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Summary 

Two central prerequisites for survival of trees are the maintenance of sufficient water 

transport from roots to leaves and the availability of carbon for respiration, growth, 

defence and repair mechanisms. Drought constrains both aspects because high xylem 

tensions can induce xylem embolism resulting in partial or substantial loss of xylem 

hydraulic conductivity (hydraulic failure). Moreover, carbohydrates may be depleted to 

critical levels (carbon starvation) or be not available/transportable to the sinks (phloem 

transport failure).  

Considering the current climate change scenarios, drought responses, hydraulic 

acclimation and embolism repair potential of European beech (Fagus sylvatica L.) and 

Norway spruce (Picea abies (L.) Karst) were investigated. These tree species, currently 

dominating Central European forests and representing a relevant ecological and 

silvicultural resource, are currently threatened by drought. 

The first question addressed in part I of this study is whether and to which extent beech 

and spruce are able to hydraulically acclimate to long-lasting, i.e. chronic, droughts, as 

acclimation of hydraulic traits would reduce the risks of hydraulic dysfunction. This 

aspect was studied in a mixed forest stand of European beech and Norway spruce at the 

“Kranzberger Forst” near Freising after two years of experimental drought, which was 

applied taking advantage of a through-fall exclusion system (“Kranzberg Roof 

Experiment”, acronym KROOF). In drought-stressed trees under through-fall exclusion 

(TE) and control (CO) trees, hydraulic vulnerability was studied in branches as well as in 

leaves sampled at the same height from sun-exposed tree crowns. In parallel, relevant 

xylem anatomical traits such as mean arithmetic and hydraulic diameter of conduits, 

conduit wall reinforcement and conduit density, and leaf pressure-volume relations were 

analyzed. 

Through-fall exclusion resulted in prolonged drought with TE trees reaching pre-dawn 

water potentials down to -1.6 MPa. In both species, water potentials at 50% loss of xylem 

hydraulic conductivity were about 0.4 MPa more negative in TE than in CO branches. 

Likewise, foliage hydraulic vulnerability (expressed as water potential at 50% loss of leaf 

hydraulic conductance) and water potential at turgor loss point were 0.4 and 0.5 MPa 



 

 

lower in TE compared to CO trees, respectively. Only minor differences were observed in 

xylem anatomical traits.  

The second part of the study aimed at clarifying, in both European beech and Norway 

spruce, possible long term carry-over effects of a previous drought episode, and how 

dehydration-rehydration is affecting the relations between xylem embolism and stem non-

structural carbohydrates (NSC). In particular, the capability of hydraulic recovery in the 

stem xylem upon re-irrigation and the relationship between hydraulic recovery and NSC 

dynamics were investigated. The experiment was conducted in potted saplings growing in 

a greenhouse at the Gewächshauslaborzentrum Dürnast (WZW, Technische Universität 

München). For both species, trees underwent two drought-re-irrigation cycles performed 

in two consecutive summers. After the first drought cycle, plants were kept well-irrigated 

over winter until the following summer. The target peak of drought was adjusted 

somewhat below the theoretical lethal thresholds of xylem embolism in conifers and 

angiosperms (50% and 88% percent loss of xylem hydraulic conductivity, PLC, 

respectively), i.e. in the range of 10-40% in Norway spruce and approximately 80% in 

European beech. Therefore target minimum leaf water potentials at re-irrigation were set 

to -3.0 to -3.5 MPa in spruce and -3.8 to -4.2 MPa in beech. In the second drought cycle, 

water potentials, PLC and NSC content (detected separately in stem wood and bark) were 

assessed three times, i.e. before and at the end of the drought period, as well as one week 

after re-irrigation. 

In Norway spruce (part II A), PLC and NSC content measured in well-watered plants 

before the beginning of the second drought cycle showed no carry-over effects from the 

previous drought, indicating complete long-term recovery. The second drought treatment 

induced moderate PLC (about 20%) and did not affect total NSCs content, while starch 

was converted to soluble sugars in the bark. After one week of re-irrigation, PLC fully 

recovered with NSCs being depleted, only in the wood, by about 30%. 

European beech (part II B) trees stressed in the first drought cycle had lower minimum 

water potentials and stem specific hydraulic conductivity than control trees, in the 

following growing season under well-watered conditions. Aboveground biomass and total 

leaf area decreased too, resulting in lower tree water consumption. PLC, instead, was 

similar to control trees, probably due to hydraulic recovery occurred in spring through the 

differentiation of new functional xylem conduits. In beech, the second drought treatment 
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induced an increase in PLC to values close to hydraulic failure (85% on average) with 

starch being converted to soluble sugars. Starch in the wood was almost completely 

depleted at the end of the second drought treatment. After one week of re-irrigation, no 

embolism repair was observed and soluble sugars were reconverted to starch. In the 

second drought cycle, the total NSC content in the wood of plants not stressed in the 

previous year decreased with time, whereas plants stressed in both years kept NSCs 

almost constant over time. 

In conclusion, the study provides novel insights into the hydraulic acclimation capacity 

and resilience to fluctuations in water availability of European beech and Norway spruce. 

The results of the study on mature trees indicate significant and fast hydraulic acclimation 

under prolonged drought in both European beech and Norway spruce. Acclimation was 

well coordinated between branches and foliage, which might be essential for survival and 

productivity of mature trees under future drought periods. The data from the greenhouse 

experiment showed that in Norway spruce total NSCs in stems are not affected by 

relatively short (about 40 days long) droughts. Moreover, and most importantly, this 

study gives for the first time evidence that Norway spruce can repair drought-induced 

xylem embolism, in the short term (within one week) upon re-irrigation. In addition, 

when water is newly available, NSCs stored in xylem parenchyma can be mobilized over 

short term, possibly to sustain respiration and/or for processes involved in the recovery of 

xylem transport. This might imply dependency on sapwood NSCs for survival, especially 

if frequent drought spells occur. On the other hand, aboveground biomass and water 

consumption of European beech saplings are strongly reduced by previous severe drought 

spells that bring them at the edge of hydraulic failure. In these conditions, embolized 

vessels in beech stems are not actively refilled and therefore tree survival would likely 

depend on hydraulic recovery through formation of new functional vessels. Both 

hydraulic acclimation to drought and hydraulic recovery may be important for the 

survival of these important tree species in Central European forests under future climate 

change.  

  



 

 

Zusammenfassung 

Hydraulische Akklimatisierung gegen Trockenstress und Wiederherstellung der 

hydraulischen Leitfähigkeit wurden bei Rotbuche und Fichte untersucht. In 

ausgewachsenen Bäumen, die über einen Zeitraum von zwei Jahren künstlichem 

Trockenstress ausgesetzt waren, konnte eine Akklimatisierung in Zweigen und Blättern 

von beiden Baumarten nachgewiesen werden. In Trockenstress-Wiederbewässerungs-

Zyklen wurde bei Topfpflanzen Emboliebildung mit gehalt an nicht-strukturellen 

Kohlenhydraten verknüpft: nach Wiederbewässerung wurde nur bei Fichte 

Emboliereparatur festgestellt begleitet von Kohlenhydratabbau. 

 

  



XV 

 

Abbreviation list 

(t/b)h
2
,  conduit wall reinforcement 

A, CO2 assimilation rate (µmol m
-2

 s
-1

) 

C1cycle, control trees in the first drought cycle (greenhouse experiment) 

CC, control trees in both drought cycles (greenhouse experiment) 

CD, conduit density (mm
-2

) 

CD, control in the first, drought in the second drought cycle (greenhouse experiment) 

CFT, capacitance at full turgor (mmol m
-2

 MPa
-1

) 

CO, control treatment (through-fall exclusion experiment) 

COyear3, control three-year old cut segments (through-fall exclusion experiment) 

D, mean arithmetic conduit diameter (µm) 

D1cycle, drought trees in the first drought cycle (greenhouse experiment) 

DC, drought in the first, control in the second drought cycle (greenhouse experiment) 

DD, drought trees in both drought cycles (greenhouse experiment) 

Dh, mean hydraulic conduit diameter (µm) 

E, leaf transpiration rate (mmol m
-2

 s
-1

) 

gs, stomatal conductance to water vapour (mmol m
-2

 s
-1

) 

Kmax_leaf/ Kmax_twig, maximum leaf/end-twig hydraulic conductance (mmol MPa
-1

 s
-1

 m
-2

) 

ks,  maximum specific hydraulic conductivity (kg MPa
-1

 s
-1

 m
-1

) 

LMA, leaf mass per area (g m
-2

) 

PLC, percent loss of xylem hydraulic conductance/conductivity (%) 

SVWC, soil volumetric water content (%) 

TE, through-fall exclusion treatment (through-fall exclusion experiment) 

VG, vessel grouping index 

ε, bulk modulus of elasticity (MPa) 

π0, osmotic potential at full turgor (MPa) 

Ψ12_branch /Ψ50_branch/Ψ88_branch, water potential at 12/50/88 % loss of branch xylem 

conductivity (MPa) 

Ψ50_leaf/Ψ50_twig, water potential at 50% loss of leaf/end-twig conductance (MPa) 

Ψmd, leaf midday water potential (MPa) 

Ψpd, leaf pre-dawn water potential (MPa) 

ΨTLP, water potential at turgor loss point (MPa) 

Ψxyl, xylem water potential (MPa) 



  



1 

 

1. Introduction 

1.1. Climate change and forests die-back 

According to the last IPCC (Intergovernmental Panel on Climate Change) report, average 

land and ocean surface temperature increased of 0.85 °C over the 1880-2012 period (IPCC 

2014). Relative to 1850-1900, best case scenarios predict an increase in global surface 

temperature of 1.5 °- 2.0 °C (IPCC 2014) by the end of the 21
st
 century. Higher mean 

temperature will likely increase frequency of heat extremes on daily and seasonal 

timescales as well as their duration. In addition to that, changes in the world’s 

hydrological cycle will include the decrease in mean precipitation in many mid-latitude 

and subtropical dry regions (IPCC 2014). Looking at the past few decades, shifts in 

precipitation and temperature patterns in Europe, as in other regions of the world (Dai 

2013), have already led to extended and more frequent droughts during the growing 

season (Fuhrer et al. 2006) and to more recurrent dry years (Briffa et al. 2009). 

Water limitation is one of the most critical challenges to plant survival and productivity. 

In the light of the ongoing climate change, increase in duration, intensity and frequency of 

dry periods, exacerbated by rising temperatures that lead to higher vapour pressure deficits 

(VPDs) and evaporation to the atmosphere, enhance drought stress experienced by plants 

(Williams et al. 2013). Such environmental constraints have been connected to episodes of 

tree mortality reported worldwide (Allen et al. 2010 for a review, Nardini et al. 2013, 

IPCC 2014) and are also the main determinants of forecasted changes in forest structure 

and composition (Williams et al. 2013). Forests are particularly sensitive to climate 

change because of their long life-spans. Wood plantations and perennial woody crop 

plants in orchards, which are expected to be productive for decades, are endangered as 

well, with impacts on yield and local economies (Lobell et al. 2006). Forest die-back is 

projected to occur in our century in several regions (IPCC 2014) and constitutes a large-

scale risk for carbon storage, ecosystem structure and function, biodiversity, wood 

production, economic activities and human societies (Dale et al. 2000, Gitlin et al. 2006, 

McDowell et al. 2008, Millennium Ecosystem Assessment 2005).  

 

1.2. Causes of tree die-off 
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In order to predict how climate change will affect different biomes, it is necessary to 

identify and understand the physiological drivers of tree decline and mortality. Three main 

mechanisms are considered to be responsible for drought-induced tree die-off: hydraulic 

failure, carbon starvation and phloem transport failure. Biotic agents play a significant 

role as well, given that higher temperatures increase insect infestation pressure (e.g. Logan 

et al. 2003, Gan 2004) and that drought stress may reduce tree vigor and weaken their 

defenses against pathogens (Schlyter et al. 2006, McDowell et al. 2008, Wiley et al. 

2016). In the following paragraphs, each of the three main determinants of tree mortality 

will be separately explained, while more detailed information on interactions between 

hydraulic and carbon dynamics in relation to the objectives of this work will be given in 

the introduction sections 1.3.2 and 1.3.3. 

 

1.2.1. Xylem embolism and hydraulic failure 

Survival of plants depends on the maintenance of adequate long-distance water transport 

to sustain cell metabolism, photosynthesis and growth. Nevertheless, limited water supply 

can induce the formation of embolism, i.e. the disruption of the water column in the xylem 

pipeline as a consequence of increased xylem tensions to critical thresholds. This blockage 

is caused by entry of gaseous bubbles into the conduits (“air-seeding” hypothesis, Tyree 

and Zimmermann 2002) and induces a reduction in plant’s water transport capacity. 

Vulnerability to xylem embolism is often analyzed using “vulnerability curves” (see 

Figure 4.1 -2), which plot the loss in xylem hydraulic conductivity (usually expressed in 

percentage, PLC) as a function of the xylem water potential (Ψxyl; Tyree and Zimmermann 

2002). PLC is low under well hydrated conditions (i.e. Ψxyl near zero) and increases, 

typically following a sigmoidal function, when Ψxyl becomes more negative. Usually, 

vulnerabilities are compared using the xylem pressure at which 50% PLC occurs, called 

Ψ50. This value corresponds to the steepest part of the vulnerability curve, where a small 

drop in water potential induces the highest decrease in hydraulic conductivity. If 

embolism reduces xylem water transport to a critical threshold, partial desiccation or even 

death of tree individuals occurs. This compromised xylem integrity in a part of the crown 

or over the whole tree is referred to as “hydraulic failure” (McDowell et al. 2008). Recent 

studies have shown that the lethal PLC should correspond to 88% in angiosperms 
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(Barigah et al. 2013, Ulri et al. 2013) and to 50% in gymnosperms (Brodribb and Cochard 

2009, Brodribb et al. 2010). 

Despite that xylem vulnerability greatly varies across species (Maherali et al. 2004), a 

meta-analysis showed that a large number of species from the different biomes generally 

operates at Ψxyl close to Ψ50 (Choat et al. 2012). The smaller is the difference between Ψxyl 

and Ψ50 (called “safety margin”, Johnson et al. 2012), the higher is the risk of potentially 

catastrophic embolism. Therefore, given that increasing aridity and temperature is a global 

trend and that safety margins do not depend on mean annual precipitation, all forest 

biomes would be equally threatened by hydraulic failure (Choat et al. 2012).  

