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Introduction 

Forests are enormous carbon sinks which provide significant economic, ecological and societal values 

for the global ecosystem (Anderegg et al. 2013). However, increasing drought events have resulted in 

the worldwide distribution of tree mortality (Choat et al. 2012; Allen et al. 2015). Continuous drought 

would greatly reduce forest productivity, affect ecosystem and earth system health by altering tree 

species distribution and increasing carbon emission (Wang et al. 2012). Therefore, it is crucial to 

understand the mechanisms associated with drought-induced tree mortality, as well as the hydraulic, 

functional and morphological traits that can be used to predict tree mortality. Carbon starvation and 

hydraulic failure are two proximate mechanisms regarding tree mortality, while the former emphases 

on the prolonged depletion of carbohydrate reserves and disrupted carbon balance, the latter is more 

into the breakdown of vascular water transport (McDowell 2011). Although these two mechanisms 

are interconnecting with each other, recent studies have demonstrated that hydraulic failure is more 

likely to contribute to tree mortality rather than carbon starvation under drought condition (Anderegg 

et al. 2012; Hartmann et al. 2013). There are abundant plant traits associated with tree mortality such 

as wood density, maximum rooting depth, stomatal behaviour, hydraulic compartmentalization. 

Hydraulic traits are found to be major determinants of tree mortality (Anderegg et al. 2016). 

Drought-induced tree mortality and lethal water potential 

Hydraulic failure, i.e., the irreversible and catastrophic blockage of the xylem network, leads to water 

transport failure and plant death (Nardini et al. 2013; Rowland et al. 2015). The xylem tissue, which 

contains mainly water conducting dead cells such as vessels and tracheids, plays a crucial role in water 

transport of plants. The maximum height of water for vascular plants to transport in the world is 116 
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meters, while a perfect vacuum pump is merely able to lift water up to 10 meter. Therefore one may 

question the mechanism behind the ascent of sap in vascular plants. 

The cohesion tension theory (Dixon & Joly 1895) is a generally accepted theory to explain water 

movement in plants (Pockman et al. 1995; Milburn 1996; Wei et al. 1999), although it has frequently 

been challenged and debated (Passioura 1991; Zimmerman et al. 1994; Canny 1995). According to this 

theory, water is pulled up as a continuous column under a negative pressure, through xylem conduits 

against gravity (Dixon & Joly 1895). The pulling pressure is the surface tension of numerous air-water 

menisci in transpiring leaves, which also produce a continuous capillary force from narrow but highly 

inter-connected conduit networks (Tyree et al. 1997; Sperry 2003). During transportation, water 

adheres to conduit walls due to capillary force and water molecules also bind with each other, to 

maintain a continuous movement to the top of the tree. Since the xylem water potential in situ ranges 

typically from -0.2 MPa to -10 MPa (Choat et al. 2012) and water vapor pressure is slightly above 

vacuum, i.e., -0.1 MPa, water is lifted up in a metastable state through xylem. When water transport is 

interrupted by air bubbles in the conduits, embolism occurs (Zwieniecki & Holbrook 2001; Tyree 

2003). 

The air-seeding hypothesis has been proposed as a mechanism for embolism formation (Cochard et 

al. 1992; Hacke et al. 2001a; Delzon et al. 2010). According to this hypothesis, a tiny air bubble may 

enter into a functional water-conducting vessel from an embolized neighbouring vessel, expand and 

replace water with air in the embolising vessel when the pressure gradient between two vessels reaches 

a certain level (Zimmermann 1983). Drought is one of the main factors inducing embolism. Other 

factors include biotic threats such as pathogens, and freeze thaw cycles (Sperry & Tyree 1988). Under 

conditions of drought, an increase of xylem tension contributes to a higher pressure gradient between 

a functional and non-functional vessel, which increases the likelihood of embolism. Drought-induced 
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embolism impedes water transport by reducing hydraulic conductivity in xylem, as vessels cease to 

function after being embolized with intensified drought conditions, except for species that are 

reported as being able to refill embolized vessels under positive pressure (Ewers et al. 1997; Salleo et 

al. 2004; Brodersen et al. 2010). With intensive and continuous drought, embolism expands throughout 

the xylem system, leading to a large number of dysfunctional vessels. 

