DURATION, SIGSTRNGTH, COUN, and AMP (Table 5.1) are positively 

correlated amongst themselves (blue gradient), and AE parameter FREQPP2 (Table 5.1) negatively 

correlated with COUN and AMP (red gradient). 

 

Because determining histogram thresholds per AE parameter for the 132 separate 

AE datasets is too cumbersome, receiver operating curves (ROC) were constructed 

to determine which AE parameter yielded the most promising threshold on the entire 

AE dataset. With the interest in distinguishing cavitation-related AE from other 

sources, a two-class prediction problem can be considered in this case, in which the 

outcomes are labeled either as positive (cavitation) or negative (non-cavitation). This 

means that there are four possible outcomes, but for the construction of the ROC 

curve only the true positive (i.e., the outcome from the prediction and the actual value 

is cavitation, TP, y-axis) and false positive (i.e., the outcome from the prediction is 

cavitation and the actual value is non-cavitation, FP, x-axis) rate are required. For 

each AE parameter, the TP versus FP rate directly results from analyzing how many 

AE signals are considered cavitation in cavitation AE datasets (TP) from how many 

AE signals are considered cavitation in non-cavitation AE datasets (FP) for different 

static AE parameter thresholds or cut points. The first cut point in the ROC curve is 

the maximum value of each AE parameter over the entire dataset, typically resulting 

in only a TP rate, but too strict of a cut point to filter out all the registered cavitation 
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events according to µCT. Therefore, each maximum cut point is gradually cut back 

and the amount of AE signals in the cavitation and non-cavitation datasets is 

compared to the total amount of cavitation events detected by µCT. The most suited 

AE parameter to threshold the AE dataset to extract cavitation-related AE is 

determined as the one for which the ROC curve stays as close as possible to the y-

axis for the most stringent cut-points (i.e., as far as possible from the first bisector) 

and then deflects horizontally when the total amount of cavitation events registered 

by µCT (457) is reached. 

 

Linear discriminant analysis (LDA) was used as supervised machine learning 

approach to tackle the AE classification problem. The most straightforward strategy 

to tackle such a problem is to model the probability of an instance having a certain 

label given the feature vector x: P(Y = y ∣ X = x), which is called the posterior 

probability. Labeling an instance is done by assigning it the highest posterior 

probability, and if the posterior is modeled directly, it is known as the discriminative 

approach (e.g., logistic regression). Using Bayes' rule, the posterior probability can 

be rewritten as (Eq. 5.1): 

 

 P(Y = y ∣ X = x)=
P(X = x ∣ Y = y) P(Y = y)

P(X = x)
 (Eq. 5.1) 

 

with P(X = x ∣ Y = y) the likelihood of observing a feature vector x in an instance with 

a label y, P(Y = y) the prior of sampling an instance with a label y, and P(X = x) the 

evidence or the probability of encountering an instance with this particular feature 

vector. Note that it is not necessary to explicitly compute this last term, as it is 

independent of the label. The label with the highest (arg max ()) posterior probability 

(y*) is predicted for a given feature vector x (Eq. 5.2): 

 

 y*= arg max
y
 P(Y = y ∣ X = x) (Eq. 5.2) 

 

In generative models that generate both input and output variables, it is the likelihood 

and the prior that are modeled using the training data, in contrast to the posterior in 

the discriminative approach. The posterior probability is then only computed 

afterwards, using Bayes' rule. As the term generative implies, one can generate 

feature vectors associated with a given label. In practice, the model of the likelihood 

often does a poor job of modeling the conditional feature distribution, but can 

nevertheless give rise to good predictions using Eq. 5.2. LDA is an example of a 

simple generative model, where every class is modeled by a normal distribution with 

the same covariance structure. In case of a binary classification problem, the features 
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of the first class are distributed as N(μ
0
,Σ) and of the second class as N(μ

1
,Σ), with μ

0
 

and μ
1
 the respective expected value of the feature vector within a class and Σ the 

covariance matrix. The log-posterior of LDA also gives rise to a linear model. 

 

In this study, μ
0
 represents the expected value of a feature vector of a measurement 

that is not a cavitation event and μ
1
 the expected feature vector of a feature vector 

associated with a cavitation event. Both are assumed to have the same covariance 

structure Σ. We have estimated μ
0
 and μ

1
, by taking a weighted average over the 

averages feature vector of each dataset. For μ
0
 and μ

1
, the weight for each data set 

is the number of non-cavitation and cavitation events, respectively, that were 

detected in a dataset. The global covariance matrix was computed in a similar way, 

after which a probability was attributed to each registered AE signal based on the 

weights calculated by the LDA model. 

 

LDA probabilities were summed for each AE dataset and the resulting sum was 

indicative for the expected number of AE signals classified as cavitation-related (e.g., 

LDA on AE dataset 8 resulted in 44 cavitation-related AE). These were then used to 

construct the acoustic vulnerability curve. To determine whether the probability 

outcomes of the LDA model were suited to threshold the entire AE dataset, a ROC 

curve was constructed with the cut points representing a gradual decrease in 

maximum LDA probability. 

 

To tackle the over- and underestimation of the LDA model in extracting cavitation-

related AE compared to the amount of visually detected cavitation events by µCT, an 

additional filtering was applied that combines knowledge of the LDA model output 

with upper level histogram thresholding on the six AE parameters AMP, COUN, 

DURATION, SIGSTRNGTH, ABSENERGY and FREQPP2. To this end, the number 

of cavitation events detected by µCT and retained by the LDA model were compared 

in each AE dataset. Dependent on whether the LDA model resulted in over- or 

underestimation, a different approach was used, illustrated here by example: (i) AE 

dataset 8 resulted in an overestimation of 44 LDA cavitation events against 29 µCT 

cavitation events. The 44 AE signals with the highest LDA probabilities were 

extracted from dataset 8, after which for each of these 44 AE signals, the signals with 

the 29 highest values in each of the six AE parameters were determined. The 

minimum value of the 29 AE signals per AE parameter was calculated, resulting in six 

values, and set as additional thresholds to lower the overestimation of the LDA 

model, which for dataset 8, resulted in 28 cavitation events. (ii) AE dataset 123 

resulted in an underestimation of 1 LDA cavitation event against 12 µCT cavitation 

events. The AE signals of dataset 123 with the 12 highest values in each of the six 

AE parameters were again determined, the minimum value of the 12 AE signals per 
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AE parameter calculated, and set as additional thresholds to negate the 

underestimation of the LDA model, which, for dataset 123, resulted in 12 cavitation 

events. 

 

5.3.4 Wood anatomy 

 

A wood sample of ~5 cm in length was taken from the scanned section, and included 

the marked position of scanning to perfectly match µCT images with the anatomical 

cross-section. The sample was preserved in a mixture of 70% ethanol (99%), 15% 

deionized water and 15% glycerol. A 35 µm thick cross section was cut from the 

sample at the exact point of scanning with a sliding microtome (Hn-40, Reichert-

Jung, Saarland, Germany) at the Department of Biology, Ghent University. The cross 

section was stained for 15 minutes with 0.5% w/v astra blue, 0.5% w/v chrysoidine, 

and 0.5% w/v acridine red and mounted in euparal after dehydration in isopropyl 

alcohol. Images were captured using a Nikon Ni-U epifluorescence microscope 

equipped with a Nikon DS-Fi1c camera (Fig. 5.7). 

 

 

Fig. 5.7 Epifluorescence (left) and stained (right) 35-µm thick cross-section of a two-year-old Fraxinus 

excelsior L. stem at the µCT scanning point showing from inward to outward pit, xylem, cambium and 

bark. The cross section had a total of 1100 vessels. Scale bar = 1 mm. Credit Dr. Olivier Leroux 
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Anatomical analysis was restricted to manually counting the amount of xylem vessels 

on the cross-section with the image analysis software Fiji, for which both the 

epifluorescence and stained cross-section could be adequately used. A total of 1100 

vessels were obtained from the cross-section and was used to translate the amount 

of cavitated vessels derived from the µCT images to percentage cavitation. 

 

5.3.5 Acoustic and µCT vulnerability curve 

 

A total of 25901 AE signals were registered by sensor AE1 and 90416 by sensor 

AE2, which were per sensor cumulated over the measurement period and averaged 

over 10 minutes. The endpoint of the acoustic vulnerability curve (VCAE) is normally 

determined via the local maximum of the third derivative of cumulative AE (Vergeynst 

et al., 2016), but because not all vessels were embolized at the end of the 

dehydration experiment (Fig. 5.8B), the VCAE endpoint was determined by comparing 

the total amount of vessels in the anatomical cross section (Fig. 5.7) with the amount 

of native embolized vessels at the start of the experiment (Fig. 5.8A), and the amount 

of non-embolized vessels at the end of the experiment (Fig. 5.8B). Correct 

determination of non-cavitated vessels on the µCT image was facilitated by the 

anatomical cross-section, which perfectly matched with the µCT scanning point. 

Fraxinus excelsior L. had a total of 1100 vessels, of which 541 were natively 

embolized, and 102 were not cavitated at the end of the experiment. 