In view of climate change, the strong point of some woody species to counteract 

dangerous levels of embolism might reside in the capability of hydraulic acclimation (i.e. 

becoming more resistant to embolism) or to recover the lost xylem functionality through 

embolism repair mechanisms (Zwieniecki and Secchi 2015). Hydraulic acclimation and 

repair capability will be investigated in parts I and II of this work, respectively, in 

European beech and Norway spruce. 

 

1.2.2. Carbon starvation 

Water loss and consequent drops in water potentials are avoided by trees through stomatal 

control. On the other hand, stomatal closure has the disadvantage to limit CO2 uptake for 

photosynthesis. Carbon starvation occurs when stored carbon is not sufficient to maintain 

cellular metabolism and turgor, leading to a sustained negative carbon balance (McDowell 

et al. 2008). Carbon starvation would also imply the inability of plants to produce 

secondary metabolites useful for protection against pathogens (Guérard et al. 2007, 

McDowell et al. 2008, 2011). 

Among species, a continuum of stomatal responses to water availability exists and varies 

from a drought avoidance strategy (isohydry), in which water losses are strongly limited 

by an early stomatal closure, to a drought tolerance strategy (anisohydry), which allows 

for maintenance of relatively high transpiration rates due to the slower and less efficient 

stomatal reaction in response to drought (Tardieau and Simonneau 1998). Trees with a 

more isohydric strategy are suggested to be more prone to carbon starvation because 

carbon assimilation would be strongly limited by stomatal closure, especially during 

prolonged and mild drought periods (McDowell et al. 2008). During the first stages of 
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drought, growth rates decline stronger than photosynthesis, causing no changes or even a 

temporary increase in non-structural carbohydrate (NSC) concentrations (Müller et al. 

2011). Nevertheless, in a second phase, after a prolonged period of low carbon 

assimilation, carbohydrate reserves would theoretically decline (McDowell et al. 2011). 

Independently on plant water use strategies, rising temperatures would also contribute to 

the consumption of carbon reserves because respiration rates are strongly dependent on 

temperature (Adams et al. 2009). 

 

1.2.3. Phloem transport failure  

A third physiological mechanism responsible for tree mortality is the failure of sugar 

transport in the phloem and the incapability for cells to use available carbohydrates owing 

to dehydration during drought (e.g. Sala et al. 2010, Hartmann et al. 2013a, McDowell et 

al. 2013, Sevanto 2014). Phloem transport failure could occur under drought as 

consequence of phloem turgor collapse or increased phloem sap viscosity (Sevanto 2014). 

As the demand for carbohydrates to maintain plant metabolism may require mobilization 

of reserves, this mechanism could promote carbon starvation because it would determine 

the inability to utilize carbohydrates and/or reallocate them to starving tissues (Sala et al. 

2010). Phloem failure could also favor hydraulic failure, if for example carbohydrates 

need to be mobilized and transported in order to refill the embolized xylem conduits 

(Sevanto 2014, see parts IIA and B of this work for more detailed explanation). 

 

1.3. Hydraulics of European beech and Norway spruce in view of 

climate change 

The angiosperm European beech (Fagus sylvatica) and the coniferous Norway spruce 

(Picea abies) dominate managed forests in Central Europe, covering 30% of the forested 

area (Pretzsch et al. 2014). Here, European beech is naturally distributed from the colline 

to mountainous zone and constitutes the most abundant native tree species. The high 

plasticity of structural and functional traits justifies the wide ecological amplitude of 

beech, which is also a relatively drought-sensitive species (Ellenberg et al. 2002). While 

its northern European margin is extended to the Scandinavian Peninsula, in Central 

Europe Norway spruce finds its natural habitat in the Alps and in the European midlands 
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between 800 m a.s.l. and the tree line (Ellenberg and Leuschner 2010). In the past 200 

years, it had been a common practice to cultivate spruce in pure stands far beyond its 

natural range, in the lowlands, due to its high yield in case of abundant water availability. 

Nevertheless, in Central Europe several constraints like drought and biotic susceptibility 

have recently directed silviculture to reconvert declining spruce forests with beech 

(Spiecker et al. 2004) or to cultivate beech and spruce in mixture (Pretsch et al. 2010).  

In Central Europe, water is clearly becoming a key determinant for competitive success of 

tree species. The occurrence of extreme drought episodes - the summer drought spell that 

particularly affected southern and central Europe in 2003 gave an example of expected 

future drought extremes consequences on tree productivity (Ciais et al. 2005, Jump et al. 

2006) – has brought the understanding of physiological strategies adopted by tree species 

under drought to a higher attention of the scientific community.  

In relation to the objectives of the present study, different physiological aspects related to 

tree responses to drought will be introduced in the following paragraphs. In particular, 

while part I is related to the effects of long-term soil drought on the sole hydraulic system 

of mature trees (hydraulic acclimation to drought), parts II A and II B will focus on 

interactions between stem hydraulics and carbon dynamics under drought and recovery, 

which will be considered separately for Norway spruce (part II A) and European beech 

(part II B). 

 

1.3.1. Part I - Hydraulic acclimation in adult European beech and Norway spruce 

(Tomasella et al. 2017a) 

Plant-functional traits can be used as predictors of plant population abundance dynamics 

and species distribution under climate change (Soudzilovskaia et al. 2013). During 

changing environmental conditions, the survival of long-lived woody plants does not only 

depend on the species’ general resistance but also on their acclimation potential, i.e., the 

capability to adjust structural and/or functional traits to environmental changes within 

their life-span (Beikircher and Mayr 2009, Taiz and Zeiger 2010). A high phenotypic 

plasticity, which is the ability of a genotype to express different phenotypes in response to 

environmental factors (Sultan 2000), may thus allow individuals to better acclimatize to 

changing climate conditions. Acclimation differs from adaptation, which instead implies 

the occurrence of genetic changes, over many generations and through natural selection 
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(Debat and David 2001). Accordingly, species-specific predisposition to tolerate drought 

(Maherali et al. 2004) reflects adaptations to withstand mean stress levels, while a plastic 

response in cavitation resistance may play a central role for trees undergoing repeated 

drought events. It would allow trees to sustain more negative water potentials without 

incurring hydraulic failure during consecutive droughts.  

Despite its importance, however, the degree of phenotypic plasticity in hydraulic traits 

under drought is still poorly understood (Anderegg 2015). For example, cavitation 

resistance has been claimed to be a plastic feature in some species (Jacobsen et al. 2007, 

Beikircher and Mayr 2009), but not in others (Martinez-Vilalta et al. 2009, Lamy et al. 

2014), and evidence on hydraulic acclimation in leaves is largely absent (Martorell et al. 

2015). 

The available studies on tree hydraulic acclimation are based either on spatial, or 

temporal analyses. The first category mainly includes population comparisons along 

precipitation gradients (e.g. Cornwell et al. 2007, Schuldt et al. 2016), in which site 

effects have to be considered (Goldstein et al. 2013, Tokumoto et al. 2014). The second 

category comprises greenhouse/garden experiments performed mainly on juvenile trees 

(e.g. Aranda et al. 2015, Martorell et al. 2015) or dendrochronological analyses on mature 

trees (e.g. Montwé et al. 2014, Rita et al. 2015). A third type of temporal acclimation 

analysis is based on precipitation exclusion experiments, which, inducing drought stress 

on a small scale, allow for direct measurements of species’ hydraulic adjustment 

potentials. Nevertheless, especially for hydraulic studies on trees, this approach has been 

rarely used (Martin-StPaul et al. 2013, Montwé et al. 2014).  

The hydraulic vulnerability segmentation hypothesis (Tyree and Ewers 1991) predicts 

that distal segments of a tree have lower resistance to cavitation than the proximal 

segments to which they are connected. This would be beneficial for trees undergoing 

drought because distal components cavitate first, causing the reduction of tensions in the 

central and more ‘expensive’ segments and limiting further water losses by disconnecting 

leaves from the hydraulic system. The hydraulic segmentation of a branch can be 

characterised by its leaf-to-stem safety margin (for other definitions of safety margins see 

e.g. Johnson et al. 2012a), expressed as the difference between the water potential 

inducing 50% loss of leaf conductance (Ψ50_leaf) and the water potential inducing 50% 

loss of branch xylem conductance (Ψ50_branch). So far, only a few studies directly 
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compared stem and leaf vulnerabilities (Johnson et al. 2011, 2016, Beikircher et al. 2013, 

Scholz et al. 2014, Nolf et al. 2015) and no analysis on drought acclimation and 

respective changes of leaf-to-stem hydraulic safety margins is available. Furthermore, the 

coordination with other hydraulic leaf traits is not well understood. In leaves, osmotic 

adjustment is the main driver for maintaining turgor at more negative water potentials 

(Bartlett et al. 2012) and has been suggested to contribute to the acclimation of leaf 

hydraulic vulnerability under drought (Martorell et al. 2015). 

In this part, the acclimation potentials of European beech and Norway spruce were 

investigated. These species are interesting from a hydraulic point of view, as European 

beech is suggested to follow an overall more anisohydric and Norway spruce a more 

isohydric strategy (Lyr et al. 1992). Hydraulic studies on adult trees of these important 

species are scarce and focused on within-tree and population comparisons (Herbette et al. 

2010, Schuldt et al. 2016). In Norway spruce only a study on wood anatomical plasticity 

is available (Montwé et al. 2014) and in European beech hydraulic acclimation to 

changing light conditions was observed in branches (Lemoine et al. 2002, Herbette et al. 

2010) and to drought in potted saplings (Aranda et al. 2015).  

 

1.3.2. Part II - Stem hydraulics and non-structural carbohydrate dynamics in potted 

Norway spruce and European beech saplings under drought and subsequent 

re-irrigation 

Facing drought, woody plants may adopt several structural/functional responses that act 

either on the short or long-term in order to avoid or limit hydraulic dysfunction. A typical 

short term regulation is the reduction of transpiration through stomatal closure. Long-term 

adjustments include the increase in embolism resistance owing to wood anatomical 

changes (Jacobsen et al. 2007, Montwé et al. 2014), the reduction of transpiring leaf area 

with respect to conductive (i.e. through lower leaf:sapwood area ratio, Martínez-Vilalta et 

al. 2009, Martin-StPaul et al. 2013) and/or absorbing (i.e. through higher root:leaf area 

ratio) elements and the increase in rooting depth (Kozlovsky and Pallardy 2002, Sperry et 

al. 2002, Nardini et al. 2016). Nevertheless, if physiological impairment owing to a 

drought episode persists even upon stress release, trees might become more vulnerable to 

following stressors like pathogens (Desprez-Loustau et al. 2006), frost or another summer 

drought (Bréda et al. 2006). Moreover, initiation and development of new shoots in spring 
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can be compromised by limited water transport owing to xylem embolism (Améglio et al. 

2002, Galvez et al. 2013) and by insufficient nutrient and carbohydrate availability and 

mobility (Kozlovsky 1992). 

Under the ongoing climate change, trees may face the challenge of undergoing multiple 

drought events along their lifespan. Seedlings exposed to drought stress can become more 

tolerant to a following drought than seedlings not previously stressed (Clemens and Jones 

1978). Nevertheless, some experiments applying multiple drought cycles have shown that 

trees undergoing successive stresses need longer recovery times than when subjected to a 

single drought episode (Liu and Dickmann 1993, Stewart et al. 1995). It has been 

therefore suggested that the resistance to a stress event might be related to the availability 

of carbon reserves at the beginning of each stress cycle and to the time interval between 

two consecutive events, reflecting the time needed to recharge the carbon pool (Niinemets 

2010).  

Water shortage in trees causes impairment of long distance water transport (Tyree and 

Zimmermann 2002), but can also affect carbon relations and metabolism. In fact, stomatal 

regulation of leaf transpiration during drought can significantly decrease carbon 

assimilation rates and, in extreme cases (e.g. mild but prolonged droughts), lead to 

negative net carbon balance
 
(McDowell et al. 2008), when trees must necessarily rely on 

non-structural carbohydrate (NSC) reserves
 
to maintain metabolic processes (Klein and 

Hoch 2015). On the other hand, dehydration can reduce mobilization of carbon
 
(Hartmann 

et al. 2013 a), modify carbon allocation
 

(Hartmann et al. 2013 b), affect phloem 

functioning
 
(Hölttä et al. 2009, Sevanto 2014) and compromise enzymatic activities 

involved in sugars metabolism (e.g. starch hydrolysis, Srichuwong and Jane 2007). Due 

to the complexity of interactions between variables affecting NSC pools during drought 

(in particular duration and intensity of drought episodes, Mitchell et al. 2013), and to 

species-specific water-use strategies
 
(Petrucco et al. 2017), a strong evidence of whether, 

how and in which compartments NSC reserves are affected in tree species is needed
 
(Sala 

et al. 2010, Mencuccini 2014).  

Recent advances indicate that the causes of tree decline might be related to both hydraulic 

failure and carbon starvation mechanisms (Sala et al. 2010, McDowell et al. 2011 2013, 

Sevanto et al. 2014). In a carbon manipulation experiment, trees with higher NSCs 

availability kept higher (less negative) water potentials and survived longer to drought 
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(O’Brien et al. 2014). This highlights the importance of NSCs for maintaining cell turgor, 

phloem transport and sufficient hydraulic function during stresses (Sevanto 2014, Sevanto 

et al. 2014). 

There is proof that stored NSCs and their metabolism are also involved in maintaining and 

restoring xylem transport capacity, allowing for water refilling of gas-filled conduits
 
(e.g. 

Bucci et al. 2003, Salleo et al. 2009, Secchi and Zwieniecki 2011). In the current model 

proposed for embolism repair, developed during the past few decades
 
(for a review see 

Secchi et al. 2017), soluble sugars are transferred from parenchyma cells (i.e. vessel 

associated cells, VACs) into embolized xylem ducts, in order to establish an osmotic 

gradient that reclaims water from VACs and/or phloem (Nardini et al. 2011) to the 

conduits and allows for repair. This mechanism requires the presence of living cells in the 

proximity of the embolized conduits, so that both spatial arrangement and amount of 

woody parenchyma would therefore be important traits affecting the process
 
(Brodersen 

and McElrone 2013). For this reason woody angiosperms, having an average parenchyma 

fraction in the secondary xylem of about 26% against an average of 8% calculated in 

conifers
 
(Morris et al. 2016), are more likely to show active post-drought hydraulic 

recovery than conifers
 
(Johnson et al., 2012, Choat et al. 2015, Secchi et al. 2017). This 

anatomical dissimilarity between the two groups has been also connected to the fact that 

angiosperms, compared to conifers, generally operate at smaller (or even negative) safety 

margins (i.e. difference between minimum xylem pressure experienced and the pressure 

inducing 50% loss of xylem hydraulic conductance, PLC, Johnson et al. 2012). This might 

suggest that the higher risk of embolism spread in angiosperms would be compensated by 

a higher capability of embolism repair. On the other hand, pit membranes of conifers have 

a torus-margo structure: when embolism occurs, the torus is aspirated to the pit chamber 

aperture, operating as a sealing valve and isolating the embolized tracheids from adjacent 

functional ones
 
(Pittermann et al. 2005). As isolation of gas-filled conduits is required 

during refilling under negative pressures
 
(Zwieniecki and Holbrook 2009), in conifers the 

repair of embolized conduits would be favoured by this sealing mechanism (Mayr et al. 