To quantify the hydraulic performance of plants under water stress, vulnerability curves are 

constructed on hundreds of tree species by different techniques, such as bench dehydration, centrifuge, 

air injection, acoustic emission and X-ray micro computed tomography (Sperry & Tyree 1988; Tyree 

& Sperry 1989; Tyree et al. 1992; Alder 1997; Cochard 2002; Brodersen et al. 2013). Discrepancy exists 

however, due to methodological concerns of possible artefacts, especially in species with long vessels 

(Cochard et al. 2010, Jansen et al. 2015). Vulnerability curves describe the relationship between the 

xylem water potential (x, -MPa) and percentage loss of hydraulic conductivity (PLC, %). A few 

hydraulic parameters extracted from vulnerability curves are suggested as key determinants for tree 

mortality (Anderegg et al. 2016), such as Pe, P50 and P88 (x at the onset of embolism, x at 50% and 

88% loss of hydraulic conductivity, respectively). Pe is interpreted as the threshold of embolism, i.e., 

the pressure difference that induces embolism, which is close to x at 12% loss of hydraulic 

conductivity, and P50 is widely used to evaluate embolism resistance of plants (Meinzer & McCulloh 

2013). 

Morphologically, stomata on the leaf surface are regarded as the first safety line of plants when coping 

with drought conditions, as plants can regulate their stomatal behaviour under different levels of water 

stress (Brodribb & Holbrook 2004). There are two main stomatal strategies during drought stress, 

varying from an isohydric to an anisohydric behaviour. With a decrease of x, isohydric plants 

gradually close stomata in order to reduce water loss and gas exchange under mild and moderate 
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drought conditions, while anisohydric plants keep their stomata open to enable continuous gas 

exchange during water stress (Tardieu & Simonneau 1998; Sade et al. 2012; Klein et al. 2014). Some 

species close stomata when x reaches Pe, while other species maintain stomata open until  is close 

to P50 (Sparks & Black 1999; Cochard et al. 2002; Martorell et al. 2014). Nevertheless, it is certain that 

stomatal closure is coordinated with xylem resistance in woody plants, suggesting a coordination 

between leaves and stems in the whole plant level (Sperry & Pockman 1993; Meinzer et al. 2009; 

Manzoni 2014). 

Lethal water potential (lethal, MPa), defined as the x at which the plant is not able to recover, is a 

physiological threshold to evaluate drought-induced mortality. From a vulnerability curve, one would 

expect that hydraulic failure occurs mostly likely at x corresponding to a high PLC level, when a 

majority of conduits become embolised. Recently, lethal was quantified in different tree species by 

measuring the recovery of leaf photosynthetic parameters during drought-recovery experiments, with 

lethal of gymnosperm tree species more close to P50 (Brodribb & Cochard 2009), and lethal of 

angiosperm tree species more related to P88 (Urli et al. 2013; Barigah et al. 2013a). Nevertheless, 

investigation on lethal is limited to a few species only. 

Cambium vitality under drought condition 

Vascular damage can be used to predict plant mortality (Anderegg et al. 2015). Meristematic tissues 

such as the shoot apical meristem, root apical meristem, axillary and adventitious meristem are 

suggested as useful characteristics to evaluate plant senescence and death (Klimešová et al. 2014). 

Contrary to water conducting cells in the xylem tissue, vascular cambium is a meristematic tissue 

consisting of living cells. Cambium determines plant growth and productivity as it develops into 

secondary xylem and phloem, and communicates and coordinates with various growth signals during 



Introduction 

5 

 

plant development (Risopatron et al. 2010). Cambium consists of fusiform and ray initials, with the 

proportion of fusiform initials and ray initials around 25 % and 75% in Dillenia indica, respectively 

(Ghouse & Yunus 1974), but 100% and 0% in Alseuosmia macrophylla and A. pussilla (Paliwal & 

Srivastava, 1969). While fusiform initials are spindle shaped, ray initials are more rectangular. In 

temperate tree species, which have seasonal cambial activity changes, dormant cambial cells are 

characterized by their numerous vacuoles, mitochondria, and abundant lipid droplets, while active 

cambial cells are typically showing large vacuoles, nuclei, and Golgi vesicles (Robards & Kidwai 1969; 

Prislan et al. 2013). 

Vascular cambium has been reported to respond well to environmental changes, such as drought, fire, 

and insects (Myers 1986; Oribe et al. 2003; Rossi et al. 2009; Durand et al. 2011). Under drought, cell 

production in the cambium zone is reduced (Abe et al. 2003; Balducci et al. 2013, 2015), and the start 

of cambial activity is also delayed compared with well-irrigated plants (Gruber et al. 2010). Previous 

work about the effects of environmental stress on cambium growth was mainly done at the light 

microscopy level (de Luis et al. 2011), and mostly focused on investigating quantitative indicators such 

as cell numbers, cell layers in the cambium zone, as well as the potential effects on wood formation 

(Gryc et al. 2012). Nevertheless, there is a lack of documentation on the ultrastructure of cambial cells 

under drought condition. It was reported that under drought, the ultrastructure of root tip cells in 

Arabidopsis underwent four different stages of cellular degradation until complete cellular autolysis, as 

controlled by programmed cell death (Duan et al. 2010). Whether cambial cells demonstrate similar 

cellular patterns under drought remains unclear. In addition, drought resistance of different cellular 

types in the cambium zone, (i.e., fusiform initials and ray initials) needs further investigation. 