 

 

Fig. 5.8 µCT image of Fraxinus excelsior L. at the start of the dehydration experiment (A), and at the 

end of the dehydration experiment (B). Native embolized vessels (A), and non-embolized vessels are 

highlighted in red (B). Resolution = 7.5 µm. 
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Because complete embolism formation was not reached at the end of the 

dehydration experiment (Fig. 5.8B), all registered AE signals had to be used in 

constructing the VCAE. The amount of native embolized vessels were included in the 

translation of absolute cumulative AE to percentage cumulative AE (%) following the 

assumption that VCs start from a fully hydrated condition (Cochard et al., 2013). 

Cumulative AE of the not completely dehydrated Fraxinus excelsior L. tree was thus 

translated to percentage cumulative AE by rescaling between 0 and 91% (i.e., 

(541+457/1100)*100). For the dataset derived from sensor AE1, two additional VCAEs 

were constructed: one using the LDA model output, and one using the combination of 

LDA model output with upper level histogram thresholding to extract cavitation-

related AE (VCAE-C). The LDA model extracted 518 cavitation-related AE signals, and 

the combination of LDA and histogram thresholding 458. Signals were cumulated 

over the measurement period, averaged over 10 minutes, and for LDA rescaled from 

0 to 96% (i.e., (541+518/1100)*100) and for LDA + histogram thresholding from 0 to 

91% (i.e., (541+458/1100)*100). The amount of embolism formation derived from the 

µCT scans was used to construct a µCT vulnerability curve (VCCT), which was also 

averaged over 10 minutes and rescaled between 0 and 91% to obtain percentage 

cavitation (%). 

 

The time axis of the different VCs was replaced by a continuous xylem water 

potential axis using the stress-strain curve. In this curve, point measurements of 

xylem water potential or stress (ψx, MPa) are plotted against xylem shrinkage or 

strain (Δd/di, µm mm-1) measured with the dendrometer (Fig. 5.9). A segmented-

linear regression between ψx point measurements and continuous Δd/di with two 

breakpoints was obtained with the segmented R package (Muggeo, 2008) (Fig. 5.9). 

The three linear regression equations were used to calculate the continuous xylem 

water potential values. 
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Fig. 5.9 Stress-strain curve (black, open circles) between point measurements of xylem water 

potential (MPa) and xylem shrinkage (Δd/di, µm mm-1) of Fraxinus excelsior L. during dehydration. The 

segmented-linear regression with two breakpoints (black and red dashed line) divided the dataset in 

three linear regressions with their own equation and R2 (black, red, and grey) from which continuous 

xylem water potential was calculated. 

 

5.3.6 Statistical analyses 

 

A smooth.spline function in the stats library in R software was fitted to the 

vulnerability curves (RStudio version 1.1.419 - © 2009-2017 RStudio, Inc.). Drought 

vulnerability values such as the onset of cavitation (ψx at which 12% of cavitation-

related AE and µCT occur; AE12/CT12), 50% embolized (ψx at which 50% of 

cavitation-related AE and µCT occur; AE50/CT50) and full embolism (ψx at which 88% 

of cavitation-related AE and µCT occur; AE88/CT88) were determined (Domec & 

Gartner, 2001). Differences in VCs were quantified using the absolute difference in 

percentage cavitation compared to the reference µCT VC. 
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5.4 Results 

 

5.4.1 All-in VCAE 

 

The VCAEs constructed from all AE signals measured by sensor AE1 and AE2 were 

similar in shape, with AE2 registering almost four times more signals (Fig. 5.10). 

Values obtained from VCAE2, especially AE50, were shifted to higher values of 

vulnerability to drought-induced cavitation (Table 5.2). 

 

Table 5.2 Vulnerability to cavitation values for F. excelsior L. derived from the 

acoustic vulnerability curve (VCAE) of sensor AE1 and of sensor AE2  

 

Vulnerability value (MPa) AE1 AE2 

AE12 -1.04 -0.90 
AE50 -2.59 -2.17 
AE88 -5.12 -5.08 

Water potential at 12, 50 and 88% cumulative acoustic emissions for F. excelsior L. (AE12, AE50 and 

AE88) of sensor AE1 and sensor AE2 

 

 

Fig. 5.10 Acoustic vulnerability curve (VCAE) of F. excelsior L. during dehydration registered by sensor 

AE1 (red) and sensor AE2 (black). Vulnerability values AE12 (), AE50 () and AE88 (dashed line) are 

indicated. LDA model outputs for cavitation datasets 8, 69 and 120 () (Table 5.3), extracted from 

Fig. 5.12, are also shown. 
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5.4.2 Histograms and ROC curves 

 

Histogram plots of the AE parameters AMP, COUN, DURATION, SIGSTRNGTH, 

ABSENERGY, and FREQPP2 for both the cavitation and non-cavitation AE datasets 

showed that the upper level thresholds values of these parameters were most often 

associated with the cavitation events recorded by µCT (Fig. 5.11).  

 

Histograms in the first five rows were extracted from non-cavitation datasets (red), 

while the last five rows represent cavitation datasets, where in each histogram non-

cavitation AE signals (red) are distinguished from cavitation AE signals (green) by 

looking for AE signals with the highest values in each of the six AE parameters in 

agreement with the amount of µCT-registered cavitation events. However, the 

resulting thresholds varied depending on the examined cavitation dataset, and were 

not uniformly distributed. The average threshold for each parameter (dashed line) 

was calculated by averaging the threshold values over the five histograms shown for 

the cavitation datasets (green), but because this average threshold sometimes 

includes AE signals from non-cavitation datasets and sometimes neglects AE signals 

from cavitation datasets, a static threshold on these six AE parameters lacked 

sufficient accuracy (Fig. 5.11). 

 

A static threshold based on the ROC curves of the AE parameters AMP, COUN, 

DURATION, SIGSTRNGTH, ABSENERGY, and FREQPP2 for the entire AE1 

dataset could not be determined (Fig. 5.12). The ideal threshold is defined by a ROC 

curve that first stays as close as possible to the y-axis at the start (i.e., as far as 

possible from the first bisector, dashed line in Fig. 5.12) to then deflect horizontally 

when the total amount of cavitation events registered by µCT is reached (457, dotted 

line). In our study, all ROC curves have quite similar shapes, showing no distinct 

deflexion points. Because the FREQPP2 ROC curve is farthest away from the first 

bisector, thresholding on this parameter would be most successful to extract 

cavitation-related AE (Fig. 5.12), but the lack of a clear deflection point results in too 

much uncertainty, implying that a FREQPP2 static threshold at the 457 dotted line is 

insufficient to verify whether retained signals are indeed related to cavitation. 
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Fig. 5.11 Histograms of the AE parameters AMP (amplitude, dB), COUN (counts, -), DURATION 

(duration, µs), SIGSTRNGTH (signal strength, nVs), ABSENERGY (absolute energy, aJ) and 

FREQPP2 (partial power in the range 100-200 kHz, %) for non-cavitation AE datasets (first 5 rows) 

and cavitation AE datasets (last 5 rows). Retained AE signals in cavitation datasets based on upper 

level histogram thresholding corresponding to the amount of cavitation registered by µCT are 

highlighted in green, and non-retained AE signals in both datasets in red. The black dashed line 

indicates the average threshold value for each parameter, with scaling adjusted in the case of outliers. 
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Fig. 5.12 ROC curves of the AE parameters AMP (red), COUN (green), DURATION (blue), 

SIGSTRNGTH (grey), ABSENERGY (black), FREQPP2 (orange) (Table 5.1) and linear discriminant 

analysis (LDA) model (purple) established for the AE dataset of sensor AE1. FREQPP2 and the LDA 

model produced the best ROC curves, because they were farthest away from the first bisector 

(dashed line) and closest to the amount of cavitation events registered by µCT (457, dotted line). 

 

5.4.3  LDA model 

 

To determine which AE signals were related to cavitation events, the LDA model was 

used with the six AE parameters AMP, COUN, DURATION, SIGSTRNGTH, 

ABSENERGY, and FREQPP2 from the 132 AE datasets and the corresponding µCT 

cavitation events as labels (Fig. 5.13). For each AE signal in the different datasets, 

LDA assigned a probability between 0 and 1. Per dataset, the cumulative sum of 

these probabilities (predicted number of events) was calculated and compared to the 

amount of cavitation events detected by µCT (observed number of events). 
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Fig. 5.13 Linear discriminant analysis (LDA) modelling of the 132 AE datasets of sensor AE1 (time-

gradient colored circles), relating LDA-predicted number of cavitation events to µCT-observed number 

of cavitation events. 