2014). 

Water relation parameters and embolism dynamics during drought-irrigation cycles have 

been only studied in a few angiosperm species (Yazaki et al. 2010, 2015, Yoshimura et al. 

2016, Savi et al. 2016). In some of these species, the degree of xylem embolism repair 

correlated to the amount of stem soluble sugars available at the end of the drought period 



 

 
10 

(Savi et al. 2016) and the conversion between NSC specimens (starch to soluble sugars 

and vice versa) in the sapwood was related to embolism formation-repair cycles 

(Yoshimura et al. 2016). Moreover, xylem refilling after winter embolism was associated 

with a decrease in stem starch content (Beikircher et al. 2016). Except for the few studies 

cited above, there’s a lack of knowledge on stem hydraulics-NSC relations during 

dehydration-rehydration, especially in tree species threatened by climate change.  

 

Part II A – Norway spruce  

In conifers, studies on repair of drought-induced embolism are generally lacking. Refilling 

has been demonstrated to occur in some conifers after frost-induced embolism via needle 

water uptake upon thawing of snow
 
(Mayr et al. 2014) or after drought-induced embolism 

via needle cuticle
 
(Laur and Hacke 2014) or bark (Katz et al. 1989, Earles et al. 2016) 

water absorption. Evidence supporting the involvement of active refilling in conifers is 

scant (Borghetti et al. 1991, 1998, McCulloh et al. 2011, Klein et al. 2016), while some 

studies have shown no repair (Choat et al. 2015, Umebayashi et al. 2016) or have reported 

cambial re-growth as the main strategy for partial recovery of water transport (Brodribb et 

al. 2010). 

Norway spruce is a conifer currently threatened by climate change in Central Europe
 

(Hlásny et al. 2011) and is known to be relatively isohydric (Lyr et al. 1992). On the other 

hand, this strategy would theoretically put this species at risk of carbon store depletion, 

especially under prolonged and mild droughts
 
(McDowell et al. 2008, Mitchell et al. 

2013). In previous studies conducted on this species, drought has been reported to affect 

carbon allocation and translocation, with differences between aboveground and 

belowground organs
 
(Hartmann et al. 2013a; Hartmann et al. 2013 b). In conifers, as 

mentioned above, the study of stem hydraulic and NSC dynamics under drought and 

subsequent re-irrigation is missing. 

 

Part II B - European beech  

European beech dominates natural forests in Europe and constitutes a relevant economic 

resource (Leuschner et al. 2006). Nevertheless, its drought-sensitivity (Ellenberg 1996) 

has been particularly stressed in the past decades, as growth decline of this species has 

been observed all over Europe (Jump et al. 2006, van der Werf et al. 2007), even over 
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several years after the occurrence of the drought episode (Power 1994, Stribley and 

Ashmore 2002). As an example, after the extraordinary drought spell occurred in 2003 

beech was one of the European forest species with the largest losses in gross primary 

productivity (Ciais et al. 2005). 

The anisohydric response strategy of European beech, consisting in a relatively low 

stomatal sensitivity to changes in water status, induces fast drops in xylem water 

potentials under drought and therefore potentially higher risks of xylem hydraulic 

dysfunction (McDowell et al. 2008). Under a severe drought treatment applied in saplings, 

death of beech and other angiosperm species has been related to hydraulic failure, which 

occurred at about 88% PLC (Barigah et al. 2013, Ulri et al. 2013). If this threshold 

determines the border line between surviving and succumbing individuals, European 

beech trees previously stressed to their hydraulic limits would be an important target of 

study under a subsequent drought event.  

For this species there are no studies directly assessing stem hydraulics in combination 

with carbohydrate dynamics, and its repair capability under tension has not been tested 

yet. In fact, refilling of drought-induced embolism in European beech twigs was only 

reported at the onset of abundant precipitation in autumn and was attributed to root 

pressure and/or aboveground water uptake (Magnani and Borghetti 1995). 
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2. Objectives of the study 

2.1. Part I - Hydraulic acclimation in adult European beech and 

Norway spruce 

In this part of the study, the acclimation potentials of European beech and Norway spruce 

under prolonged and relatively moderate soil drought were investigated. A through-fall 

exclusion experiment allowed for studying mature trees within a mixed forest and thus to 

simulate drought in an otherwise intact forest system (Pretzsch et al. 2014). After two 

years of through-fall exclusion, (1) the acclimation in the vulnerability to xylem 

embolism at the branch level, (2) changes in xylem anatomical traits related to embolism 

resistance, (3) the acclimation in the vulnerability of leaves (European beech) and end-

twigs (Norway spruce), and (4) adjustments of the leaf turgor loss point were examined. 

A stronger hydraulic acclimation was expected in beech, as safety margins in 

angiosperms are usually small (enabling only limited protection under prolonged drought) 

and wood formation, due to the presence of several different cell types, is probably 

plastic. In contrast, in spruce, less plastic responses were hypothesized. This would be in 

accordance with a recent meta-analysis (Anderegg 2015), in which angiosperms showed 

higher intraspecific variability in hydraulic traits than conifers. 

 

2.2. Part II - Stem hydraulics and non-structural carbohydrate 

dynamics in potted Norway spruce ad European beech saplings 

under drought and subsequent re-irrigation 

Potted juvenile Norway spruce and European beech trees were subjected to two drought-

re-irrigation cycles performed in two consecutive growing seasons (summer 2014 and 

2015). Both drought cycles aimed at reaching the same defined thresholds of leaf 

minimum water potentials, which were different in dependence on the species (see 

explanation below). In the second drought cycle (summer 2015), coupling water relations 

and hydraulic measurements with stem NSC content, were analyzed: (1) possible long-

term (or carry-over) effects of the first drought cycle; (2) stem NSC dynamics under 

drought, as possibly influenced by the species’ water use strategies; (3) the capability to 

recover xylem hydraulics in the short period (one week) after re-irrigation and (4) 

possible relations between hydraulic recovery and stem NSC content variations.  
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The experiment was carried out at the same time in the two species and the general 

experimental design and most of methods applied were also the same. Nevertheless, given 

that conifers and angiosperms differ in several hydraulic properties as well as in their 

theoretical recovery thresholds (see below), a direct comparison of the two species for 

this experiment cannot be made. Therefore, the two species will be considered in separate 

chapters, except for the “Materials and methods” section. In the following subchapters, 

species-specific targets and hypotheses will be clarified. 

 

2.2.1. Part II A - Norway spruce 

Norway spruce saplings were dehydrated in both drought cycles to target water potentials 

corresponding to embolism levels below theoretical lethal thresholds for conifers (i.e. 

below 50% percent loss of xylem hydraulic conductance, PLC, Brodribb and Cochard 

2009, Brodribb et al. 2010). In Norway spruce the following hypotheses were tested: (1) 

in the long term (the following growing season), the previous drought event affects NSC 

pool size; (2) at the end of drought stem NSCs are depleted, due to the relatively 

isohydric strategy of the species; upon re-irrigation (3) hydraulic function is rapidly 

recovered and (4) stem NSCs content decreases because, in line with the current model 

for refilling
 
(Secchi et al. 2017), sugars previously accumulated in the xylem apoplast 

would be washed away when the xylem conduits are refilled and water transport is 

restored. 

 

2.2.2. Part II B - European beech 

In European beech both drought treatments aimed at inducing levels of embolism close to 

the edge of hydraulic failure, which for angiosperms theoretically corresponds to 88% 

PLC (Barigah et al. 2013, Ulri et al. 2013). It was hypothesised that: (1) previously 

stressed plants are more affected by the second drought treatment, as a consequence of 

impairment of water transport and/or NSC reserves; (2) ) at the end of drought total stem 

NSCs are not depleted, due to the relatively anisohydric strategy of the species and, in 

line with the findings of Yoshimura et al. (2016), conversion of starch to soluble sugars 

are triggered by PLC; upon re-irrigation (3) hydraulic function is at least partially 

recovered and (4) related to NSCs content. In particular, if recovery of hydraulics occurs, 

similarly to the hypothesis formulated above for spruce, stem NSCs are partially depleted.  
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3. Material and methods 

3.1. Part I - Hydraulic acclimation in adult European beech and 

Norway spruce (Tomasella et al. 2017 a) 

3.1.1. Experimental site and plant material 

The study site is located in the Kranzberg Forest, Southern Bavaria, Germany (N 

48°25’12”, W 11°39’42’’, elevation 450 m a.s.l.). Mean annual air temperature is 7.8 °C 

and mean precipitation 750-800 mm year
-1

, whereas during the growing seasons (May-

September) the respective values are 13.8 °C and 460-500 mm year
-1

 (averaged from 

1971 to 2000, Hera et al. 2011). The site is characterized by a mixed stand of European 

beech (Fagus sylvatica L.) and Norway spruce (Picea abies (L.) Karst) with a mean age 

of 83 ± 4 years and 63 ± 2 years, respectively (2014). The trees belong to study plots 

included in the “Kranzberg ROOF experiment” (KROOF, Goisser et al. 2016, Pretzsch et 

al. 2016). Each plot (sizes ranging between 110 and 200 m
2
) included 4-6 European beech 

and a similar number of Norway spruce specimens. The plots were trenched in spring 

2010 by vertical ditches down to 1 m soil depth (reaching a dense clay layer of tertiary 

sediments), subsequently lined with plastic tarp (waterproof and impermeable to root 

growth), and refilled with soil. Since May 2014, rainfall has been excluded at 6 out of 12 

plots by means of automated roofs at about 3 m aboveground, which from April-May to 

November were closing in case of precipitation (Pretzsch et al. 2016). During winter, the 

roofs were permanently open.  

The plant material was sampled in 8 plots (4 unroofed, control, CO; 4 roofed, with 

through-fall exclusion, TE), in which tree crowns were accessible through a canopy 

crane. Branches and single leaves (European beech) or end-twigs (Norway spruce) were 

taken from sun-exposed crown parts at about 30 m height, corresponding to the upper 

canopy of European beech trees. The sampling was strictly performed at this height to 

avoid shading (Lemoine et al. 2002) or height (Ambrose et al. 2009) effects on the 

studied hydraulic parameters. End-twigs were used for analyses in case of Norway spruce 

because the small needles of this species neither allow pressure-volume analyses nor 

rehydration kinetics measurements (see paragraphs 3.1.6 and 3.1.7). Still, this enabled to 

characterise hydraulics of distal crown parts and should sufficiently represent needle 
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hydraulics. It is important to note that the entire end-twigs analysed were grown from 

2014 to 2016, when the through-fall exclusion experiment was performed. 

The experimental drought applied in 2015 and 2016 strongly limited growth of Norway 

spruce TE trees, i.e. in 2016 the current and the previous year shoots were extremely short 

in comparison to CO twigs (max. 2 cm length, Figure 3-1d). For this reason, 

measurements (pressure-volume and leaf vulnerability analysis; see methods) on Norway 

spruce were performed on three-year-old end-twigs (i.e. built since spring 2014). CO and 

TE end-twigs used for measurements were 17.4 ± 0.7 and 12.6 ± 1.2 cm long, 

respectively. In order to identify potential effects of the current and previous year shoot 

(differently developed in CO and TE end-twigs), additional measurements were 

performed on three-year-old segments, deprived of the current-year and the previous-year 

segments (abbreviation COyear3). A scheme with all measurements performed is given in 

Figure 3-1. 

 

3.1.2. Soil volumetric water content  

Soil volumetric water content (SVWC, %) was measured weekly via time domain 

reflectometry (TDR 100, Campbell Scientific, Inc., Logan, USA) in all experimental plots 

(6 CO and 6 TE). TDR probes were installed in the middle of each plot at four different 

depths (0-7 cm, 10-30 cm, 30-50 cm and 50-70 cm). In the results are reported the SVWC 

values measured at the shallower (0-7 cm) and deeper (50-70 cm) layers. 

 

3.1.3. Pre-dawn and minimum seasonal water potentials 

Pre-dawn water potentials (Ψpd) were measured in several campaigns over all growing 

seasons (2014-2016). One short end-twig was excised from each of eight trees per 

treatment and species at about 30 m height, between 03:00 and 04:30 h solar time (before 

sunrise). Immediately after harvest, samples were sealed in plastic bags and water 

potential was measured, using a pressure chamber (Model 3000 Pressure Extractor, Soil 

moisture Equipment Corp., Santa Barbara, USA). 

Midday water potentials (Ψmd) were measured during several campaigns in summer 2016 

(third year of drought) as described above, between 12:00 and 14:30 h (sunny days). 

Minimum water potentials (per species and treatment) were defined as the lowest Ψmd 
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reached during the growing season (corresponding to the July or August campaigns). 

These values, compared to branch xylem and leaf/end-twig vulnerabilities (see below), 

allowed to estimate the stomatal regulation in relation to leaf and branch hydraulic 

dysfunction. 

 

Figure 3 - 1 Hydraulic acclimation study in adult trees: scheme of plant material. Branch (a, b) xylem 

vulnerability analyses were performed with the Cavitron technique in February-March 2016. The central 

segment of the sample was used afterwards for anatomical analysis. PV curves and leaf/twig vulnerability 

curves were performed in European beech leaves (F. sylvatica, c) or Norway spruce end-twigs (P. abies, d), 

in summer 2016. Leaf/end-twig vulnerabilities were analysed by progressively dehydrating branches and 

then detaching single leaves/end-twigs in the lab for rehydration kinetics procedure. For measurements, 

control (CO) and drought stressed (TE) trees were used. In case of Norway spruce CO end-twigs, also 

samples lacking the previous and current year shoot were prepared (COyear3, called “control end-twig 

segments” in the text). CO and TE end-twigs of Norway spruce were grown from 2014 to 2016, when the 

rainfall exclusion experiment was performed. 