Cambium was reported as one of the most resilient tissues of plants under water stress in seedlings of 

Populus nigra, as it remained rehydrated while all the other tissues became desiccated with increasing 
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drought-stress (Barigah et al. 2013b). Also, the cambium was suggested as a structural indicator of 

plant mortality (Gričar et al. 2014). Therefore, it would be interesting to link cambium vitality with 

different levels of water stress, including P50, P88 and lethal water potential. Meanwhile, visualizing 

cambial ultrastructural changes under a wide range of x would provide further information about 

drought-induced mortality of plants. 

Embolism resistance and bordered pits in angiosperm tree species 

Plants that are more vulnerable to embolism tend to be distributed in humid areas, whereas more 

resistant plants are more likely to grow in arid zones (Pockman & Sperry 2000; Maherali & Pockman 

2004), suggesting that the distribution of plants shapes xylem embolism resistance, and embolism 

resistance is also crucial to evaluate drought resistance of many tree species (Hacke et al. 2000; Cochard 

et al. 2008). P50, as one of the most important parameters extracted from a vulnerability curve (Cochard 

et al. 2007; Corcuera et al. 2011), has been reported to be related to wood anatomical characters, such 

as vessel diameter (Sperry & Saliendra 1994; Cai & Tyree 2010), vessel grouping index (Carlquist 1984; 

Scholz et al. 2013), thickness to span ratio, (i.e., the ratio of the double vessel wall thickness to vessel 

diameter; Hacke et al. 2001b) and pit quality (Hacke & Sperry 2001; Hacke & Jansen 2009; Lens et al. 

2011). 

Bordered pits are tiny openings in the secondary cell walls of water-conducting cells in xylem tissue, 

which facilitate water transport throughout the whole network (Carlquist 2007). In constrast, simple 

pits or indistinctly bordered pits appear in non-water conducting cells, such as fibre pits (Sano et al. 

2011). Two neighboring vessels may share thousands of bordered pits in the ajoint intervessel walls. 

Bordered pits are grouped in pairs between two neighboring water conducting conduits, i.e., 

(intervessel pits) with a thickened secondary cell wall arching the primary cell wall and middle lamella, 

which forms the porous intervessel pit membrane. The intervessel pit membrane contains numerous 
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highly compact and overlapped cellulose microfibrils (Bonner & Thomas 1972). All non-cellulose 

components are removed by autolytic enzymes during late stages of vessel development (O’Brien 1970; 

Plavcová & Hacke 2011; Kim & Daniel 2012; Klepsch et al. 2015). The intervessel pit membrane is 

typically homogenous, whereas pit membranes of a gymnosperm tree species is heterogeneous, with 

a torus-margo that functions as a safety valve to xylem embolism (Choat et al. 2008; Bouche et al. 2014). 

The relationship between P50 and different pit characters, such as pit area, pit chamber depth, pit pore 

sizes, vestures, and pit membrane porosity, has been investigated in various tree species (Choat et al. 

2004, 2008; Jansen et al. 2004, 2009; Bouche et al. 2014). It was suggested that pit quality instead of pit 

quantity is more crucial in determining P50. According to the rare pit hypothesis, xylem embolism 

resistance is more linked to the size of the largest pore in the vessel wall (Wheeler et al. 2005), rather 

than the average porosity of the pit membrane (Choat et al. 2004). However, this hypothesis might be 

confined to the Rosaceae family, but was not confirmed in ten Prunus species (Scholz et al. 2013). Also, 

species with vestured pits were prone to distribution in a more arid area then non-vestured species 

(Jansen et al. 2000, 2004). However, pit membrane thickness, as an important pit character, has not 

been linked with xylem embolism resistance for a large number of species, although pit membrane 

thickness was found to show considerable variation (Jansen et al. 2009). 

Water molecules in xylem sap move through micropores of the pit membrane under negative pressure. 

Assuming that the pore size of the pit membrane is equal among species, one would expect that the 

thicker a pit membrane is, the longer the porous pathway would be. Since embolism occurs in the 

micropores of an intervessel pit membrane, with air-water menisi expanding from an air-filled vessel 

into a water-filled vessel, a thick pit membrane would mean a long way for air bubbles to migrate 

through and therefore more resistance to embolism. Nevertheless, a general overview on a large 

number of species is required to test this hypothesis.
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Aims of this thesis 

1) Investigate the lethal water potential of five common European tree species, based on recovery of 

leaf photosynthetic parameters after withholding water within a number of days and rewatering these 

plants regularly. Previous work has shown lethal of five angiosperm tree species was close to P88 (Urli 

et al. 2013), however, more specimens are demanded to test both this hypothesis and the previous 

method applied to obtain lethal water potential (Brodribb & Cochard 2009); 