 

LDA yielded mixed results in extracting cavitation-related AE: some AE datasets 

resulted in a close match between predicted and observed events, while others did 

not. The difference between predicted and observed events increased in function of 

dehydration time (Table 5.3). LDA yielded promising results for large AE datasets, 

which included a significant number of cavitation events (datasets 8, 69 and 120; 

Table 5.3). These datasets were close to the first bisector (dashed line, Fig. 5.13), 

and corresponded well with the all-in VCAE of sensor AE1 (Fig. 5.10). Furthermore, to 

extract cavitation-related AEs, The ROC curve of LDA was most optimal compared to 

the other six AE parameters (Fig. 5.12). 
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Table 5.3 Number of cavitation events according to X-ray computed 

microtomography (µCT), linear discriminant analysis (LDA) model and LDA with 

upper level histogram thresholding (LDA + histogram) for the 132 AE datasets of 

sensor AE1. Bold values illustrate sufficient cavitation-related AE extraction by LDA. 

 

AE 
dataset 

µCT LDA 
LDA + 

histogram 
AE 

dataset 
µCT LDA 

LDA + 
histogram 

1-2 0-2 0-0 0-2 67-68 1-0 1-0 1-0 
3-4 0-2 0-0 0-2 69-70 76-0 85-5 77-0 
5-6 0-1 1-0 0-1 71-72 1-0 1-1 1-0 
7-8 0-29 0-44 0-28 73-74 1-0 1-1 1-0 

9-10 0-6 10-1 0-4 75-76 1-0 2-1 1-0 
11-12 0-9 2-1 0-10 77-78 1-0 1-6 1-0 
13-14 0-3 0-1 0-3 79-80 33-0 1-2 37-0 
15-16 0-1 9-0 0-1 81-82 28-0 1-5 27-0 
17-18 0-1 1-0 0-0 83-84 1-0 1-3 1-0 
19-20 3-0 1-0 3-0 85-86 4-0 2-3 3-0 
21-22 1-0 0-1 0-0 87-88 1-0 1-1 1-0 
23-24 5-0 1-1 3-0 89-90 1-0 1-1 1-0 
25-26 1-0 1-2 1-0 91-92 1-0 1-16 1-0 
27-28 1-0 1-5 1-0 93-94 5-0 2-3 2-0 
29-30 1-0 1-1 1-0 95-96 1-0 0-2 1-0 
31-32 2-0 1-1 1-0 97-98 1-0 1-3 1-0 
33-34 1-0 1-2 1-0 99-100 1-0 1-14 1-0 
35-36 2-0 0-1 2-0 101-102 1-0 1-0 1-0 
37-38 1-0 0-3 0-0 103-104 32-1 2-4 33-0 
39-40 2-0 1-2 0-0 105-106 0-6 2-1 0-6 
41-42 6-0 2-12 4-0 107-108 0-4 1-4 0-4 
43-44 15-0 4-1 24-0 109-110 0-1 11-1 0-1 
45-46 3-0 1-1 2-0 111-112 3-0 5-4 3-0 
47-48 1-0 5-11 0-0 113-114 1-0 4-10 0-0 
49-50 1-19 1-4 1-23 115-116 2-0 1-1 1-0 
51-52 0-2 4-1 0-1 117-118 1-4 1-5 1-4 
53-54 1-0 4-1 1-0 119-120 0-62 14-73 0-60 
55-56 8-0 1-1 10-0 121-122 0-16 9-0 0-16 
57-58 1-0 5-0 0-0 123-124 12-0 1-0 12-0 
59-60 1-0 1-2 1-0 125-126 2-0 1-4 1-0 
61-62 1-0 1-1 1-0 127-128 1-0 1-1 1-0 
63-64 1-0 5-1 1-0 129-130 1-0 1-8 1-0 
65-66 14-0 1-1 21-0 131-132 1-0 1-7 1-0 

 

Despite these positive indications, LDA probabilities attributed to AE signals were 

generally low (not higher than 0.4). This suggests that LDA might be a first promising 

step towards extracting cavitation-related AE from an acquired AE dataset, yet not 

accurate enough. 

 

5.4.4 Cavitation-related vulnerability 

 

Over- and underestimation of LDA compared to the visually detected amount of 

cavitation events with µCT was tackled by applying an AE parameter-based filter 

wherein upper level histogram thresholding on the six AE parameters was done on 
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separate cavitation AE datasets in case of LDA underestimation, and on LDA model 

outputs in case of LDA overestimation (Table 5.3). The combined LDA and histogram 

filter appeared to be most suited to extract cavitation-related AE from the AE1 

dataset, with the resulting VCAE-C closest resembling the reference µCT VC (VCCT) 

(Fig. 5.14A). 

 

 

Fig. 5.14 (A) All-in vulnerability curve (VCAE AE1, black), cavitation-related VC using LDA (VCAE-C 

LDA, grey), cavitation-related VC using LDA + histogram thresholding (VCAE-C LDA_histogram, red) 

and µCT VC (VCCT) established for the dataset acquired by sensor AE1 on F. excelsior L. during 

dehydration. Vulnerability values AE12 (), AE50 () and AE88 (dashed line) are indicated. (B) 

Absolute difference in percentage cavitation between AE1 (black), LDA (grey), LDA_histogram (red) 

and µCT. LDA_histogram was most efficient in extracting cavitation-related AE. 
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The absolute difference in percentage cavitation to the reference VCCT was over the 

entire dehydration lowest for LDA + histogram VCAE-C, and resulted primordially in an 

overestimation of the amount of visually detected cavitation events by µCT 

(Fig. 5.14B). The LDA + histogram filter extracted cavitation-related AE events was in 

closest agreement with µCT-detected cavitation events both in quantity and over time 

(Table 5.3), resulting in a total of 458 signals detected at the end of dehydration 

compared to 457 viewed on µCT. LDA extracted 518 cavitation-related AE signals at 

the end of dehydration (Table 5.3). Vulnerability-to-cavitation values of the LDA + 

histogram VCAE-C were closely related to those of VCCT (Table 5.4). 

 

Table 5.4 Vulnerability-to-cavitation values for F. excelsior L. derived from the 

acoustic vulnerability curve (VCAE) of sensor AE1, the cavitation-related VC (VCAE-C) 

using LDA, the VCAE-C using LDA + histogram and the X-ray computed 

microtomography VC (VCCT) 

 

Vulnerability value (MPa) VCAE AE1 VCAE-C LDA 
VCAE-C LDA 
+ histogram 

VCCT 

AE12/CT12 -1.04 -1.03 -1.09 -1.13 
AE50/CT50 -2.59 -2.37 -2.42 -2.34 
AE88/CT88 -5.12 -4.61 -4.87 -4.82 

Water potential at 12, 50 and 88% cumulative acoustic emissions (AE12, AE50 and AE88), and 12, 50 

and 88% cavitation (CT12, CT50 and CT88) for F. excelsior L. of sensor AE1, LDA, LDA + histogram and 

µCT. 

 

Interestingly, the all-in VCAE of sensor AE1, though registering a total of 25901 AE 

signals at the end of dehydration compared to the 457 actual cavitation events, 

resulted in an AE50 that only slightly underestimated CT50 with 11% (Table 5.4; 

Fig. 5.14). 

 

 

5.5 Discussion 

 

5.5.1 Extraction of cavitation-related AE to improve VCAE 

 

Supervised LDA with upper level histogram thresholding on the six AE parameters 

amplitude, counts, duration, signal strength, absolute energy and partial power in the 

range 100-200 kHz and µCT scanning to generate labels was successful in 

extracting cavitation-related AE events from the dataset both in quantity and over 

time (Table 5.3; Fig. 5.14). The resulting VCAE-C closely corresponded to VCCT (Table 
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5.4; Fig. 5.13), which is considered the reference to quantify a species’ vulnerability 

to drought-induced cavitation (Cochard et al., 2015). Hydraulic P50 (i.e., xylem water 

potential at 50% loss of hydraulic conductivity) derived from the VC established by 

Lemoine et al. (2001) for 1-3 year-old branches of well-watered 15-20 year-old 

Fraxinus excelsior trees was equal to -3 MPa, which agreed with the CT50-value of 

our 2 year-old stem (Table 5.4). The small difference between the branches and our 

stem might be attributed to the hydraulic segmentation hypothesis that postulates 

that angiosperm trunks/stems (30-40 cm diameter) are between 0.7 and 1.8 MPa 

more vulnerable than branches (8-14 cm diameter) (Johnson et al., 2016). However, 

the close agreement between LDA + histogram VCAE-C and VCCT does not imply that 

cavitation-related AE signals can be readily distinguished from other AE sources, 

because the probabilities of the LDA model attributed to each AE signal were never 

higher than 0.4. To further emphasize this, cumulative probabilities of all AE signals 

in cavitation and non-cavitation datasets were indicative for the amount of µCT 

cavitation events (Table 5.3), but the cumulative probabilities of AE signals extracted 

by the LDA model (i.e., the signals with the highest probabilities according to the LDA 

indicated value) were not, amounting to only 16 cavitation events instead of the 

required 457. Even though additional upper level histogram thresholding on the six 

AE parameters improved over- and underestimation of LDA model output compared 

to µCT cavitation events (Table 5.3; Fig. 5.14), the thresholds were also not 

sufficiently conclusive to extract cavitation-related AE. Uncertainty remains whether 

AE signals with high values of amplitude, counts, duration, signal strength, absolute 

energy and partial power in the range 100-200 kHz are indeed typical characteristics 

of drought-induced cavitation events, because these signals also occur in non-

cavitation AE datasets (Fig. 5.11; 5.12). 