 

3.1.4. Branch xylem vulnerability curves 

Vulnerability to xylem cavitation was assessed with the Cavitron technique (Cochard et 

al. 2005) in 7-8 trees per treatment (CO and TE), taking one branch per tree. Samples 

were collected between February and March 2016 (two years after starting the through-
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fall exclusion), i.e. when the roofs of TE plots had been kept open for the whole winter 

(from December 2015) and prior spring flush, to avoid influences of phenological 

differences between trees on vulnerability analysis. After harvest, the cut ends of 

European beech and Norway spruce branches were shortened under water. Beech samples 

(placed in buckets with water) and spruce samples (wrapped tightly in plastic bags 

containing wet paper towels) were transported within one day to Innsbruck (Institute of 

Botany) for vulnerability measurements. Side twigs were removed and the main branch 

was re-cut several times under water according to Beikircher and Mayr (2016), till 

reaching a length of 27.5 cm. The mean diameter of samples (without bark) ranged 

between 3.5-5.5 mm in European beech and between 5.0 -7.0 mm in Norway spruce, 

while the central portion of the branch segments was 2-3 years old in beech and 3 years 

old in spruce. This implies that most of TE branches used for Cavitron and xylem 

anatomical analysis (see below) included xylem built the year before the start of through-

fall exclusion. European beech segments were debarked (5 cm) at both ends; in Norway 

spruce, bark was removed from the entire sample, to avoid clogging of tracheids by resin. 

Immediately before Cavitron (Cochard 2002) measurements, beech segments were 

flushed at 0.08 MPa for 20 min at both cut ends (until reaching maximum conductivity), 

while connected to the Xylem Embolism Meter (XYL’EM, Bronkhorst, France), in order 

to remove native embolism. Native embolism in European beech branches was 44 ± 12 % 

(no difference between treatments), due to winter embolism, while no native embolism 

was detected in Norway spruce. Cavitron measurements and conductivity calculations 

followed Beikircher et al. (2010). After final trimming at both ends, samples were fixed 

in a 280 mm custom-built rotor inside a centrifuge (Sorvall RC-5, Thermo Fisher 

Scientific, Waltham, USA). Segment ends were kept inside transparent plastic reservoirs 

filled with distilled, filtered (0.22 µm) and degassed water containing 0.005% (v/v) 

‘Micropur’ (Katadyn Products Inc., Wallisellen, Switzerland) to prevent microbial 

growth. Hydraulic conductivity (k) through the sample was calculated at successive 

higher xylem pressures, induced by increasing rotational speed. Percentage loss of 

conductivity (PLC) was calculated as: 

PLC = 100 (1 – kf/ki)                                                                                                          (1)                                                                                                           
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where ki is the initial (maximum) hydraulic conductivity (obtained at a xylem pressure 

below 0.5 MPa) and kf is the hydraulic conductivity at the xylem water potential at a 

given rotational speed (Ψxyl). 

Curves were fitted with the software package R (R development core team 2014, version 

3.1.2) using an exponential sigmoidal function, according to Pammenter and Vander 

Willingen (1998):  

PLC = 100 / 1 + exp[abranch(Ψxyl – Ψ50_branch)]                                                                   (2)                                                                                   

where abranch is the coefficient related to the slope of the curve and Ψ50_branch is the branch 

xylem water potential inducing 50% loss of conductivity. The xylem pressures inducing 

12 (Ψ12_branch) and 88 (Ψ88_branch) PLC were also calculated:  

Ψ12_branch = log(100/12-1)/a+ Ψ50                                                                                       (3)                                                                                           

Ψ88_branch = log(100/88-1)/a+ Ψ50 

 

3.1.5. Wood anatomical analysis 

In order to relate xylem anatomical traits to the potential hydraulic plasticity under 

drought, conduit mean arithmetic diameter (D, µm), conduit mean hydraulic diameter 

(Dh, µm), conduit wall reinforcement (t/b)h
2
, conduit density (CD) and vessel grouping 

index (VG, only for European beech) were calculated from xylem cross section analysis. 

From the central portion of five randomly selected samples per treatment previously used 

for vulnerability curves, cross sections of 15-20 µm thickness were obtained with a 

microtome (Sledge Microtome G.S.L. 1, Schenkung Dapples, Zuerich, Switzerland) and 

stained with Etzold FCA mixture. Anatomical traits were analyzed from pictures captured 

with a digital camera (ProgRes CT3, Jenoptik, Jena, Germany) connected to a light 

microscope (Olympus BX41TF, Olympus Austria, Vienna, Austria), at a magnification of 

20x for European beech and 40x for Norway spruce. For each section, analyses were 

conducted on a radial sector of sapwood including all relevant annual rings (3 years, 

formed from 2013 to 2015). Images were analyzed using the software ImageJ (v. 1.48; U. 

S. National Institutes of Health, Bethesda, Maryland, USA, http://imagej.nih.gov/ij/). 

Dh was calculated according to the equation (Sperry and Hacke 2004): 
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    𝐷ℎ =  
∑ 𝐷5

∑ 𝐷4
                                                                                                                       (4)                                                                                                                                      

where D is the conduit diameter, calculated from the conduit area and assuming a circular 

shape in beech and a squared shape in spruce.  

Conduit wall reinforcement (t/b)h
2
 was calculated according to Hacke et al. (2001a), 

whereby t is the thickness of the double cell wall and b the hydraulic diameter of the 

conduit. 

CD, expressed as number of conduits per 1 mm
2 

(Scholz et al. 2013), was calculated from 

the complete radial sectors considered for Dh calculations, dividing the total number of 

conduits by the sapwood area analyzed. VG is the ratio between total number of vessels 

and total number of vessel groupings (Carlquist 2001). 

 

3.1.6. Pressure-volume analysis 

Water potential isotherms (Tyree and Hammel 1972), also called pressure-volume (PV) 

curves, were measured in summer 2016 (i.e. during the third year of through-fall 

exclusion) in five samples (European beech leaves and Norway spruce end-twigs) per 

species and treatment. Curves were measured in July for beech and in September for 

spruce to ensure full maturation of tissues and completed xylogenesis in spruce twigs. 

Small branches were cut in late afternoon and rehydrated overnight, until water potential 

was > -0.2 MPa. Leaves of European beech or end-twigs of Norway spruce were detached 

with a razor blade, wrapped in cling film, and initial water potential (Ψleaf/Ψtwig) was 

measured with a pressure chamber (mod. 1505D, PMS Instrument co., Albany, USA). 

Ψleaf/Ψtwig and fresh mass were determined periodically during slow dehydration (cling 

film was removed) on the bench. Measurements stopped when the relation between water 

loss and Ψleaf
-1

 (or Ψtwig
-1

) became linear (R
2 

> 0.95). The spreadsheet tool of Sack and 

Pasquet-Kok (2011) was used to determine the following PV traits: water potential at 

turgor loss point (ΨTLP, MPa; a key trait to assess plant species’ ecological drought 

tolerance, Lenz et al. 2006, Bartlett et al. 2012), osmotic potential at full turgor (π0, MPa) 

and bulk modulus of elasticity (ε, MPa, i.e. the slope of turgor potential vs. relative water 

content, above and including turgor loss point). 
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Calculation of leaf/end-twig hydraulic conductance (Kleaf or Ktwig, see below), required the 

determination of absolute leaf/end-twig capacitance, which is the ratio of changes in 

water content and respective Ψleaf/Ψtwig, normalised by projected leaf area. Absolute 

leaf/end-twig capacitances were calculated at full turgor (i.e. above and including turgor 

loss point, CFT, mmol m
-2

 MPa
-1

) and below turgor loss point (CTLP, mmol m
-2

 MPa
-1

; see 

Brodribb and Holbrook 2003). Separate PV and capacitance analyses were made for 

entire control end-twigs (CO) and control segments grown in 2014 (COyear3, see 

explanation above). As both methods are based on water potential measurements, cutting 

open a second end of twigs, as done for COyear3 end-twig segments, may cause the water 

column to relax and have an effect on the measured water potential. This effect was 

preliminarily checked to be very small and not significant. 

 

3.1.7. Leaf/end-twig vulnerability 

The response of hydraulic conductance (Kleaf in beech, Ktwig in spruce) to decreasing 

Ψleaf/Ψtwig was measured in European beech leaves and Norway spruce end-twigs. 

Kleaf/Ktwig were determined using the rehydration kinetics technique described by 

Brodribb and Holbrook (2003). Branches (of about 60 cm length) of 7-8 trees per 

treatment were harvested in the early morning, transported to the laboratory and wrapped 

in a plastic bag containing a wet paper towel, for at least 30 minutes, in order to 

equilibrate water potentials. Measurements were performed under laboratory conditions 

(air temperature of 20-23 °C and artificial light). Initial water potential (Ψ0, MPa) was 

determined in two leaves (beech) or end-twigs (spruce): if the difference between the two 

Ψ0 was > 0.1 MPa, measurements were discarded. A third leaf/end-twig was cut while the 

cut end immersed in filtered (0.2 µm), degassed, 10 mM KCl and 1 mM CaCl2 solution 

and let rehydrate for a rehydration time (t) of 5 to 10 s for beech and 30 to 70 s for spruce. 

In spruce, prior excision, the region of the twig to be cut for rehydration was stripped of 

its bark to avoid resin occlusion at the cut surface. The rehydrated leaves/end-twigs were 

then wrapped in plastic cling for 2 minutes to allow for equilibration of water potential. 

Final water potential (Ψf, MPa) was measured and Kleaf (or Ktwig in spruce, mmol MPa
-1 

s
-1 

m
-2

) was calculated as follows:  

Kleaf = CFT [ln(Ψ0 Ψf
-1

)] t
-1

                                                                                                  (5)                                                                                          



 

 
22 

When Ψ0 was below ΨTLP, CFT was substituted by CTLP. As for PV curves, separate 

vulnerability curves were made in control end-twig segments grown in 2014 (COyear3). 

Maximum leaf/end-twig conductance Kmax_leaf (or Kmax_twig) was calculated as mean Kleaf 

(or Ktwig) of well hydrated shoots (Ψ0 > - 0.8 MPa) and percentage loss of conductance 

calculated as PLC for stems (Equation 1), substituting ki by Kmax_leaf/Kmax_twig and kf by 

Kleaf/Ktwig. Leaf/end-twig vulnerability curves were plotted as sigmoidal functions 

following Equation 2, where Ψ50_branch was substituted by Ψ50_leaf/Ψ50_twig (water potential 

inducing 50% loss of leaf/end-twig conductance) and abranch by aleaf/atwig. 

 

3.1.8. Leaf-to-stem safety margins 

The leaf-to-stem safety margin was calculated as the difference between leaf/end-twig 

hydraulic safety (expressed as Ψ50_leaf in European beech and as Ψ50_twig in Norway spruce) 

and branch xylem hydraulic safety (expressed as Ψ50_branch) for each treatment (i.e. Ψ50_leaf 

-Ψ50_branch/Ψ50_twig - Ψ50_branch). 

 

3.1.9. Statistical analyses 

Values are given as means ± SE. For curve fitting, vulnerability data were pooled per 

treatment and segment (branches or leaves/end-twigs), while vulnerability thresholds 

were calculated per sample. All data were tested for normality (Shapiro-Wilk test) and 

homoscedasticity (Levene test). Branch vulnerability curve parameters (abranch, Ψ12_branch, 

Ψ50_branch and Ψ88_branch) were compared within and between species (four groups) with 

Welch F-test, followed by post hoc Games-Howell test. Student’s t-test (when equal 

variances) or Welch t-test (when unequal variances) were used to test differences between 

CO and TE treatments in Ψpd, Ψmd, anatomical parameters of both species and in PV 

traits, Kmax_leaf, Ψ50_leaf and aleaf of European beech. In Norway spruce, PV traits, Ψ50_twig, 

Kmax_twig and atwig were compared between CO, COyear3 and TE, using one-way ANOVA 

followed by Tukey-HSD post hoc test. All tests were performed at a probability level of P 

< 0.05 using SPSS (IBM SPSS Statistics for Windows, Version 23.0. Armonk, NY: IBM 

Corp.). 
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3.2. Part II - Stem hydraulics and non-structural carbohydrate 

dynamics in potted Norway spruce and European beech saplings 

under drought and subsequent re-irrigation 

3.2.1. Plant material and experimental design 

The experiment was conducted at the Greenhouse Center Duernast (48°24’16.1’’N; 

11°41’34.5’’E, Duernast, Germany). In April 2014, four-year-old Norway spruce  and 

two-year-old European beech trees of South Bavarian origin (Hoermann Pflanzen GmbH, 

Schrobenhausen, Germany), were transplanted in 20 L cylindrical plastic pots. The 

substrate used for planting was a mixture of 70% forest loamy soil (upper 20 cm of a 

luvisol, collected from a local stand of spruce at Kranzberg Forest, Freising) and 30% 

sand. Five g of slow-release fertiliser (Osmocote
®
, ICL Fertilizers Deutschland GmbH, 

Germany) was added to the soil and pesticides against aphids and fungi were sprayed on 

leaves at the beginning of the vegetation period. In spring 2015, 1.5 g of fertilizer 

(Hakaphos
® 

Blau 15-10-15+2, COMPO Gmbh & Co., Germany) was added as solution to 

the soil. The soil was maintained at field capacity by an automated drip irrigation system. 

Pots were placed in a greenhouse equipped with a retractable roof. During the vegetation 

period, the roof was left open during the day with exception of rainfall events, in order to 

assure natural direct sunlight to the plants and avoid overheating. Pots were periodically 

and randomly moved within the greenhouse space.  

Air temperature (°C), relative humidity (RH, %) and Photosynthetic Photon Flux Density 

(PPFD, µmol m
-2

 s
-1

) were measured at tree height in the middle of the greenhouse and 

recorded every 10 min by a data logger (model DL2e, Delta-T Devices, Cambridge, UK).  

The main results of the studies on spruce and beech derive from measurements carried out 

through a drought-recovery treatment applied in summer 2015 (see below) on plants that 

were drought stressed the year before (summer 2014). This was done in order to test the 

long-term effects of the previous drought on hydraulics, water relations and stem NSC 

pool size. In both drought cycles, plants were subjected to water shortage until leaf 

midday water potentials (Ψmd) between -3.0 and -3.5 MPa for Norway spruce and 

between -3.8 and -4.2 MPa for European beech were reached. Afterwards plants were re-

irrigated at soil field capacity. The target water potentials under drought corresponded to 

~10-40% and ~80% loss of hydraulic conductance (PLC) in spruce and beech, 
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respectively, according to vulnerability curves available in the literature
 
for the two 

species (Cochard 1992, Mayr et al. 2002, Barigah et al. 2013). 