2) Visualize the ultrastructure of cambium during different levels of drought-stress in an angiosperm 

tree species, Corylus avellana L.; 

3) Study the relationship between xylem embolism resistance and pit membrane thickness within a 

huge number of angiosperm tree species. 
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Summary of chapters 

Chapter 1 

Establishing physiological thresholds to drought-induced mortality in a range of plant species is crucial 

in understanding how plants respond to severe drought. Here, five common European tree species 

were selected (Acer campestre L., Acer pseudoplatanus L., Carpinus betulus L., Corylus avellana L. and Fraxinus 

excelsior L.) to study their hydraulic thresholds to mortality. Photosynthetic parameters during 

desiccation and the recovery of leaf gas exchange after rewatering were measured. Stem vulnerability 

curves and leaf pressure–volume curves were investigated to understand the hydraulic coordination 

of stem and leaf tissue traits. Stem and root samples from well-watered and severely drought-stressed 

plants of two species were observed using transmission electron microscopy to visualize mortality of 

cambial cells. The lethal water potential (lethal) correlated with stem P99 (i.e., the xylem water potential 

at 99% loss of hydraulic conductivity, PLC). However, several plants that were stressed beyond the 

water potential at 100% PLC showed complete recovery during the next spring, which suggests that 

the ψlethal values were underestimated. Moreover, we observed a 1 : 1 relationship between the xylem 

water potential at the onset of embolism and stomatal closure, confirming hydraulic coordination 

between leaf and stem tissues. Finally, ultrastructural changes in the cytoplasm of cambium tissue and 

mortality of cambial cells are proposed to provide an alternative approach to investigate the point of 

no return associated with plant death. 
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Chapter 2 

The activity of the vascular cambium, which plays an important role in plant growth and development, 

is well known to respond to environmental changes such as drought. Although plant death is suggested 

to be tightly associated with the death of cambium and other meristematic tissues, direct observations 

of the cambium ultrastructure during drought-induced mortality remain poorly documented. Here, 

seedlings of Corylus avellana were drought stressed over various days in autumn to reach xylem water 

potentials (x, -MPa) between -1 and -5.2 MPa. Light and transmission electron microscopy was 

applied to visualize the ultrastructure of the root cambial cells, while stem vulnerability curves were 

obtained to quantify embolism resistance. Seedlings that were moderately water stressed with x less 

negative than P50 (-2.0 MPa, i.e., the xylem water potential at 50 % loss of hydraulic conductivity) 

showed intact cambium cells. In contrast, the cell membrane of fusiform cambial cells became 

detached, the tonoplast was shrunken or damaged and cell organelles started to disintegrate in severely 

water stressed plants with x more negative than P50. Ray cambial cells, however, remained intact and 

alive for a longer period than fusiform cells. Death of the cambial fusiform cells corresponded more 

or less to the lethal water potential of this species (lethal = -4.83 MPa). These observations suggest 

that drought-induced mortality of C. avellana is closely associated with cambial death. 
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Chapter 3 

Pit membranes in bordered pits between neighbouring vessels play a major role in the entry of air-

water menisci from an embolised vessel into a water-filled vessel (i.e., air-seeding). Here, we investigate 

intervessel pit membrane thickness (TPM) and embolism resistance (P50, i.e., the water potential 

corresponding to 50% loss of hydraulic conductivity) across a broad range of woody angiosperm 

species. Data on TPM and double intervessel wall thickness (TVW) were compiled based on electron and 

light microscopy. Fresh material that was directly fixated for transmission electron microscopy (TEM) 

was investigated for 71 species, while non-fresh samples were frozen, stored in alcohol, or air dried 

prior to TEM preparation for an additional 60 species. TPM and P50 were based on novel observations 

and literature. A strong correlation between TPM and P50 was found for measurements based on freshly 

fixated material (r = 0.78, P < 0.01, n = 37), and between TPM and TVW (r = 0.79, P <0.01, n = 59), 

while a slightly weaker relationship occurred between TVW and P50 (r = 0.40, P <0.01, n = 34). However, 

non-fresh samples showed no correlation between TPM and P50, and between TPM and TVW. Intervessel 

pit membranes in non-fresh samples were c.28% thinner and more electron dense than fresh samples. 

Our findings demonstrate that TPM measured on freshly fixated material provides one of the strongest 

wood anatomical correlates of drought-induced embolism resistance in angiosperms. Assuming that 

cellulose microfibrils show an equal spatial density, TPM is suggested to affect the length and the shape 

of intervessel pit membrane pores, but not the actual pore size. Moreover, the shrinking effect 

observed for TPM after dehydration and frost is associated with an increase in microfibril density and 

porosity, which may provide a functional explanation for embolism fatigue. 
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