 

AE parameters amplitude, duration, energy, signal strength and partial power in the 

range 100-200 kHz have been associated with cavitation (Rosner et al., 2006; Mayr 

& Rosner, 2011; Vergeynst et al., 2016), but extraction based on static thresholds for 

these parameters will include non-cavitation AE sources (Fig. 5.11; Wolkerstorfer et 

al., 2012). This is a direct result of the AE attenuation properties of wood (Beall, 

2002a), which are known to decrease with ongoing dehydration (Vergeynst et al., 

2015b). AE sources registered at the start of dehydration will be more attenuated 

than at the end, and this attenuation factor is not taken into account when static 

thresholds on AE parameters are used. Setting the threshold too low might include 

non-cavitation-related AE measured at the end of dehydration, and setting the 

threshold too high might neglect the cavitation events at the start of dehydration (Fig. 

5.11; 5.12). Determination of dynamic thresholds varying with time, thus incorporating 

the change in attenuation during dehydration, might enable separation of cavitation-

related from other AE-related sources during dehydration. 
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The all-in VCAE, though constructed from 25901 cumulated AE signals, was closely 

related to VCCT (Fig. 5.14A), both in magnitude and derived vulnerability values 

(Table 5.4; Fig. 5.14B), thus tackling the often misplaced perception of AE being 

more qualitative, which relates to the excess of AE signals over cavitation events 

registered during dehydration (Cochard et al., 2013). Compared to VCCT, this all-in 

VCAE resulted in an AE50 only slightly underestimating CT50 with 11%. Thus 

incorporating all AE signals for F. excelsior did not produce a qualitative, but a 

quantitative VC. This suggests that all AE signals registered during dehydration can 

be used to reliably assess F. excelsior’s drought vulnerability when compared to 

filtered AE methods (Mayr & Rosner, 2011; Wolkerstorfer et al., 2012; Vergeynst et 

al., 2016) or reference techniques (hydraulic and µCT) (Tyree et al., 1984b; Lo Gullo 

& Salleo, 1991; Rosner et al., 2006; Nolf et al., 2015; Vergeynst et al., 2015a). 

 

5.5.2 Significance of sensor installation to extract cavitation-related AE 

 

To reduce the amount of AE signals detected by the sensor not originating from 

cavitating conducting elements, sample length (with respect to maximum vessel 

length) and position of the sensor must be well-conceived (Cochard, 1992). Because 

F. excelsior was dehydrated by exposing the root system, and not by cutting the stem 

(classic way), maximum vessel length was not an issue in our study, and also cutting 

artifacts were avoided (Cochard et al., 2013). However, sensor installation did affect 

the amount of registered AE signals (i.e., 25901 for AE1 vs 90416 for AE2), and 

shifted VCAE2 to a slightly higher vulnerability to drought-induced cavitation (Table 

5.2; Fig. 5.10). The difference in AE registration was attributed to the installation 

position of sensor AE2, which was just below a leafy non-lignified side branch (Fig. 

5.1), and closer to the tree’s foliage than sensor AE1 (i.e., 22.5 cm for AE1 vs 11.7 

cm for AE2). With the frequency of acoustic waves changing on their path through 

the wood towards the sensor (Wolkerstorfer et al., 2012; Vergeynst et al., 2015b), 

less attenuation of AE sources originating from dehydrating leaves and side 

branches was occurring in AE2, resulting in more detected AE signals above the 

noise threshold of 28 dB. 

 

The high attenuation factor of wood, especially at the start of dehydration, will 

significantly influence amplitude, frequency, shape-related and energy-related 

characteristics of registered AE signals (Beall, 2002a). If the effect of distance to the 

AE sensor is not quantified, then any classification approach can include a large 

amount of error. It is recommended that the effect of attenuation and its evolution 

during dehydration is quantified to reduce these errors as much as possible. This 

requires a mapping of the localization area of AE signals originating from the wood 
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sample, which can be achieved by installing multiple AE sensors at known distances 

alongside the wood sample. 

 

However, despite the 71% difference in acquired AE signals between sensor AE1 

and AE2, the VCAEs were similar in shape (Table 5.2; Fig. 5.10). Nonetheless, AE2 

was less suited to identify the cavitation-related signals, because to successfully 

extract cavitation-related AE via machine learning techniques, cavitation to non-

cavitation signal ratio must be maximized. Cavitation to non-cavitation signal ratio 

was already low in sensor AE1 (25444 non-cavitation signals vs 457 cavitation 

signals), and increased in AE2, explaining why resulting histograms, ROC curves and 

LDA (Fig. 5.11-5.13) were not perfect, and showed difficulties in distinguishing 

cavitation from other AE sources. Sensors should therefore be installed at a 

sufficiently large distance from the leaves, and in case cut branches or stems are 

used, also sufficiently far from the open cut end of the sample. 

 

5.5.3 Maximum in third derivative to define the VCAE endpoint 

 

The µCT image taken at the end of the experiment (Fig. 5.8B) showed that 9% of the 

vessels was not embolized. The AE datasets therefore did not include a VCAE 

endpoint, and all registered signals were used to construct the VCAE, and to extract 

cavitation-related AE signals. 

 

In general, the VCAE endpoint is defined by the local maximum of the third derivative 

of cumulative AE (Vergeynst et al., 2016). Because AEs are still recorded after full 

embolism formation due to other AE sources such as water loss from other xylem 

elements such as fibers, tracheids and parenchyma (Ritman & Milburn, 1988; 

Cochard & Tyree, 1990), mechanical strains (Jackson & Grace, 1994; Rosner et al., 

2006), dehydration of bark tissue (Kikuta, 2003), nanobubble formation (Schenk et 

al., 2015), Haines jumps (Vergeynst et al., 2016), and macro- and micro-crack 

formation (Kowalski et al., 2004; Vergeynst et al., 2016), defining the endpoint of 

VCAE remains a difficult and challenging task (Rosner, 2015), but is crucial to derive 

physiologically-meaningful vulnerability values. 

 

Vergeynst et al. (2016) explained in their study that the time of reaching maximum in 

the first derivative or AE activity can be used to define the time interval for calculating 

the third derivative (Fig. 5.15). As maximum AE1 activity occurred after two days, the 

third derivate was calculated with a time interval of 48 hours. Because the resulting 

third derivative kept increasing, the local maximum was never reached for AE1. This 

agrees with the µCT results, which showed that 9% of the vessels were still 

functional when finishing the last CT-scan, and hence indirectly supports the VCAE 
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endpoint determination described by Vergeynst et al. (2016). Furthermore, xylem 

water potential registered at maximum AE activity (AE50 = -2.58 MPa) coincided with 

CT50 (Table 5.4) (see Nolf et al. 2015), and further supports the soundness of 

Vergeynst et al. (2016)’s endpoint determination for VCAE. 

 

 

Fig. 5.15 Average cumulative acoustic emissions (CumAE, red; 10-min averages), first derivative or 

AE activity (CumAEder 1, black; moving window interval: 15 minutes) and third derivative 

(CumAEder3, grey, moving window interval: 48 hours) of F. excelsior L. registered by sensor AE1 

during dehydration. The endpoint of VCAE corresponds to the local maximum of the third derivate. The 

continuous increase in the third derivative indicates that the endpoint is not yet reached. 

 

5.5.4 Future perspectives for cavitation-related AE extraction 

 

Extraction of cavitation-related signals from an AE dataset based on LDA modelling 

and upper histogram thresholding using the parameters amplitude, counts, duration, 

signal strength, absolute energy and partial power in the range 100-200 kHz was 

promising in the sense that the resulting VCAE-C closely corresponded to the 

reference VCCT in F. excelsior L. (Table 5.4; Fig. 5.14). However, the low cavitation 

probabilities attributed by LDA to AE signals hamper the readily extraction of distinct 

cavitation-related AEs from acquired datasets. Multiple combined AE-µCT 

experiments on similar samples (age, species, treatment) can provide the necessary 

training datasets for LDA to better distinguish between cavitation and non-cavitation 

AE sources, and more importantly, for LDA to be able to extract cavitation-related AE 

independent of µCT measurements, even for species for which no previous training 
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datasets were acquired. Experiments should also run beyond the 100% cavitation 

point to confirm that (i) LDA is able to ignore AE signals originating from other 

sources than cavitation beyond this point, and (ii) the technique described by 

Vergeynst et al. (2016) is reliable and robust to determine the VCAE endpoint. 