The first drought cycle started on 23 July 2014. 30 plants per species were kept watered at 

soil field capacity (C1cycle, control trees) and 30 underwent drought (D1cycle, drought trees), 

induced by withholding irrigation. After re-irrigation, all plants were kept well-watered 

until the second drought treatment, which started the following summer (2015). During 

the first drought cycle (summer 2014), air temperature and relative air humidity averaged 

18.8 °C and 80 %, respectively. In winter 2014-2015, the minimum temperature reached 

in the greenhouse was -4.3 °C.  

In the following summer, plants from C1cycle and D1cycle groups were randomly assigned to 

two groups that were, as for 2014, a control (kept well-watered by drip irrigation) and a 

drought treatment. Therefore, four groups were formed: CC (both years control), CD 

(first year control, second year drought), DC (first year drought, second year control) and 

DD (both years drought). During the second drought cycle period, maximum daily PPFD 

ranged between 340 and 1690 µmol m
-2

 s
-1

, relative humidity (RH) oscillated between 20 

and 90% and mean daily air temperature was between 23 and 30 °C. Maximum daily 

temperatures ranged between 23 and 43°C. In order to test possible long-term legacies of 

the 2014 drought, a first measurement campaign (“pre-drought”) was carried out at the 

end of June 2015 (i.e. the week before the beginning of the second drought treatment), by 

measuring soil volumetric water content (SVWC), gas exchange, water potentials, stem 

PLC and NSC content. Twigs and needles were fully expanded at the beginning of 

measurements. Drought started on 30 June and irrigation of CD and DD trees was 

regulated in order to reach the target minimum water potentials almost at the same time in 

all trees, to avoid that different duration of the drought would affect NSC concentration. 

To this purpose, in the first four weeks of the treatment, drought trees were irrigated 

every second day with half of their individual daily water consumption, which was 

measured before starting the experiment by weighing each drought pot over a 24 h time 

interval. Afterwards irrigation was completely withheld in order to reach the target leaf 

water potentials. Trees not harvested for PLC and NSC content at the end of drought 

(“end-drought” campaign) were re-irrigated to soil field capacity and then were kept well-

watered by drip irrigation as control trees. After six/seven days of re-irrigation, trees were 

harvested for a third (“re-irrigation”) campaign. In Figure 3-2 the scheme of the 
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experiment is represented. Plants to be harvested in each campaign were randomly 

selected already before the start of the experiment. 

Figure 3 - 2 Greenhouse experiment: scheme of the experimental setup. In the first cycle (summer 

2014), spruce and beech potted trees were split into two treatments: a control (C1cycle), kept well-watered, 

and drought stressed one (D1cycle). In both drought cycles, plants were dehydrated to a target Ψmd, at which 

each single plant was re-irrigated. During the first drought cycle, irrigation was completely withheld in 

D1cycle plants. After re-irrigation, all plants were kept well-watered until the following summer (2015), when 

the second drought cycle took place. In summer 2015 a first measurement campaign (“pre-drought”) was 

performed in C1cycle and D1cycle plants, all well-watered. Afterwards, both C1cycle and D1cycle groups were 

divided into two groups, a well-irrigated and a drought-stressed one. Therefore, four groups were formed 

(CC, CD, DC and DD). In this second drought, CD and DD plants were dehydrated progressively, 

regulating the amount of irrigation in order to reach the target Ψmd almost at the same time (within a few 

days). At the peak of drought and after one week of re-irrigation, a second (“end drought”) and a third (“re-

irrigation”) measuring campaigns were performed, respectively. In the three measuring campaigns, water 

potentials, percent loss of stem hydraulic conductance (PLC) and stem non-structural carbohydrates (NSC) 

were measured. (Modified figure from Tomasella et al. 2017b). 

 

3.2.2. Soil volumetric water content 

Soil volumetric water content (SVWC, %) was measured weekly in all the pots, over the 

whole second drought cycle period, via time domain reflectometry (TDR 100, Campbell 

Scientific, Inc., Logan, Utah, USA). Probes 20 cm in length were inserted vertically into 

the pots for instantaneous measurements. A mean value over the total depth was given as 
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output. Measurements started on 30 June 2015 (start of drought, all trees well-watered) 

and ended on 14 August 2015 (when all pots were re-irrigated after the drought 

treatment).  

 

3.2.3. Water potentials and gas exchange 

Pre-dawn (Ψpd) and midday leaf water potentials (Ψmd) were measured between 3:00 and 

4:30 h and between 11:30 and 13:30 h (solar time), respectively, in current-year fully 

developed twigs with a Scholander-type pressure chamber (mod. 1505D, PMS Instrument 

co., Albany, USA). European beech twigs were bearing one-two leaves. In the first 

drought cycle (2014), only Ψmd were measured, on subsamples (n=5) and on a weekly 

basis (see Supplementary Figures S1a and S4). In both drought cycles, Ψmd were 

measured more frequently when values were approaching the target for re-irrigation. In 

the three main campaigns of the second drought cycle (2015), xylem water potentials 

(Ψxyl) were measured in parallel with Ψmd, on twigs which were wrapped in plastic cling 

and aluminium foil the evening before, in order to stop transpiration and allow for 

equilibration of water potentials
 
(Barigah et al. 2013). 

In 2015, in order to monitor the effects of the drought treatment on leaf gas exchange, 

CO2 assimilation rate (A, µmol m
-2

 s
-1

), stomatal conductance (gs, mmol m
-2

 s
-1

) and leaf 

transpiration (E, mmol m
-2

 s
-1

) were measured on 25 June (before starting the drought 

treatment), on 16 July and on 3 August (last week of drought). Measurements were 

carried out during sunny days (PPFD between 1100 and 1500 µmol m
-2

 s
-1

), between 

11.30 and 13.30 h (solar time), with a portable gas analyser (Licor 6400, LI-COR Inc., 

USA). CO2 concentration was set to 400 ppm. Due to the limited size of spruce needles, a 

conifer chamber made of transparent plastic (6400-05 LI-COR Inc., USA; measurements 

under ambient light) was used on a current-year twig. In beech, a cuvette providing red-

blue light (set to 1500 PPFD) was clamped to a single mature sun-exposed leaf. In each 

campaign, measurements were carried out in three to eight trees per treatment, on one 

twig/leaf per tree. In spruce, gas exchange parameters were normalized by the total needle 

area of the twig segment included in the chamber.  Due to the three-dimensional structure 

of spruce needles, total projected area was multiplied by a factor 3.2
 
(Perterer and 

Koerner 1990). 
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3.2.4. Stem radius variation (only for Norway spruce - part II A) 

Stem radius variation was detected in Norway spruce trees using diameter dendrometers 

(model DD-S, Ecomatik, Dachau/Munich, Germany), installed at the basal portion of the 

stem of two-three trees per treatment. From installation (March 2015) to tree harvest 

(August 2015), dendrometer signals were recorded every 10 min by the data logger used 

for environmental data (see above). The diameter variation, defined as the relative change 

in diameter with respect to the beginning of drought treatment (30 June), was calculated. 

 

3.2.5. Water potential isotherms 

In order to assess possible adjustments of turgor loss point due to the two drought cycles, 

water potential isotherms (or pressure-volume curves, Tyree and Hammel 1972) were 

measured before the beginning of the second drought cycle (end of June 2015) in C1cycle 

and D1cycle trees (n = 5) and after the second drought treatment (upon restored irrigation) 

in twigs of control and drought treatments (n = 5). Fully developed current-year twigs 

were detached in the early morning and allowed to rehydrate for 30 to 60 min (until Ψ > - 

0.2 MPa) while wrapped in plastic cling. The method and calculations (including leaf 

mass per area, LMA) are described in the method paragraph 3.1.6 (Part I). 

 

3.2.6. Percentage loss of stem hydraulic conductance (PLC) 

Percentage loss of stem hydraulic conductance (PLC, %) was assessed in the second 

drought cycle (2015) in the “pre-drought” (29-30 June), “end drought” (8-12 August) and 

“re-irrigation” (16-20 August) campaigns. Between 11:00 and 16:00 h (solar time), trees 

were cut under water in the proximity of the root collar and then trimmed several times 

under water, making multiple short cuts (Venturas et al. 2015; Nardini et al. 2017a), until 

the selected portion (two-year old) of the main stem reached a length of about 3-4 cm and 

5-7 cm, in spruce and beech, respectively. According to the so called “Wheeler effect”, 

cutting samples under tension, even if under water, produces artefactually higher PLC 

values
 
(Wheeler et al. 2013). Nevertheless, those results have been confuted by follow-up 

studies
 
(Trifilò et al. 2014, Venturas et al. 2015, Nardini et al. 2017a, Nolf et al. 2017) 

applying standard handling and sampling protocols. In the present experiment, trees were 

cut and trimmed several times under water, thus leading to relaxation of xylem tension. 
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In Norway spruce, segments were debarked completely to avoid tracheid occlusion by 

resin. In European beech, about 1 cm of bark was removed only at the cut end to be 

inserted to the Xylem Embolism Meter (XYL’EM - Plus, Bronkhorst, France) outlet. 

After final thin and sharp cuts at both ends, samples were connected to the XYL’EM. 

Hydraulic conductance measurements were performed at 25 °C under low water pressure 

(7 kPa) using degassed, filtered (0.2 µm) water with 10 mM KCl and 1 mM CaCl2 added
 

(Nardini et al. 2007; Barigah et al. 2013). Consecutive flushes of 10 min each were 

applied with the same solution at 0.1 MPa for spruce and 0.2 MPa for beech, until no 

further increase in conductance (maximum hydraulic conductance, Kmax_stem) was 

detected. PLC was calculated similarly to Equation 1 (see above) as: 

PLC = 100 (1- Kn_stem/Kmax_stem)  (6) 

where Kn_stem is the initial native hydraulic conductance (i.e. measured before flushes). 

Maximum specific hydraulic conductivity was calculated as: 

ks = Kmax_stem L Axyl
-1

  (7) 

where L is the length and Axyl the mean xylem area of the stem sample measured. 

 

3.2.7. Stem non-structural carbohydrate (NSC) analysis 

A 3-4 cm long stem segment adjacent to the portion used for hydraulic conductance 

measurements (see above) was taken from each tree harvested during the three main 

campaigns of the second drought cycle. Bark (including cambium) was separated from 

wood with a razor blade and both portions were treated as separate samples, microwaving 

them three consecutive times at 700 W for 30 s to stop enzymatic activity. After oven-

drying at 70 °C until constant mass, each sample was ball milled to fine powder, and 20 

mg of dry mass was used for soluble sugars extraction in distilled water, following 

Schloter et al. (2005). A first extraction was carried out in 1 ml water, vortexing and 

incubating the suspension for 10 min in 80 °C water bath. After centrifuging and 

collecting the supernatant, the procedure was repeated twice using 0.5 ml distilled water. 

The remaining dry pellet was re-suspended in 1.0 ml distilled water and starch was 

hydrolysed to glucose using heat-stable α-Amylase from Bacillus licheniformis (1250 

U/ml, 30 min incubation at 80 °C) and amyloglucosidase from Aspergillus niger (3 U/ml, 
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overnight incubation at 37 °C). After centrifugation, final extracts were filtered (0.45 µm 

nylon filters) and stored at -20 °C until analysis. NSC analysis was performed with high-

pressure liquid chromatography (Schambeck SFD, Bad Honnef, Germany) equipped with 

a Carbosep CHO-820 Ca
2+

 column (Transgenomic, Glasgow, UK), maintained at 90°C. 

Millipore water was used as mobile phase at a flow rate of 0.5 ml min
-1

 (Angay et al. 

2014). Sugar specimens (glucose, fructose, sucrose, pinitol, galactose, stachyose and 

raffinose) were identified by retention time and concentration was quantified by 

comparing peak heights in chromatograms with calibration curves obtained from standard 

solutions. Starch content was quantified as glucose equivalents. Total NSC content was 

considered as the sum of all measured specimens: starch, glucose, fructose and sucrose 

constitute the major physiologically important carbon storage compounds, while the 

others are mainly synthetized in response to stresses like drought
 
(Deslauriers et al. 2014). 

 

3.2.8. Leaf desiccation assessment (only for European beech - part II B) 

At the end of the second drought cycle, during the “end-drought” campaign (i.e. when 

drought stressed trees reached the target Ψmd) leaf desiccation was assessed in European 

beech in all groups (no leaf desiccation was observed in Norway spruce). Percentage of 

desiccated leaves was calculated for each tree counting the total number of leaves and the 

number of damaged leaves. 

 

3.2.9. Aboveground biomass 

In the “end-drought” and “re-irrigation” campaigns (August 2015) the aboveground 

biomass of each tree harvested for PLC measurements was measured after being oven 

dried at 70 °C for 48 h. For data analysis, the two campaigns were considered as a single 

one. 

 

3.2.10. Statistical analysis 

Analyses were carried out at a probability level of P < 0.05, using R (v. 3.1.2, R 

development Core Team, 2014). All data were tested for normality (Shapiro-Wilk test) 

and homoscedasticity (Bartlett test) and, whenever necessary, log-, square root- or 

exponential- transformed.  
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Welch’s t-test was used to test differences between C1cycle and D1cycle trees in all 

parameters measured before starting drought (“pre-drought” campaign), except for PLC 

of Norway spruce that was tested with Mann-Whitney U-test (non-normality). 

Differences between treatments for A, gs, E, Ψpd, Ψxyl and Ψmd were tested per campaign 

with ANOVA followed by post-hoc Tukey-HSD. In Norway spruce, differences in A and 

PLC (non-normality) were tested in each campaign with the non-parametric Kruskal-

Wallis test followed by Conover's-post-hoc (R package pmCMR). 

In the “end-drought” and “re-irrigation” campaigns, the influence of the first and second 

drought cycle on stem NSC content was tested using a two-way ANOVA. NSC contents 

were compared with a two-way ANOVA (treatment and campaign as factors) followed by 

Tukey HSD post-hoc test. In Norway spruce, as the first drought cycle did not 

significantly affect NSC content (Supplementary Table S3), data of the “end-drought” 

and “re-irrigation” campaigns were pooled per water regime (well-watered treatments, 

CC & DC, and drought treatments, CD & DD). In European beech, all four groups were 

kept separated, but the DC group was not included in the statistical analysis because 

consisting on only two replicates per campaign (mean values are reported on graphs 

without error bars). 