 

The non-invasive and continuous nature of AE sensors can also be applied to extract 

other physiologically meaningful AE sources from a dataset. Instead of monitoring 

dehydrating plants, the opposite can also be done by acoustically measuring and 

continuous scanning intact and well-watered trees. It has been reported that also 

shrinkage and water loss of fibers, tracheids and parenchyma produce AE (Ritman & 

Milburn, 1988; Cochard & Tyree, 1990; Vergeynst et al., 2016). Given the theory of 

water transport dynamics in plants, this shrinkage pattern occurs on a daily basis in 

well-watered plants, as a result of the time-lag that exists between foliar transpiration 

and root water uptake (Schulze et al., 1985; Steppe et al., 2002). With µCT scanning 

used to validate that no cavitation occurs, parameters of the registered AE signals 

can be analyzed and classified as non-cavitation signals. This subset of AE signals 

can then be removed from acquired AE datasets, hence increasing the cavitation to 

non-cavitation signal ratio, and increasing the efficiency of supervised machine 

learning tools such as LDA to extract cavitation-related AE. 

 

Fast Fourier transform (FFT) waveform analysis can sample AE signals over time 

and divide them into frequency components, which are single sinusoidal oscillations 

at distinct frequencies with their own amplitude and phase. FFT allows for a more 

comprehensive comparison of acoustic waveforms, yielding frequency features that 

could be vital in extracting cavitation-related AE. FFT on acoustic waveforms 

obtained from tensile behavior under external loading in F. excelsior wood 

demonstrated that AE signals resulting from micro- and macro-crack formation could 

be distinguished (Reiterer et al., 2000). Laschimke et al. (2006) distinguished two 

types of AE sources based on waveform shape analysis in dehydrating leaves of 

Ulmus glabra: (i) abrupt disruption of the water column, and (ii) vibration of gas 

bubbles during sap flow. Performing FFT and in-depth analysis on AE waveforms 

using the combination of machine learning and µCT could provide new answers to 

separate different AE sources. Furthermore, AE waveform analysis could supply 

information on the link between vessel size and registered cavitation-related AE 

signals. Ritman & Milburn (1988) already hypothesized and supported the existence 

of an inverse relation between vessel size and main resonance frequency. This could 

provide the solution to transform AE signals to percentage loss of conductivity, 

ultimately addressing the concern of AE being more qualitative than quantitative. 
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5.6 Conclusion 

 

Ever since their first use in drought vulnerability research, acoustic emissions have 

been considered as an interesting but unrefined technique to determine drought-

induced cavitation. The surplus of AE signals registered during dehydration not 

originating from cavitation hinders correct quantitative assessment. Machine learning 

with recorded cavitation events by µCT scans as labels was proposed as a new 

method to extract cavitation-related AE from an AE dataset gathered in a two-year-

old F. excelsior L. tree during progressive dehydration. LDA combined with upper 

level histogram thresholding using the parameters amplitude, counts, duration, signal 

strength, absolute energy and partial power in the range 100-200 kHz was found 

sufficient to extract cavitation-related AE signals that corresponded well with the µCT 

reference ones, but the retained signals were still not readily distinguishable from 

other AE sources. Because AE signal characteristics strongly depend on sensor 

placement, investigated species, characteristics of the individual stem and its 

respective attenuation, performing a detailed analysis of AE during each AE 

experiment will be often too tedious to accomplish. Interestingly, the unfiltered 

acoustic VC constructed from all collected AE signals during dehydration resulted in 

vulnerability values that were in close agreement to the ones derived from the µCT 

VC, hence illustrating for this two-year-old F. excelsior L. tree that the unfiltered AE 

technique is precise enough to determine its vulnerability to drought-induced 

cavitation. Nonetheless, future research must still aim at more in-depth analysis of 

acoustic waveforms and parameters associated with cavitation to develop post-

processing machine learning tools or state-of-the-art AE sensors that can efficiently 

filter cavitation-related AE signals, without the aid of µCT. That way, a major step can 

be taken towards a continuous, reliable and quantitative AE method that can become 

a powerful diagnostic tool in future drought stress experiments.  
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If plants could communicate in the same way as humans do, what would they tell us 

when they are suffering from drought stress? It would definitely make the diagnosis 

more intuitive and the desired treatment more efficient. Sadly their plea remains silent 

to human ears, requiring the need for appropriate methods to translate plants’ 

responses to drought stress. The destructive and labor-intensive hydraulic method 

has stood for decades as the golden reference to assess drought vulnerability, but is 

now being challenged by the acoustic emission technique, a continuous and non-

invasive, but still to-be-refined substitute. In light of predicted climatic changes, 

thorough analysis of the hydraulic method and improvement of the AE technique is 

vital for growers and forest managers to fast and accurately respond to drought 

stress. In this doctoral research, the hydraulic method was analyzed to the bone in 

order to tackle many questions that encircle the technique. The AE method was 

compared against hydraulic results, and tested for its successful implementation as a 

diagnostic tool to detect drought-induced cavitation. Moreover, the AE technique 

brought new physiological insights in woody tissue photosynthesis under drought 

stress. Important steps were taken to develop and promote the comprehensive 

tripartite method in drought-induced cavitation research by integrating acoustic 

emission data on embolism formation, capacitive water release and hydraulic 

capacitance from desorption curves and wood anatomical traits. Finally, attempts 

were made to further refine the AE technique in filtering and extracting cavitation-

related signals from the AE dataset, and further possible improvements were 

highlighted, with the final goal to establish the AE method as a solid, continuous and 

non-invasive method in plant sciences. 

 

 

6.1 General conclusions 

 

6.1.1 Embolism refilling questions hydraulic method reliability 

 

The working principle of the hydraulic method is based on pushing pressurized water 

through cut branches which are subjected to increasing drought stress levels, to 

measure the resulting decrease in hydraulic conductivity (Kh) at the outlet side of the 

branch in order to construct a drought vulnerability curve (VC) relating percentage 

loss of Kh to xylem water potential (Sperry et al., 1988a). The method is considered 

the golden reference technique in drought-induced cavitation research, but the 

vaguely described term of “waiting until stability” to obtain correct Kh values, has 

never physiologically nor theoretically been justified. Because the decrease in Kh 

must reflect the amount of cavitation formed by the imposed drought treatment, it is 

vital in view of predicted climatic change scenarios of increasing drought stress that 
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results of the hydraulic method are reliable, and should therefore be properly 

assessed and validated. The original setup of the hydraulic method was therefore 

expanded to measure inlet Kh, outlet Kh, radial flow from xylem to surrounding living 

tissue and pressure difference (Chapter 2). Theoretical and physiological accurate 

Kh values were obtained at hydraulic steady-state, where inflow equals outflow and 

radial flow is zero, which revealed several implications of the hydraulic method. 

 

Hydraulic steady-state was achieved at timespans well exceeding previously reported 

ones, while the in literature proposed deviation in outlet Kh running mean was 

insufficient to ensure stable Kh readings. This is because the hydraulic method 

assumes a stationary flow through cut branches, negating the principles of dynamic 

water transport in the branch samples, which still play a role. At the start of hydraulic 

measurements, supplied water is redirected to xylem living tissue to compensate cell 

water loss during imposed dehydration, creating an imbalance between inlet and 

outlet Kh that is resolved from the moment living tissue has refilled. The added benefit 

of the expanded hydraulic method resulted in a physiological and theoretical accurate 

determination of Kh, translating into hydraulic steady-state VCs with a strong 

sigmoidal behavior and thus a better depiction of a species’ vulnerability to drought-

induced cavitation (Chapter 2).  

 

The most important implication of the hydraulic method was not the uncertainty 

around reported stable Kh values, but the paradox of using pressurized water to 

determine the impact of drought stress. Water is sent through the branches under 

small positive pressure heads, which were long assumed of being incapable of 

altering the embolized condition of the branch. The expanded setup illustrated that Kh 

increased towards hydraulic steady-state and that xylem tension decreased, shifting 

hydraulic steady-state VCs to less negative water potentials, hence overestimating 

species’ vulnerability to drought-induced cavitation and questioning the reliability of 

the hydraulic method (Chapter 2). X-ray computed microtomography (µCT) 

illustrated that the increase in Kh and decrease in xylem tension were attributed to 

artificial embolism refilling (Fig. 6.1), which is realistic considering the effective use of 

root pressure in refilling cavitated vessels (Tyree & Zimmermann, 2002). In Chapter 

3, artificial embolism refilling by use of the hydraulic method led to the misguiding 

assumption that woody tissue photosynthesis played an important role in restoring 

hydraulic conductivity. 
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Fig. 6.1 Schematic drawing of xylem structure (brown) with pit-membrane-interconnected embolized 

(white) and functional vessels (light blue), surrounded by dehydrated (green + white) and turgid (green 

+ light blue) living cells summarizing the general conclusions of Chapter 2. The pressurized flow of the 

hydraulic method (dark blue arrows) promotes artificial refilling of living tissue and embolized vessels 

(upper image). The acoustic emission sensor does not affect the internal water transport dynamics of 

the dehydrating sample (lower image), continuously registering actual sample-specific embolism 

formation (red explosions). 

 

The hydraulic method has previously been reported of suffering from the observer 

effect (Jansen et al., 2015), with sampling affecting the degree of native cavitation, 

requiring the need for precautions to avoid cutting artifacts which otherwise result in 

artificial emboli (Cochard et al., 2013). The method is also destructive and labor-

intensive, resulting in extensive sampling to produce a single VC (Chapter 1). The 

newly discovered implications have further altered the perception of correctly using 

the hydraulic method and interpreting obtained results, but where the hydraulic 

method falls short, the acoustic emission (AE) technique proved more reliable by 

continuously registering embolism formation on single samples (Fig. 6.1). Therefore, 

techniques such as the pneumatic, optic, and X-ray computed microtomography 

(µCT) method that, similar to the AE technique, do not interfere with dynamic water 

transport are getting increasing awareness to quantify drought-induced cavitation. 
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Dependent on which physiological question needs answering, the advantages and 

disadvantages of these different techniques and those of the hydraulic method must 

be weighed against each other in search for the most relevant and optimal method 

(Table 6.1). 

 

Table 6.1 Comparison of advantages and disadvantages of several methods to 

assess the effect of drought-induced cavitation in plant physiology 

 

Method Pros Cons 

Hydraulic method Standard procedure; direct value 
for conductivity loss (PLC) 

Destructive; circuitous setup 
extensive sampling for one VC; 
artificial embolism refilling; ionic 
effects; clogging by tyloses, gels 
and bacteria; wounding effects; pit 
aspiration; laboratory conditions 

Pneumatic method One sample for one VC; air flow 
strongly related to embolisms; 
rapid measurements, easy and 
inexpensive setup 

Destructive; percentage air 
discharged (PAD) indirect 
measure of PLC; needs 
correlation with PLC; laboratory 
conditions  

Optical method One sample for one VC; dynamic 
visualization of embolism 
formation; easy and inexpensive 
setup 

Destructive; percentage visual 
cavitation indirect measure of 
PLC; needs correlation with PLC; 
laboratory conditions 

µCT method One sample for one VC; dynamic 
visualization of embolism 
formation; non-destructive (can 
measure on intact plants); 

Expensive; laboratory conditions; 
conduit dimension quantification 
required for translation to PLC 

Acoustic method One sample for one VC; easy and 
inexpensive setup; non-
destructive (can measure on 
intact plants); outdoor applications 

Cumulative AE indirect measure 
of PLC; needs correlation with 
PLC 

  

 

The advantageous characteristics of the AE method provided for instance evidence 

that woody tissue photosynthesis might play a substantial role in the synthesis of 

xylem surfactants to stabilize nanobubbles, instead of its presumed role in embolism 

repair according to the hydraulic method (Chapter 3). By preventing woody tissue 

photosynthesis, it is hypothesized that the reduced supply in non-structural 

carbohydrates in living tissue surrounding xylem vessels, is inadequate to produce 

sufficient amounts of surfactants for stabilizing nanobubbles, hence resulting in an 

increased vulnerability to drought-induced cavitation (Fig. 6.2). 
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Fig. 6.2 Schematic drawing of aluminum covered (grey) and non-covered (brown) xylem structure with 

pit-membrane-interconnected embolized (white) and functional vessels (light blue) surrounded by 

dehydrated (green + white) and turgid (green + light blue) living cells summarizing the general 

conclusions of Chapter 3. The higher concentration of non-structural carbohydrates in the living tissue 

of the non-covered sample (top image) resulted in higher production (yellow arrows) of xylem 

surfactants (yellow mantle) stabilizing nanobubbels (white circles) compared to the aluminum-covered 

sample (bottom image). Nanobubbles were more sensitive to lead up to cavitation under less negative 

water potential in the aluminum-covered sample (bottom image), resulting in faster embolism 

formation (red explosions), and a higher vulnerability to drought-induced cavitation. 

 

However, it is important to mention that the theory linking inhibition of woody tissue 

photosynthesis to reduced nanobubble stabilization is still speculative at the moment. 

Other factors might be at play as well to explain the difference in the observed 

vulnerability to drought-induced cavitation. A decrease in internal CO2 concentration 

of the xylem sap is for instance more than plausible as this was indirectly indicated by 

a decrease in CO2 efflux in aluminum covered poplar trees (pers. Comm. Roberto 

Salómon and Linus De Roo). According to Henry’s law, this will result in a decrease 

of sap pH, which can affect pit membrane porosity as a lower pH stimulates an 
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increased water flow by shrinkage of pectin hydrogels in the pit membranes, and thus 

an increase in air-seeding vulnerability. Studies using transmission electron 

microscopy highlighted however that pectins are absent in the fully matured pit 

membrane, and only marginally present in the outermost rim of the pit membrane 

known as the annulus region (Plavcová & Hacke, 2011; Klepsch et al., 2016). So a 

decrease in sap pH is momentarily as speculative as the surfactant theory, but 

emphasizes that different angles need to be investigated in order to unravel the truth 

about the effect of woody tissue photosynthesis inhibition on drought vulnerability.       

6.1.2 AE as worthy substitute of the hydraulic method 

 

The AE technique was originally used for testing and health-monitoring of diverse 

engineering materials, and was only later introduced in plant sciences to detect 

embolism formation (Milburn & Johnson, 1966). Recent developments in AE sensors 

and acquisition systems have brought the technique under renewed attention as an 

important diagnostic tool in drought-induced cavitation research. The acoustic VC 

(VCAE) of Malus sylvestris L. corresponded well with µCT observations (Chapter 2), 

which was recently proposed as the new standard reference method for the 

validation of other techniques (Cochard et al., 2015). With the hydraulic method being 

destructive, labor-intensive, prone to artefacts and embolism refilling, and µCT too 

expensive and cumbersome for routine drought vulnerability measurements, the non-

invasive and continuous AE method is a promising alternative. 

 

To maximize interpretation of AE measurements, broadband sensors (20-1000 kHz) 

with a flat frequency response are recommended to differentiate between sources of 

collected AE signals (Chapter 5). The accessibility of the AE method, owing to its 

easy installation and implementation of sensors and acquisition systems, and 

encourages expanding the technique beyond just vulnerability measurements to get 

more comprehensive insights into plant water dynamics under drought stress (Steppe 

et al., 2015). Therefore a tripartite methodological framework for drought-induced 

cavitation research was proposed in Chapter 4, incorporating continuous weight 

balance measurements to provide know-how on the species’ desorption curve and 

derived hydraulic capacitance, which the plant uses to buffer water shortages, and 

anatomical measurements on xylem structure and function (Fig. 6.3). The linear 

relation between point measurements of xylem water potential and continuous 

measurements of xylem shrinkage or strain with a potentiometer-type dendrometer 

causing no acoustic interference is used to approximate continuous decreases in 

xylem water potential, drastically reducing the cumbersome need for excessive xylem 

water potential readings with the pressure chamber. 
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Fig. 6.3 Schematic drawing of xylem structure (brown) with pit-membrane-interconnected embolized 

(white) and functional (light blue) vessels surrounded by dehydrated (green + white) and turgid (green 

+ light blue) living cells summarizing the general conclusions of Chapter 4. The tripartite method of 

desorption curves to quantify hydraulic capacitance, acoustic vulnerability curves and xylem structure 

anatomy provided comprehensive insights into the internal water transport dynamics in samples during 

dehydration (shrunken sample, bottom image) of a hydrated sample (top image). Continuous weight 

balance measurements register water loss from living tissue and from embolized vessels, which is 

redistributed as hydraulic capacitance (light blue arrows) to functional vessels to temper fast 

decreases in xylem water potential. Acoustic emission sensors register embolism formation (red 

explosions), and xylem anatomy provides information on structure and function of the sample. 

 

The tripartite method was successfully used for secondary growth and primary 

growth vascular species, resulting in a more comprehensive understanding of the 

different adaptations that compromise contrasting species’ drought survival strategy 

(Chapter 4). Acoustic vulnerability depicted the species’ hydraulic safety adaptations, 

while hydraulic capacitance quantified the amount of water stored in living tissue 

(elastic capacitance), and released during cavitation (inelastic capacitance), used to 

postpone negative effects of drought stress. The combined analysis of vulnerability 
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and desorption curves illustrated the existence of the tight coupling in hydraulic 

architecture, with elastic capacitance contributing to cope with mild levels of drought 

stress, and inelastic capacitance acting when substantial drought occurs. Anatomical 

measurements provided further knowledge on xylem structural changes in relation to 

the hydraulic architecture, and helped underpinning acoustic and hydraulic 

capacitance results (Fig. 6.3). The tripartite method is from a physiological point of 

view more complete, because species with high vulnerability are not necessarily 

more drought sensitive if hydraulic capacitance is found to be substantial. 

 

6.1.3 The improvement potential of AE over the hydraulic method 

 

Despite the many advantages of the AE technique, it is often incorrectly referred to 

as a qualitative rather than a quantitative technique as not all AE signals registered 

during dehydration originate from cavitation (Cochard et al., 2013). But because 

cavitation produces AE, the technique can be improved to extract this desired AE 

source, in contrast to the hydraulic method where the core working principle is biased 

by artificial embolism refilling (Chapter 2). State-of-the-art AE data acquisition 

systems provide the required in-depth analysis of AE signals by extracting their time, 

parameter and waveform data (Wolkerstorfer et al., 2012). In Chapter 5, we applied 

the parametrization strength of the AEwin data acquisition system and tried to extract 

cavitation-related AE from the entire AE dataset with machine learning protocols and 

using cavitation events registered by µCT scans as labels. 