A two-way factorial ANOVA (first year and second year treatments as factors) followed 

by Tukey HSD test was used to test differences in aboveground biomass between 

treatments. 

Correlations PLC-starch and PLC-soluble sugars were tested separately in the “end-

drought” and “re-irrigation” campaigns, calculating Spearman’s rank correlation 

coefficients (non-normality) in Norway spruce and Pearson’s correlation coefficients in 

European beech. 
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4. Results 

4.1. Part I - Hydraulic acclimation in adult European beech and 

Norway spruce (Tomasella et al. 2017 a) 

4.1.1. Soil water content and pre-dawn water potentials 

From the beginning of the through-fall exclusion (May 2014) on, soil volumetric water 

content (SVWC) was generally lower in precipitation-excluded (TE) than in control (CO) 

plots, in all the measured soil horizons (Figure 4.1-1; data not shown for 10-30 cm and 

30-50 cm depths). The shallower horizons (0-7 cm, 10-30 cm), with respect to the deeper 

ones, showed the lowest SVWC and the highest differences between treatments.  When 

the roofs were permanently open (over winter, see gray zones in Figure 4.1-1), water in 

the soil of TE plots was only partially recharged, due to scarce precipitation over winter 

2014/15 as well as winter 2015/16. In summer 2015, CO plots reached similar low 

SVWC as TE plots because of a natural drought episode. 

 

Figure 4.1 - 1 Soil volumetric water content (SVWC) at 0-7 cm (a) and 50-70 cm (b) depth. SVWC 

was assessed weekly (January 2014 to September 2016) in control (CO) and through-fall exclusion (TE) 

plots. The beginning of the through-fall exclusion (May 2014) is marked by a vertical black line. Gray 

background shows the time periods with permanently opened roofs (winter). Values are means ± SE (n=6). 
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Table 4.1 - 1 Pre-dawn leaf water potentials (Ψpd, MPa). Ψpd measured in five field campaigns within the 

three consecutive growing seasons subjected to through-fall exclusion (2014-2016), in control (CO) and 

through-fall exclusion (TE) treatments. Values are means ± SE (n = 6-8). * 0.01<P<0.05; ** P<0.01 

between treatments of a species. 

 

In both species and in all campaigns, pre-dawn water potentials (Ψpd) were lower in TE 

trees relative to CO (Table 4.1-1), supporting the effectiveness of the through-fall 

exclusion treatment and confirming SVWC data. Ψpd differences between treatments were 

about 0.2 MPa higher in Norway spruce than in European beech, with exception of 

August campaigns where scarce or absent precipitation events caused a drop of Ψpd in 

both species at the CO plots (Table 4.1-1). Most pronounced differences were observed in 

Norway spruce in July 2015 with 0.8 MPa lower Ψpd in TE versus CO trees. 

 

4.1.2. Branch xylem vulnerability to cavitation 

Both species showed a more cavitation resistant xylem in TE than in CO trees and thus a 

shift in branch vulnerability upon experimental drought (Figure 4.1-2; Table 4.1-2). In 

European beech, Ψ50_branch was 0.4 MPa lower in TE (-3.82 ± 0.05 MPa) than in CO trees 

(-3.42 ± 0.07 MPa) and Ψ12_branch and Ψ88_branch similarly shifted by about 0.5 MPa and 0.3 

MPa, respectively (Table 4.1-2). In Norway spruce, a similar trend was observed 

(although only significant regarding Ψ50_branch), with an average of -3.74 ± 0.06 MPa in 

CO and of -4.09 ± 0.07 MPa in TE branches. 

Overall, branches of Norway spruce exhibited slightly more negative vulnerability 

thresholds than European beech (CO trees; Table 4.1-2). The slope of the sigmoidal 

curves, indicated by the parameter abranch, did not differ within and between species 

(Table 4.1-2). 

 European beech Norway spruce 

Date CO TE CO TE 

18.07.2014 -0.42 ± 0.03 -0.75 ± 0.08** -0.89  ± 0.06 -1.39 ± 0.05** 

21.07.2015 -0.76 ± 0.05 -1.32 ± 0.05** -0.79  ± 0.04 -1.60 ± 0.05** 

14.08.2015 -1.31 ± 0.13 -1.66 ± 0.10* -1.31  ± 0.09 -1.63 ± 0.11* 

18.07.2016 -0.32 ± 0.01 -0.56 ± 0.03** -0.52  ± 0.01 -1.03 ± 0.07** 

25.08.2016 -0.38 ± 0.03 -0.78 ± 0.05** -0.59  ± 0.03 -0.85 ± 0.11 
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Figure 4.1 - 2 Branch and leaf/end-twig vulnerability curves. Branch vulnerability of European beech 

(a) and Norway spruce (b); vulnerability of European beech leaves (c) and Norway spruce end-twigs (d) in 

control (CO) and through-fall exclusion (TE) treatments. The vulnerability curve of Norway spruce control 

end-twig segments grown in 2014 (COyear3) is shown in panel d. Solid vertical lines indicate water 

potentials inducing 50% loss of branch xylem conductivity (Ψ50_branch; n = 7-8), dotted vertical lines indicate 

water potentials at turgor loss point (ΨTLP), dashed vertical lines indicate water potentials at 50% loss of 

leaf/twig conductance (Ψ50_leaf/ Ψ50_twig; n = 7-8). 

 

4.1.3. Wood anatomical traits 

The observed conduit mean arithmetic diameter (D), conduit mean hydraulic diameter 

(Dh) and conduit wall reinforcement (t/b)h
2
 in branch cross sections did not differ 

significantly between treatments in both species. However, beech TE trees tended to have 

smaller vessels and higher conduit reinforcement, with D averaging about 15.1 µm and 

12.3 µm (P < 0.10), Dh averaging about 28.2 µm and 27.4 µm and (t/b)h
2
 averaging about 

1.4 and 1.8 in CO and TE, respectively (Table 4.1-3). In beech, also conduit density was 

(significantly) higher in TE (1218 ± 74 mm
-2

) with respect to CO branches (872 ± 113 

mm
-2

), while no difference was observed in spruce (Table 4.1-3). The vessel grouping 

index (VG) analyzed in beech revealed no differences between treatments. 
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Table 4.1- 2 Branch and leaf/end-twig hydraulic vulnerability. Slope of branch xylem vulnerability 

curve (abranch), water potential at 12 (Ψ12_branch), 50 (Ψ50_branch) and 88% (Ψ88_branch) loss of branch xylem 

conductivity; slope of leaf/twig vulnerability curve (aleaf/atwig), water potential at 50% loss of leaf/end-twig 

conductance (Ψ50_leaf/ Ψ50_twig), maximum leaf/end-twig hydraulic conductance (Kmax_leaf/ Kmax_twig) and 

hydraulic safety margin (Ψ50_leaf - Ψ50_branch/ Ψ50_twig - Ψ50_branch). CO = control, TE = through-fall exclusion, 

COyear3 = control end-twig segments grown in 2014. Different letters indicate significant differences (P < 

0.05) across species and treatments for branch parameters, within species treatments for leaf/twig 

parameters. Values are means ± SE (n = 7-8). 

 

 

 

 

Table 4.1 - 3 Wood anatomical traits. Conduit mean arithmetic diameter (D), conduit mean hydraulic 

diameter (Dh), conduit wall reinforcement [(t/b)h
2
], conduit density (CD) and vessel grouping index (VG) 

calculated from cross sections of control (CO) and through-fall exclusion (TE) branches (n = 5). Single 

asterisks indicate 0.05 < P < 0.1; double asterisks indicate P < 0.05 between treatments of a species. Values 

are means ± SE. 

 

 

 

 

 European beech Norway spruce 

 CO TE CO TE 

abranch  2.73 ± 0.26
a 

 3.09 ± 0.18
a 

 3.72 ± 0.43
a 

 3.11 ± 0.35
a 

Ψ12_branch (MPa) -2.64 ± 0.14
a 

-3.16 ± 0.07
b 

-3.15 ± 0.09
b 

-3.39 ± 0.07
b 

Ψ50_branch (MPa) -3.42 ± 0.07
a 

-3.82 ± 0.05
b 

-3.74 ± 0.06
b 

-4.09 ± 0.07
c 

Ψ88_branch (MPa) -4.19 ± 0.04
a 

-4.48 ± 0.06
b 

-4.33 ± 0.10
ab 

-4.80 ± 0.16
b 

 CO TE CO COyear3 TE 

aleaf/atwig  1.46 ± 0.38
a 

 1.56 ± 0.42
a 

 2.62 ± 0.43
a 

 2.56 ± 0.45
a 

 3.08 ± 0.66
a 

Ψ50_leaf/ Ψ50_twig (MPa) -1.88 ± 0.16
a 

-2.23 ± 0.17
a 

-1.63 ± 0.07
a 

-1.92 ± 0.07
b 

-2.07 ± 0.08
b 

Kmax_leaf/ Kmax_twig  

(mmol MPa
-1

s
-1

m
-2

) 
 34.2 ± 2.2

a 
 30.4 ± 3.2

a 
33.1 ± 2.3

a
 42.1 ± 2.6

b
 35.4 ± 2.6

a
 

Ψ50_leaf  -Ψ50_branch/ 

Ψ50_twig - Ψ50_branch 

(MPa) 

1.54 1.59 2.11 1.82 2.02 

 European beech Norway spruce 

 CO TE CO TE 

D (µm) 15.1 ± 1.3* 12.3 ± 0.5* 9.8 ± 0.5 9.6 ± 0.3 

Dh (µm) 28.2 ± 1.3 27.4 ± 1.3 13.9 ± 0.7 13.8 ± 0.4 

(t/b)h
2
 x10

-2
 1.44 ± 0.16

 
1.76 ± 0.27 7.26 ± 1.06 7.24 ± 1.00 

CD  (mm
-2

) 872 ± 113** 1218 ± 74** 3995 ± 192 3928 ± 153 

VG 2.51 ± 0.39 2.90 ± 0.27 - - 
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4.1.4. Pressure-volume traits 

Both European beech and Norway spruce TE trees exhibited about 0.5 MPa lower 

leaf/end-twig water potentials at turgor loss point (ΨTLP) than CO trees. This adjustment 

in ΨTLP was based, in both species, on an about 0.4 MPa more negative osmotic potential 

at full turgor (π0) in TE versus CO trees (Figure 4.1-3). In addition, a lower bulk modulus 

of elasticity (ε) was found in TE end twigs of Norway spruce indicating higher cell wall 

elasticity. In both species, absolute capacitances at full turgor (CFT) and below turgor loss 

point (CTLP, data not shown) did not significantly differ between treatments, even though 

tended to be higher in TE than in CO leaves/twigs (Figure 4.1-3). In spruce, control end-

twig segments grown in 2014 (COyear3) showed intermediate ΨTLP and π0, higher CFT and 

CTLP, and lower ε with respect to CO and TE twigs (Figure 4.1-3). 

 

4.1.5. Total leaf/end-twig vulnerability, safety margins and minimum seasonal water 

potentials 

European beech TE leaves lost 50% of hydraulic conductance at about 0.35 MPa more 

negative water potential (Ψ50_leaf) than CO leaves. The average maximum whole-leaf 

hydraulic conductance (Kmax_leaf) observed was 34.2 mmol MPa
-1

 s
-1

 m
-2

 in CO and 30.4 

mmol MPa
-1

 s
-1

 m
-2

 in TE leaves (no significant difference; Table 4.1-2). 

In Norway spruce, mean Ψ50_twig was 0.44 MPa lower in TE than in CO samples (Table 

4.1-2). COyear3 samples showed intermediate Ψ50_twig with respect to CO and TE end-twigs 

but the highest Kmax_twig (42.1 ± 2.6 mmol MPa
-1

 s
-1

 m
-2

). No difference in Kmax_twig was 

found between CO and TE samples. In TE trees, leaf-to-stem safety margins of both 

species were overall similar to CO trees (Table 4.1-2). 

Minimum Ψmd measured in summer 2016 in European beech twigs was significantly 

lower in TE (-2.33 ± 0.10 MPa) than in CO trees (-1.97 ± 0.07 MPa; P ˂ 0.05). In 

Norway spruce, no differences in minimum Ψmd were found between CO (-1.95 ± 0.05 

MPa) and TE (-2.09 ± 0.04 MPa) treatments. 
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Figure 4.1 - 3 Leaf/end-twig pressure-volume parameters. In leaves (European beech) and end twigs 

(Norway spruce) of control (CO, black bars), through-fall exclusion (TE, white bars) and control segment 

(COyear3, beech , gray bars) samples, were analysed: water potential at turgor loss point (ΨTLP), osmotic 

potential at full turgor (π0), bulk modulus of elasticity (ε) and absolute capacitance at full turgor (CFT). 

Different letters indicate significant differences (P < 0.05) across treatments. Bars are means ± SE (n = 6 in 

beech, n = 5 in spruce). 
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4.2. Part II A - Stem hydraulics and non-structural carbohydrate 

dynamics in potted Norway spruce saplings (Tomasella et al. 

2017b) 

4.2.1. Environmental and water relations data 

In the first drought cycle (summer 2014), plants reached the target midday water 

potentials (Ψmd, average -3.24 ± 0.04 MPa) in 57 to 95 days (Figure S1a). In the 

following summer, under well-watered conditions (i.e. in the “pre-drought” campaign, 

end June 2015), no significant effects were found in leaf water relations, except for xylem 

water potentials (Ψxyl), which were less negative in previously stressed plants (i.e. in 

D1cycle, P = 0.01, Table S1). 

During the second drought cycle, the soil water content (SVWC) in the two drought 

treatments (CD and DD) gradually decreased, reaching 8% in the last week of the 

experiment (Figure 4.2-1). Gas exchange parameters (A, gs and E) measured in drought 

stressed plants were close to zero after only two weeks of drought, while control plants 

maintained over the whole period almost constant values. No difference in gas exchange 

was found between the two control (CC and DC) as well as between the two drought (CD 

and DD) treatments (Figure 4.2-2).  