 

Linear discriminant analysis (LDA) with upper level histogram thresholding on the AE 

parameters amplitude, counts, duration, signal strength, absolute energy and partial 

power in the range 100-200 kHz successfully extracted similar amounts of cavitation-

related AE as was detected by µCT (Chapter 5). With the vast majority of AE signals 

registered during dehydration, machine learning can provide the missing link to label 

different AE sources, and if sufficiently trained, filter cavitation-related AE without the 

aid of µCT (Fig. 6.4). 
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Fig. 6.4 Schematic drawing of xylem structure (brown) with pit-membrane-interconnected embolized 

(white) and functional (light blue) vessels surrounded by dehydrated (green + white) and turgid (green 

+ light blue) living cells summarizing the general conclusions of Chapter 5. Different AE signals from 

different sources are registered during dehydration, including embolism formation (red explosions), 

living tissue shrinkage (yellow explosions), and crack formation/mechanical strain (pink explosions). 

Combining continuous X-ray microtomography scanning with machine learning is promising in 

extracting cavitation-related acoustic emissions (transition from left to right graph, showing AE signal 

amplitude against dehydration time). 

 

AE sources can be further identified by performing Fast Fourier transformation (FFT) 

on AE waveforms, dividing them into separate frequency components. AE data allow 

for in-depth processing and analysis, therefore the technique can be optimized even 

further, and as such become a powerful diagnostic tool in drought-induced cavitation 

research. 
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6.2 Future perspectives 

 

6.2.1 Optimizing AE to outdoor drought stress sensor 

 

With climatic change predicting more intense and more frequent drought stress 

scenarios, the sensitivity of vascular plants to drought must be quantified, and this 

must be done in real-time to enable growers and forest managers to sustain viable 

yields, and act faster and more accurately to plant drought-related distress signals. 

AE sensors can be easily installed and measurements are continuously registered by 

state-of-the-art data acquisition systems. By investing resources in follow-up 

experiments to extract cavitation-related AE, the signature of this AE source can be 

tracked, and with the aid of machine learning, result in an efficient post-processing 

tool to quantify vulnerability to drought-induced cavitation. Additionally, further 

knowledge on cavitation-related AE could result in the construction of an AE sensor 

that is sensitive to only cavitation signals. This would provide the ideal solution for 

forest managers and growers to accurately detect the first signs of drought stress by 

marking the maximum daily-allowed cavitation that does not negatively impact 

internal plant-water relations, and even increase irrigation efficiency. However, 

because the majority of registered AE signals are related to different sources of 

dehydration negatively impacting plant physiology (i.e., shrinkage, water loss, 

fracture forming, mechanical strain) it might be equally important and interesting to 

incorporate all AE signals related to drought stress instead of only focusing on 

cavitation-related sources. Moreover, increased accumulation in daily AE signals 

could already be indicative enough for drought stressed plants, and with recent and 

ongoing development aimed at producing low cost AE sensors and acquisition 

systems such as MEMS (microelectromechanical systems) (Ozevin et al., 2006; 

Saboonchi & Ozevin, 2013), it is also easily accessible for growers and forest 

managers. 

 

6.2.2 Improving water potential quantification: the ultimate VC 

 

The hydraulic, µCT and AE method are different from each other in how the y-axis of 

the vulnerability curve, or percentage increase in cavitation under drought stress is 

quantified, but the methods share their x-axis, or decrease in xylem water potential 

assessment by pressure chamber point measurements. Since its introduction in the 

mid 1960’s (Scholander et al., 1965), the pressure chamber has proven to be an 

important tool to detect leaf and branch xylem water potential, but the method is 

destructive, discontinuous, labor-intense and highly subjective, because readings are 

based on visual determination of water droplets forming at the cut surface of a 
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leaf/branch. With µCT and especially AE aiming at continuous registration of 

embolism formation under drought stress, there is a desired need to automate and 

objectify xylem water potential quantification. Stem psychrometers were developed in 

view of this desire and can automatically, within typical consecutive timespans of 15 

minutes, monitor xylem water potential changes. However, the fragile and expensive 

thermocouple cups can be considered a practical disadvantage, especially as proper 

installation requires a certain amount of handling skill. 

 

Our proposed technique of using diameter strain as a proxy for xylem tension is 

valuable requiring less point measurements by the pressure chamber, and more 

importantly, this relation can be determined independently from VC construction, with 

the aim of creating a large database for different vascular species which can be used 

as alternatives in consecutive VC experiments to determine decrease in xylem 

tension. However, these relations will always remain an estimation, possibly differing 

between individual branch/stem level, and are still dependent on subjective 

determination with the pressure chamber. Perhaps the ideal solution can be found in 

an attempt to automate and objectify pressure chamber measurements, aimed at an 

automatic detection of a water droplet forming at the cut surface of a petiole/branch. 

With a cut branch sufficiently protruding the automated pressure chamber, AE 

sensors can be simultaneously installed to quantify drought-induced embolism 

formation, implying that both y- and x-axis can be automatically and continuously 

determined, hence leading to the construction of what I like to call “the ultimate 

vulnerability curve”. 
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Drought stress is one of the most important environmental stresses, induced by low 

soil water availability, high atmospheric demand, high temperatures or a combination 

of such, endangering vascular plant physiology and with mortality often the dire end 

result. With climatic change scenarios predicting increases in the occurrence and 

severity of drought stress events, uncertainty rises on how vascular plants will be 

able to cope and endure the drought challenges that lay ahead, especially as their 

survival is key to create livable conditions for all life on earth. Drought stress will 

mainly affect the hydraulic performance of the xylem conducting system that plants 

utilize to transport water from soil to atmosphere, by creating gas emboli in the xylem 

conduits in a process defined as cavitation. Subsequent embolism formation 

drastically impairs xylem water transport, implying that plants will lose the ability to 

sufficiently fuel their metabolism, as photosynthesis will be strongly reduced. 

Quantifying vulnerability to drought-induced cavitation of different plant species is 

crucial to increase our understanding on the working principle behind the cavitation 

process and which strategies policy makers must undertake to ensure plant survival. 

 

The hydraulic method has been developed to measure the impact of cavitation on 

plant physiology and has been used for decades, but unresolved questions encircle 
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the method on what the effect of the technique is on the cavitation process, and on 

dynamic water relations. Because drought tolerance is not uniquely depicted by 

vessel resistivity to embolism formation, but also in the presence of water storage 

buffers and additional xylem anatomical adaptations to ward off cavitation, the need 

for techniques that better map a plant species’ response to drought-induced 

cavitation is vital to effectively move forward. 

 

In this doctoral thesis, the hydraulic method was thoroughly investigated to unravel 

uncertainties associated with its working principle, and the versatility and usability of 

the acoustic emission (AE) technique as a continuous and non-invasive alternative to 

the hydraulic method in drought-induced cavitation research was explored. Both 

techniques have been around for several years, but in contrast to the hydraulic 

method, the AE technique has known recent advancements in sensor and data 

acquisition system development, providing an ideal platform to further unravel the 

principles of cavitation. Research was aimed at conducting experiments on 

dehydrating plant samples to stimulate the transition from the rather outdated 

hydraulic method to the AE technique as a promising and reliable diagnostic tool to 

comprehensively map plant responses to drought-induced cavitation. 

 

The main uncertainties shrouding the hydraulic method are directly linked to its 

working principle of using pressurized water on dehydrating branch samples to 

quantify the degree of cavitation by measuring loss of hydraulic conductivity (Kh). The 

effect of pressurized water on dynamic water relations and the correct time to 

achieve stable Kh readings has never been theoretically nor physiologically clarified 

in literature. Our experiment illustrated that stable Kh readings are achieved after long 

time spans at hydraulic steady-state, meaning that inflow must equal outflow and 

radial flow to surrounding xylem tissue zero. The main issue however is that 

pressurized flow interacts with dynamic water relations, creating artificial embolism 

refilling, and hence that hydraulic steady-state Kh readings are not representative for 

the degree of drought-induced cavitation at the start of measuring. It is clear that the 

hydraulic method needs to be redesigned from its core principle and that its non-

continuous and destructive nature slows down necessary developments in 

understanding drought-induced cavitation and its complex effects on plant 

physiology. 

 

AE was tested, validated and assessed as a possible substitute to measure drought-

induced cavitation and whether the AE technique can address the shortcomings of 

the hydraulic method. AE benefits from its non-invasive and continuous character, 

and results indicated that compared to the hydraulic method, vulnerability curves 

(VC) were obtained that respected dynamic water relations and that were conform to 
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VCs derived from X-ray computed microtomography (µCT), the state-of-the-art 

reference technique that actively visualizes ongoing embolism formation. In the 

search for a reliable and fast drought stress screening technique, µCT is however not 

suited as routine cavitation measurements are too expensive and cumbersome. 