 

Figure 4.2 - 1 Soil volumetric water content (SVWC) measured over time in Norway spruce pots 

during the second drought cycle (summer 2015). CC = control in 2014 and 2015; CD = control in 2014, 

drought in 2015; DC = drought in 2014, control in 2015; DD = drought in 2014 and 2015. Values are means 

± SE (n = 3-14 per treatment and campaign). The dashed vertical line shows the beginning of the drought 

cycle and the shaded areas highlight the time periods where, in order of time, the “pre-drought”, “end 

drought” and “re-irrigation” campaigns were performed. Above the graph, the irrigation regime for drought 

stressed plants is explained. 
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Figure 4.2 - 2 Leaf gas exchange measured over time, before (25 June, “Pre-drought” campaign) and 

throughout the second drought cycle (summer 2015) in Norway spruce. (a) CO2 assimilation rate (A), 

(b) stomatal conductance (gs) and (c) leaf transpiration (E). The beginning of the drought treatment is 

represented by the vertical dashed line. CC = control in 2014 and 2015; CD = control in 2014, drought in 

2015; DC = drought in 2014, control in 2015; DD = drought in 2014 and 2015. Values are means ± SE and 

asterisks indicate significant differences (P < 0.001) between drought (CD and DD) and control (CC and 

DC, well-watered throughout the whole drought cycle) treatments. 

 

The two drought treatments reached the target Ψmd (average of about -3.2 MPa; range 

from -3.0 MPa to -3.5 MPa) after 39 to 44 days of drought, and pre-dawn water potentials 

(Ψpd) and Ψxyl were close to Ψmd in both groups (Figure 4.2-3a, b). At the end of the 

drought cycle, both control treatments maintained Ψmd at about -1.3 MPa and Ψxyl was 

less negative in DC than in CC plants (P = 0.03, Figure 4.2-3b). Upon re-irrigation, water 

potential isotherm parameters and LMA (Table S2, supplementary material) did not differ 

between irrigated and stressed plants. On 16 August, after re-irrigation, Ψpd were about 

0.5 MPa lower in DD plants than in the two control groups (about -0.2 MPa) and CD 

plants showed intermediate values (Figure 4.2-3a). Six to seven days after re-irrigation, 

Ψxyl and Ψmd were similar to control values (about -0.6 MPa and -1.0 MPa, respectively; 

Figure 4.2-3b, c). 
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4.2.2. Native xylem embolism 

In the second drought cycle (summer 2015), percentage loss of stem xylem hydraulic 

conductance (PLC) measured in well-watered plants, was close to zero (Figure 4.2-3d). 

Drought induced a significant increase in PLC, and at the end of the drought period (“end 

drought” campaign) mean values of about 25% and 15% were measured in CD and DD 

trees, respectively, with no significant difference between the two treatments (P = 0.81). 

After irrigation, drought stressed plants showed complete recovery of PLC to pre-stress 

values (i.e. close to zero, Figure 4.2-3d). 

Figure 4.2 - 3 Water potentials and xylem embolism dynamics of Norway spruce in the second 

drought cycle (2015). (a) Predawn (Ψpd), (b) xylem (Ψxyl) and (c) midday water potentials (Ψmd) and (d) 

percentage loss of stem xylem hydraulic conductance (PLC) measured in “pre-drought”, “end drought” and 

“re-irrigation” campaigns. CC = control in 2014 and 2015; CD = control in 2014, drought in 2015; 

DC=drought in 2014, control in 2015; DD = drought in 2014 and 2015. Bars are means ± SE. Different 

letters indicate differences among treatments within each campaign. The “pre-drought” campaign shows 

values measured in well-watered plants before that C1cycle and D1cycle plants would have been split into two 

groups (for explanation see Figure 3-2). 
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4.2.3. Stem diameter variation 

During the second drought cycle (summer 2015), control trees showed a continuous 

increase in stem diameter (Figure 4.2-4a, c). In both drought treatments (CD and DD), 

water shortage induced the complete stop (or a slight reduction) of radial growth. While 

in the first 30 days of drought diurnal cycles of shrinking-swelling were still maintained 

(Figure 4.2-4b, d), in the final phase of drought (about 10 days before re-irrigation), when 

irrigation was completely stopped, daily fluctuations were almost negligible and a 

pronounced shrinkage was observed. Upon re-irrigation, stems of drought trees started to 

gradually swell and diameters reached the pre-stress values after one day. 

 

Figure 4.2 - 4 Stem diameter variation over the second drought cycle (summer 2015) in Norway 

spruce. Stem diameter variations measured in (a) CC (control in 2014 and 2015), (b) CD (control in 2014, 

drought in 2015), (c) DC (drought in 2014, control in 201) and (d) DD (drought in 2014 and 2015) 

treatments. Values are expressed as stem diameter variation from the diameter measured at the beginning of 

the drought treatment at the basal stem of two-three trees per treatment. Line colours indicate different tree 

individuals. Vertical dashed and dotted lines show, respectively, the beginning of the drought treatment and 

the time when irrigation was completely withheld in drought trees. Arrows indicate the time when each tree 

individual was re-irrigated after drought. 
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4.2.4. Stem non-structural carbohydrate content 

The first drought cycle in summer 2014 did not influence neither the NSC content 

measured under well-watered conditions in the “pre-drought” campaign of 2015 (Table 

S1), nor most of NSC specimens concentration measured in the “end-drought” and “re-

irrigation” campaigns of 2015 (Table S3, supplementary material). Only sucrose 

concentration measured in the bark at the end of drought was higher (P = 0.03) in plants 

stressed the year before. Most differences in NSC content measured at the end of drought 

and upon re-irrigation could be ascribed to the current year drought (i.e. second drought 

cycle, Table S3). Hence, for sake of clarity, NSC data of the two control treatments (CC 

and DC) as well as those of the two drought treatments (CD and DD) were pooled 

together (Figures 4.2-5 and S2).  

NSC content was much (about ten-folds) higher in the stem bark than in the wood. In the 

wood, drought significantly affected only pinitol content (P < 0.001), which doubled to 

ca. 8 mg g
-1

, and stachyose content (P = 0.03, Figure S2). In the bark, at the end of 

drought, starch was almost completely depleted (average of 0.6 mg g
-1

) in drought 

stressed trees, and fructose content was about 50% higher than in control trees (Figure 

4.2-5). In both wood and bark, the drought treatment did not affect the amount of total 

soluble sugars as well as the total NSC content.  

After one week of re-irrigation (“re-irrigation” campaign), the content of NSC specimens 

measured in the wood of drought stressed trees decreased: sucrose, glucose and total NSC 

content were depleted by about 30% (Figure 4.2-5). In the bark, no difference between 

treatments was detected at recovery, for all main NSC specimens (Figure 4.2-5). 

PLC measured at the end of drought in D trees negatively correlated with the respective 

starch concentration in the wood (ρ = -0.528, P = 0.024), but did not correlate with 

soluble sugars content (ρ = 0.222, P = 0.375; see also Figure S3 supplementary material). 

 

4.2.5. Aboveground biomass 

Only the first year drought cycle substantially (P = 0.060) affected trees aboveground 

biomass, which at the end of the experiment (August 2015) was 137 ± 14 g in C1cycle and 

103 ± 9 g in D1cycle trees. 
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Figure 4.2 - 5 Non-structural carbohydrate (NSC) dynamics in Norway spruce stems during the 

second drought cycle (2015). NSC concentration (in mg g
-1

 of dry mass) in stem wood (a-f) and bark (g-l), 

measured in “pre-drought”, “end drought” and “re-irrigation” campaigns. In the “pre-drought” campaign, 

data were pooled in one single group (n = 8). In the “end drought” and “recovery” campaigns, well-watered 

(CC and DC) as well as drought (CD and DD) treatments were pooled, resulting in one control (CC & DC) 

and one drought (CD & DD) group. Please note the different scales between wood and bark NSC content. 

“Total NSC” is the sum of all NSC specimens (starch, sucrose, fructose, glucose, pinitol, stachyose, 

raffinose and galactose) analysed. Symbols are means ± SE (n = 6-12). Different letters indicate significant 

differences between treatments and campaigns (two-way ANOVA and Tukey-HSD, only data of “end 

drought” and “re-irrigation” are compared). n.s. = no significant difference. Asterisks denote the 

significance of differences among treatments within a given campaign (*0.01 <P < 0.05, **0.001 < P < 

0.01, ***P < 0.001). Modified figure from Tomasella et al. 2017b. 
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4.3. Part II B - Stem hydraulics and non-structural carbohydrate 

dynamics in potted European beech saplings 

In the first drought cycle (summer 2014), drought lasted 36 to 66 days, when stressed 

plants reached the target leaf midday water potentials (Ψmd, -4.04 ± 0.14 MPa on 

average). In some drought stressed plants, complete leaf desiccation occurred before the 

target Ψmd could be measured. Therefore these plants were re-irrigated like the others, but 

discarded from the following steps of the experiment (i.e. not included in the second 

drought cycle). Except one, all plants re-irrigated after reaching the target Ψmd in summer 

2014 survived, while those which were re-irrigated at complete leaf desiccation died 

either before or after flush in the following spring (see Supplementary Figure S5). 

 

4.3.1. Parameters measured in the “pre-drought” campaign 

In the “pre-drought” campaign (end June 2015), well irrigated trees that were drought 

stressed the year before (D1cycle) had more negative Ψmd (P = 0.048), fewer leaves, higher 

leaf mass per area (LMA) and about 30% lower daily water consumption (measured as 

evapo-transipiration, ET) than control trees (C1cycle, Table 4.3-1). Maximum specific 

hydraulic conductivity (ks) and water potential at turgor loss point (Ψtlp) were also 

substantially lower in D1cycle than in C1cycle plants (P = 0.091 and P = 0.071, respectively). 

On the other hand, percentage loss of xylem hydraulic conductance (PLC), pre-dawn 

water potential (Ψpd) and leaf gas exchange parameters did not differ between the two 

groups (Table 4.3-1). NSC content was also similar between the two treatments, except 

for glucose content measured in the bark that was higher in D1cycle plants (P = 0.006, 

Supplementary Figure S6). 

 

4.3.2. Water relations and stem hydraulics (second drought cycle) 

Two weeks after the start of the second drought cycle, Ψmd dropped to about -2.5 MPa 

and -2.2 MPa in CD and DD trees, respectively, and similar values were measured two 

weeks later. Ψmd measured in control plants were kept rather constant, at about -1.5 MPa, 

during the whole drought period (Figure 4.3-1b). Ψpd measured on 8 August (end of the 

drought cycle, 0 to 5 days before re-irrigation) were about -2.6 and -2.0 in CD and DD 

trees, respectively (Figure 4.3-1a). At the end of the drought treatment (“end drought” 

campaign), stressed plants (CD and DD) reached Ψmd between -3.73 and -4.16 MPa.  
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After two weeks of drought, CO2 assimilation rates (A) and stomatal conductance to water 

vapour (gs) significantly decreased in drought stressed plants (CD and DD groups), 

whereas control plants maintained almost constant values over time (Figure 4.3-2 a, b). In 

the last measurement campaign (4 August), which occurred 4 to 9 days before the peak of 

drought, DD plants still maintained A at about 1 µmol m
-2

 s
-
1, while CD plants 

completely stopped photosynthesis. With respect to the pre-drought campaign (25 June), 

leaf transpiration rates (E) increased by about the double in control plants, while were 

kept almost constant over time in drought stressed plants, due to the higher VPDs 

Table 4.3 - 1 Parameters measured in well-irrigated European beech saplings in the “pre-drought” 

campaign of the second drought cycle (summer 2015).  C1cycle are control and D1cycle are drought 

treatments of the first drought cycle (summer 2014). PLC = percentage loss of xylem hydraulic 

conductance; ks = maximum specific hydraulic conductivity; Ψpd = leaf predawn water potential; Ψxyl = 

xylem water potential; Ψmd  = midday leaf water potential; A = CO2 assimilation rate, gs =stomatal 

conductance to water vapor, E = leaf transpiration rate, Ψtlp= water potential at turgor loss point; π0 = 

osmotic potential at full turgor; ε = bulk modulus of elasticity; LMA = leaf mass per area; ET = daily 

evapotranspiration.Values are means ± SE and asterisks indicate significant differences between treatments 

(
(
*

)
0.05<P<0.10; * 0.01<P<0.05; *** P<0.001). 

Parameter C1cycle D1cycle 

PLC (%) 17.7 ± 6.2 41.4 ± 21.5 

ks ( kg MPa
-1

 s
-1

 m
-1

) 2.28 ± 0.26 1.64 ± 0.05
(
*

)
 

Ψpd (MPa) -0.14 ± 0.03 -0.14 ± 0.02 

Ψxyl (MPa) -0.36 ± 0.06 -0.49 ± 0.05
 

Ψmd (MPa) -0.87 ± 0.12 -1.26 ± 0.14* 

A (µmol m
-2

 s
-1

) 4.57 ± 1.02 5.70 ± 0.71 

gs (mmol m
-2

 s
-1

) 57.2 ± 11.1 70.2 ± 12.2 

E (mmol m
-2

 s
-1

) 1.37 ± 0.22 1.75 ± 0.19 

Ψtlp (MPa) -1.34 ± 0.10 -1.58 ± 0.05
(
*

) 

π0 (MPa) -1.12 ± 0.11 -1.25 ± 0.09 

ε (MPa) 14.5 ± 2.0 10.7 ± 1.5 

LMA (g m
-2

) 49.0 ± 3.4 58.4 ± 1.5* 

Leaf number 332 ± 26 214 ± 33* 

ET (g day
-1

) 326 ± 14 235 ± 12*** 
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registered in the second and third gas exchange campaign with respect to the first one 

(data not shown).    

The drought applied in the second cycle induced a significant increase in stem xylem 

embolism: at the end of drought, PLC was 85 ± 9 % and 83 ± 7 % in CD and DD 

treatments, respectively (Figure 4.3-3). Ψtlp and π0 were about 0.7 and 0.5 MPa lower, 

respectively, in drought stressed plants (Table 4.3-2). After re-irrigation, although being 

less negative than in the “end-drought” campaign, Ψpd and Ψmd were still about 0.5 MPa 

and 1.2 MPa, respectively, lower in drought than in control groups (Figure 4.3-1). No 

significant change in PLC was observed after one week of re-irrigation (Figure 4.3-3). 

 

 

Figure 4.3 - 1 Water potentials measured along the second drought cycle (summer 2015) in European 

beech saplings. (a) Pre-dawn (Ψpd) and (b) midday (Ψmd) water potentials measured along the second 

drought cycle (summer 2015). Values are means ± SE and for each sampling date, different letters indicate 

significant differences between treatments (P < 0.05, Tukey HSD test following significant ANOVA). For 

the DC group (black triangles, n = 2), statistical analysis was not performed and bars are omitted. Vertical 

dashed lines show the beginning of the drought treatment, while shaded areas highlight the time periods in 

which the “end drought” (8-13 August) and the “re-irrigation” (16-20 August) campaigns were performed.  
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Figure 4.3 - 2 Leaf gas exchange measured over time, before (25 June, “Pre-drought” campaign) and 

throughout the second drought cycle (summer 2015) in European beech. (a) CO2 assimilation rate (A), 

(b) stomatal conductance (gs) and (c) leaf transpiration (E). The beginning of the drought treatment is 

represented by the vertical dashed line. Values are means ± SE and different letters indicate significant 

differences between treatments within each campaign (P < 0.05, Tukey HSD test following significant 

ANOVA). For the DC group (black triangles, n = 2), statistical analysis was not performed and bars are 

omitted. 