Because published results with the hydraulic method also indicated that woody tissue 

photosynthesis plays an active role in embolism repair, acoustic emissions were used 

in this research to address the embolism repair statement as it was caused by 

artificial refilling, and simultaneously expose the more likely role of woody tissue 

photosynthesis to reduce vulnerability to cavitation in the production of xylem 

surfactants necessary to stabilize nanobubbles preceding embolism formation. 

 

Aiming for a method that better maps plant vulnerability to drought, the easy-to-use 

AE technique proved to be the ideal candidate by combining acoustic VCs with xylem 

anatomical measurements and continuous weight balance measurements to obtain 

desorption curves from which hydraulic capacitance can be derived. The proposed 

tripartite method provides information on the vulnerability of xylem to cavitation, the 

buffer capacity of internally stored water to temper decreases in xylem tension, and 

xylem structural adaptations to protect the hydraulic system. AE is often unjustifiably 

reported of being more qualitative than quantitative, because sensors are sensitive to 

different dehydration-related AE sources aside from cavitation. Combining µCT with 

AE measurements in this research allowed extracting cavitation-related AE with 

machine learning methods to tackle its qualitative citation and highlight the 

improvement potential of this technique over the hydraulic method. 

 

AE possesses the necessary characteristics to become a fast and reliable drought 

screening technique that will be vital for growers and forest managers to effectively 

counter predicted scenarios of increased drought. In a world asking for and relying on 

automatization processes to provide the required information, investment in AE 

research is the logical step forward to address the need for a better understanding of 

plant drought stress responses. 
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Droogtestress is één van de belangrijkste vormen van milieustress en ontstaat door 

een lage bodemwaterbeschikbaarheid, hoge atmosferische vraag, hoge temperatuur 

of een combinatie van deze oorzaken. Dit is bedreigend voor de fysiologie van 

planten met mortaliteit vaak tot nefast gevolg. Klimaatsverandering voorspelt 

momenteel een toename in de frequentie en de mate waarin droogtestress zich kan 

voordoen. Bijgevolg stijgt de onzekerheid over hoe planten weerstand kunnen bieden 

aan voorspelde droogtestress-uitdagingen en de overleving van planten onder 

dergelijke omstandigheden is juist cruciaal in het creëren van levensvatbare condities 

op aarde. Droogtestress resulteert voornamelijk in cavitatie, een proces waarbij 

gasvormige embolieën ontstaan in de xyleemvaten, met als gevolg een afname in 

hydraulische efficiëntie van het geleidend systeem dat planten gebruiken om water 

van bodem naar atmosfeer te transporteren. Aanhoudende cavitatie reduceert sterk 

het xyleemtransport tot op het niveau dat plantmetabolisme ondermijnd wordt door 

het stilvallen van fotosynthese. Om plantoverleving te garanderen, is het 

kwantificeren van hoe vatbaar planten zijn voor cavitiatie ten gevolge van droogte 

belangrijk, teneinde efficiënte tegenmaatregelen te kunnen ondernemen. Om die 

specifieke reden werd de hydraulische methode ontwikkeld om de impact van 
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cavitatie te kwantificeren. Desondanks de methode al jaren in gebruik is, zijn er toch 

enkele prangende vragen omtrent het werkingsmechanisme van de methode zoals 

wat het effect is op het cavitatieproces en op dynamische plant-water relaties. Omdat 

droogtetolerantie niet enkel bepaald wordt door de weerstand tegen cavitatie, maar 

ook door de aanwezigheid van bufferende waterreserves en structurele xyleem 

aanpassingen, is er nood aan een techniek die de cavitatie respons van planten 

beter beschrijft. 

 

In dit doctoraatsproefschrift werd enerzijds de onzekerheid rond het werkingsprincipe 

van de hydraulische methode onderzocht en anderzijds werd de veelzijdigheid en 

bruikbaarheid van de akoestische emissie techniek (AE) als een continue en niet-

invasief alternatief voor de hydraulische methode verkent. In tegenstelling tot de 

hydraulische methode, kent de AE techniek de afgelopen jaren een sterke 

vooruitgang door de ontwikkeling van nieuwe sensoren en data-acquisitiesystemen. 

De AE methode kan bijgevolg als ideaal lanceerplatform dienen om de principes 

achter het cavitatieproces verder te ontrafelen. Onderzoek in dit proefschrift is gericht 

op het uitvoeren van droogte experimenten op plantenstalen om de transitie van de 

hydraulische methode naar de AE techniek te stimuleren. AE kan immers een 

veelbelovende en betrouwbare diagnostische tool worden om de cavitatie respons 

van planten beter in kaart te brengen. 

 

De voornaamste onzekerheden rond het gebruik van de hydraulische methode zijn 

gerelateerd aan het werkingsmechanisme, waarbij water onder positieve druk 

doorheen uitgedroogde takken wordt gestuurd om het verlies aan hydraulische 

geleidbaarheid (Kh) door cavitatie te kwantificeren. Het effect van water onder 

positieve druk op dynamische plant-water relaties is nog nooit vanuit een theoretisch 

noch fysiologisch standpunt verklaard geweest in de huidige literatuur. Ons 

experiment heeft aangetoond dat hydraulisch stabiele Kh, waarvoor instroom gelijk 

moet zijn aan uitstroom en radiale stroom naar het omgevende xyleem weefsel nihil, 

zeer laat bereikt wordt. Het belangrijkste probleem van de hydraulische methode is 

dat water onder positieve druk een belangrijke invloed heeft op dynamische plant-

water relaties doordat het resulteert in artificieel cavitatieherstel. Bijgevolg zijn 

hydraulisch stabiele Kh waarden niet langer representatief voor de mate aan droogte-

geïnduceerde cavitatie bij de start van de metingen. Het is duidelijk dat het 

meetprincipe van de hydraulische methode onderzocht moet worden en dat het niet-

continue en destructieve karakter van de methode nefast is voor het beter begrijpen 

van het cavitatie proces en diens impact op plantfysiologie. 

 

Om te antwoorden aan de tekortkomingen van de hydraulische methode, werd er 

uitgebreid onderzoek gedaan naar de AE techniek. AE is een sterk bevoordeelde 
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methode dankzij het niet-invasieve en continue karakter. De bekomen resultaten 

hebben aangetoond dat, in tegenstelling tot de hydraulische methode, de 

resulterende vatbaarheidscurves (VC) dynamische plant water-relaties respecteren 

en conform zijn met VCs afgeleid uit X-stralen microtomografie (µCT). µCT wordt 

gezien als de state-of-the-art referentietechnologie aangezien het cavitatievorming in 

real-time kan visualiseren. µCT is echter duur en omslachtig voor routine cavitatie 

metingen, en bijgevolg minder geschikt als snelle en betrouwbare droogtestress 

screeningstechniek. Resultaten bekomen met de hydraulische methode hebben 

aangetoond dat stamfotosynthese cruciaal is in het proces van cavitatie herstel, en 

daarom werden AEs verzameld om te kunnen aantonen dat het gemeende cavitatie 

herstel gevolg was van artificiële hervulling door de hydraulische methode. 

Bovendien brachten AEs de meer waarschijnlijkere rol van stamfotosynthese aan het 

licht, zijnde een actieve bijdrage in de productie van xyleemsurfactants die cruciaal 

zijn voor het stabiliseren van nanobubbels die de vorming van cavitatie vooraf gaan. 

 

De gebruiksvriendelijkheid van AEs maken van deze techniek de ideale tool om een 

meer omvattende droogtestress respons methode te ontwikkelen door akoestische 

VCs te combineren met xyleemanatomie metingen en continue gewichtsafname 

metingen om desorptiecurves te bekomen van waaruit hydraulisch capaciteit 

afleidbaar is. De voorgestelde driedelige methode in dit proefschrift biedt aldus 

informatie over de weerstand van xyleem vaten tegen cavitatie, de capaciteit van 

interne water reserves om toename in xyleem druk te bufferen en structurele xyleem 

veranderingen om het hydraulisch systeem te beschermen. Echter wordt AE vaak 

onterecht geciteerd meer kwalitatief dan kwantitatief te zijn doordat de sensoren 

verschillende droogte-gerelateerde AE bronnen registreren buiten cavitatie. Door in 

dit proefschrift µCT te combineren met AE, werd het mogelijk om met behulp van 

machine learning de cavitatie-gerelateerde AE eruit te filteren. Daarmee kon het 

kwalitatieve aspect rondom de AE methode weerlegd worden en werd hiermee het 

verbeterpotentieel van de AE methode tegenover de hydraulische methode 

benadrukt. 

 

AE beschikt over de nodige kwaliteiten om een snelle en betrouwbare screening 

techniek te worden, die telers en bosbeheerders kunnen gebruiken om efficiënt de 

voorspelde scenario’s van toenemende droogtestress aan te pakken. In een wereld 

die vraagt en vertrouwt op geautomatiseerde processen om informatie aan te 

leveren, is investering in AE onderzoek de logische stap voorwaarts om het effect 

van droogte gerelateerde cavitatie op planten vroegtijdig op te sporen. 
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