 

 

 

 

 

Table 4.3 - 2 Water potential isotherm parameters measured in European beech at re-irrigation in 

the second drought cycle (summer 2015). Water potential at turgor loss point (Ψtlp), osmotic potential at 

full turgor (π0), bulk modulus of elasticity (ε) and leaf mass per area (LMA) measured the week after re-

irrigation, in the second drought cycle, in twigs of control (i.e. well-irrigated, CC and DC, n = 3) and 

drought (CD and DD, n = 5) plants. Values are means ± SE and asterisks indicate significant differences 

between treatments (* 0.01 < P < 0.05; ** 0.001 < P < 0.01; Welch’s t-test). 

 CC & DC CD & DD 

Ψtlp (MPa) -1.68 ± 0.15 -2.36 ± 0.08*
 

π0 (MPa) -1.47 ± 0.13 -2.00 ± 0.09*
 

ε (MPa)   27.2 ± 11.6      22.7 ± 9.7 

LMA (g m
-2

) 46.6 ± 1.4  70.1 ± 3.9** 
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Figure 4.3 - 3 Percentage loss of xylem hydraulic conductivity (PLC) measured in in European beech 

the second drought cycle (summer 2015). Bars are means ± SE.  The “pre-drought” campaign shows 

values measured in well-watered plants before that C1cycle and D1cycle would have been split into two groups 

(for explanation see Figure 3-2). In the “end-drought” and in the “re-irrigation” campaigns, different letters 

indicate significant differences (P < 0.05) between treatments and campaigns (n = 3-6, two-way ANOVA 

with treatment and campaign as factors, followed by Tukey HSD test). The DC group (n = 2, error bars 

omitted) was not included in the statistical analysis and single PLC values are given as dots. 

 

4.3.3. Non-structural carbohydrate content 

At the peak of the second drought cycle (“end drought” campaign), stressed plants (CD 

and DD) accumulated high amounts of soluble sugars in both wood and bark 

compartments (Figure 4.3-4b, e). At the same time, starch content decreased: in CD trees 

starch was almost completely depleted in both wood and bark, while in DD trees starch 

content in the wood remained relatively higher (about 17 mg g
-1

) than in CD trees. 

After re-irrigation, soluble sugar content of drought treatments significantly decreased in 

both wood and bark, but remained significantly above controls in the wood. On the other 

hand, upon re-irrigation, starch content generally increased in both drought treatments, 

reaching values similar to those of control plants (Figure 4.3-4a, d). 

In the “end-drought” campaign, differences in NSC content were only determined by the 

drought treatment currently applied (i.e. CD and DD plants differed from CC and DC 

plants, see results of two-way ANOVA reported on top of each single graph in Figures 

4.3-4 and Supplementary S6, and in Table S4). After re-irrigation, differences in soluble 

sugars content in wood and bark, as well as in total NSC in the bark, were still determined 

by the most recent drought treatment. Conversely, differences in starch and total NSC 
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content measured in the wood were related to the previous year drought treatment: trees 

which underwent drought the year before (DC and DD groups) had higher starch and total 

NSC content than those which didn’t (i.e. CC and CD; Figure 4.3-4 a, c, d, f). The amount 

of the additional sugar specimens analysed (stachyose, raffinose, galactose) was very 

small and did not significantly change during the measuring campaigns (Figure S6, 

supplementary material). Pinitol content was not detected. 

In both “end-drought” and “re-irrigation” campaigns, total soluble sugars measured in the 

wood positively correlated with PLC (Figure 4.3-5a). Starch content negatively correlated 

with PLC at the “end-drought” campaign, whereas no correlation was found after re-

irrigation (Figure 4.3-5b). 

 

4.3.4. Leaf desiccation 

Drought plants started to show leaf desiccation a few days before reaching the target Ψmd 

for re-irrigation: the percentage of damaged leaves at the end of drought was significantly 

higher in CD (61 ± 9 %) than in DD (20 ± 11 %) plants (P = 0.012). Control groups (CC 

and DC) did not show any foliar damage or desiccation. Leaves of CD trees showed also 

visible heat damage symptoms (e.g. sunburn spots), which, instead, were rarely present in 

DD plants. 

 

4.3.1. Aboveground biomass 

Differences in aboveground biomass measured at the end of the experiment (August 

2015) were related to the drought stress applied in the previous year (i.e. first drought 

cycle P= 0.012) and not to the second one (P=0.423). Aboveground biomass of plants 

which were stressed the year before was lower (34.9 ± 2.4 g) than that of well irrigated 

plants (53.6 ± 5.9 g). 
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Figure 4.3 - 4 Non-structural carbohydrate (NSC) dynamics in European beech stems during the 

second drought cycle (2015). NSC concentration (in mg g
-1

 of dry mass) in stem wood (a-c) and bark (d-

f), measured in “pre-drought”, “end drought” and “re-irrigation” campaigns. “Main soluble” is the sum of 

sucrose, glucose and fructose; “Total NSC” is the sum of all NSC specimens measured. In the “pre-

drought” campaign, all plants were well irrigated and only two groups were present (control, C1cycle, and 

drought, C1cycle, treatments of the first drought cycle, n = 4). In the “End-drought” and “Re-irrigation” 

campaigns, different letters indicate significant differences between treatments and campaigns (n = 3-6, 

two-way ANOVA with treatment and campaign as factors, followed by Tukey HSD test). The DC group (n 

= 2, error bars omitted) was not included in the statistical analysis. For starch content, please note the 

different scales between wood and bark fractions. On top of each panel, the results of two-way ANOVA, 

examining the effect of the first (1
st
) and second drought cycle (2

nd
) on NSC content measured in the “end 

drought “and “re-irrigation” campaigns, are  shown (*0.01 < P < 0.05, **0.001 < P < 0.01, ***P < 0.001, 

n.s. = not significant). 
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Figure 4.3 - 5 The relationship between starch and total soluble non-structural carbohydrates (NSC) 

in the stem wood and PLC at the end of the second drought cycle and upon re-irrigation (summer 

2015) in European beech. The correlation between percentage loss of xylem hydraulic conductance (PLC) 

and total soluble NSC (a) or starch content (b) measured in the stem wood at the end of the drought period 

(end-drought, black squares) and one week after re-irrigation (re-irrigation, gray squares). Regression lines, 

Pearson’s correlation coefficient (r) and P-value (P) are reported. 
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5. Discussion 

The results of the experiment conducted on mature European beech and Norway spruce 

trees support the working hypotheses of short term hydraulic acclimation and of 

coordination between branch xylem and leaf hydraulics under prolonged soil drought. 

Nevertheless, whereas for the conifer species a smaller plasticity with respect to the 

angiosperm species was expected, the two co-occurring species showed similar shifts in 

the vulnerability curves. 

Contrary to the initial hypotheses, in the juvenile trees subjected to two drought-re-

irrigation cycles in the greenhouse, stem hydraulics and NSCs content of both European 

beech and Norway spruce were not impaired by the drought stress applied the previous 

year (although other drought effects were clearly observed in European beech). At the end 

of the second drought cycle, the hypothesis of NSC depletion in the isohydric Norway 

spruce was also confuted, whereas in European beech, according to the hypotheses, starch 

was converted to soluble sugars and NSCs correlated with PLC. After re-irrigation, the 

recovery of xylem function and contemporary depletion of stem NSCs were observed 

only in Norway spruce (in which the NSC consumption was limited to the stem wood), 

but not in European beech saplings, in which hydraulic recovery did not occur. 

In the following, specific discussion sessions to parts I, IIA and IIB are developed, and 

are ensued by a general discussion. 

 

5.1. Part I - Hydraulic acclimation in adult European beech and 

Norway spruce (Tomasella et al. 2017a) 

5.1.1. Acclimation of xylem hydraulic vulnerability 

The through-fall exclusion experiment demonstrated that, under prolonged but overall 

moderate drought (see pre-dawn water potential data, Ψpd; Table 4.1-1), both study 

species exhibited significant and short-term acclimation in vulnerability to xylem 

cavitation (Figure 4.1-2). With respect to pre-dawn water potentials (Table 4.1-1), 

Norway spruce showed slightly higher levels of drought stress than European beech upon 

drought treatment. This can be explained by the shallow rooting system of spruce (the 

majority of fine roots are restricted to the upper 30 cm; Haeberle, personal 
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communication) as upper soil layers developed the lowest water contents (Figure 4.1-1). 

During through-fall exclusion, in Norway spruce water uptake of TE trees almost 

stopped, while in beech it continued, albeit at lower rates (Kallenbach, personal 

communication). Therefore, given that soil water content detected by sensors (reaching a 

maximum depth of 70 cm) did not further decrease during prolonged drought (Figure 4.1-

1), it is very likely that European beech roots had access to water from deeper soil layers. 

Overall the difference in drought stress between species was minor and it is thus 

remarkable (and in contradiction to the hypothesis formulated in the introduction) that not 

only the more anisohydric angiosperm European beech but also the isohydric conifer 

Norway spruce showed acclimation.  

Previous studies showed plasticity in cavitation resistance of European beech (Herbette et 

al. 2010) and provided evidence of an environmental control of this hydraulic trait 

(Wortemann et al. 2011, Aranda et al. 2015). Accordingly, Schuldt et al. (2016) have 

recently shown an increase in cavitation resistance with decreasing water availability in 

European beech populations distributed along a geographical gradient of precipitation. 

The results obtained in this work sustain and strengthen the above cited findings. The 

applied through-fall exclusion system allowed the comparison of adult trees within the 

same forest stand and thus permitted to exclude possible population genetic or site (e.g. 

nutrient availability and soil water storage capacity differences, Goldstein et al. 2013, 

Tokumoto et al. 2014) effects. Norway spruce seedlings were found to become more 

vulnerable to xylem cavitation upon drought (Chmura et al. 2016), probably because of 

“cavitation fatigue” (Hacke et al. 2001b). A dendrochronological study conducted in a 

mature Norway spruce plantation equipped with a through-fall exclusion system, instead, 

showed under drought the formation of conduits with smaller mean hydraulic diameter 

and higher cell wall reinforcement [(t/b)h
2
], which might be more resistant to cavitation 

(Montwé et al. 2014).  In the study here presented, a clear trend in anatomical parameters 

was overall lacking: just the increased wall reinforcement (t/b)h
2
 and conduit density (also 

see Giagli et al. 2016, Hajek et al. 2016, Schuldt et al. 2016) in TE branches of beech 

might be related to increased cavitation resistance. It is likely that changes in pit 

architecture are more relevant for adjustments in hydraulic safety of both conifers (Hacke 

and Jansen 2009, Jansen et al. 2012, Bouche et al. 2014) and angiosperms (Lens et al. 

2011), while anatomical parameters analysed in the present study only partly or indirectly 

reflect functional hydraulic traits.  
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It should be noted that all branch samples of European beech were flushed to remove 

native embolism prior to vulnerability measurements. Due to potential cavitation fatigue 

(Hacke et al. 2001b), flushing might have caused a general overestimation of 

vulnerabilities but did not influence the observed differences between CO and TE 

branches as native embolism was similar (see material and methods). Moreover, requiring 

a sample length of 28 cm for the Cavitron technique, it was not possible to analyse branch 

segments entirely formed during the though-fall exclusion period. Accordingly, the 

central segment of these samples used for anatomical analysis, contained also xylem 

formed the year before the start of the drought treatment. Thus, it can be expected that 

xylem segments completely formed during the TE period would show even bigger shifts 

in Ψ50_branch and in anatomical parameters than those observed. Despite this possible 

underestimation of drought effects, acclimation was proven to occur during only two 

growing seasons, in which drought was induced. Overall plasticity in cavitation resistance 

upon exposure to drought is probably species-specific. For instance, Martin-StPaul et al. 

(2013) did not find any acclimation in branch vulnerability in a 7-years precipitation 

exclusion experiment on Quercus ilex. 

 

5.1.2. Acclimation in turgor loss point and leaf/end-twig vulnerability 

European beech leaves showed significant acclimation in the water potential at the turgor 

loss point (ΨTLP; Figure 4.1-3), which enables TE trees to maintain turgescence of the 

foliage at lower water potentials. Corresponding trends in ΨTLP and osmotic potentials at 

full turgor (π0) indicate adjustments in ΨTLP to be based on osmoregulation (e.g. Bartlett et 

al. 2012). The observed acclimation in ΨTLP thereby was similar to the acclimation in leaf 

hydraulic vulnerability (Ψ50_leaf/Ψ50_twig; vertical lines Figure 4.1-2c), according to 

correlations between ΨTLP and leaf vulnerability published in previous studies (Blackman 

et al. 2010, Nardini and Luglio 2014, Martorell et al. 2015).  

In European beech maximum leaf hydraulic conductance (Kmax_leaf) was within the range 

reported for angiosperms (Brodribb et al. 2005), while Kmax_twig of Norway spruce was 

much higher than the needle conductance reported for conifers (values between 1.6 and 

24.1 mmol MPa
-1

 s
-1

 m
-2

; Brodribb et al. 2005, Charra-Vaskou and Mayr 2011, Johnson et 

al. 2009, 2016). Differences in Kmax_twig measurements are likely related to the definition 

of reference areas as  Kmax_twig calculations use a normalization by the projected leaf area 
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(Brodribb and Holbrook 2003), not accounting for needle geometry. In Norway spruce 

needles, the total leaf area is 2.2 to 4.0 times the respective projected area (Sellin 2000).  

The loss of hydraulic conductance in dehydrating leaves is the result of xylem cavitation 

(Nardini et al. 2001, Johnson et al. 2012b), partial leaf xylem collapse (e.g. Cochard et al. 

2004) and reduction in the extra-xylary conductance (Heinen et al. 2009, Voicu et al. 

2009, Scoffoni et al. 2014). All these mechanisms might be responsible for the observed 

adjustment in leaf vulnerability (Table 4.1-2, Figure 4.1-2), as in both species under study 

vulnerability thresholds of leaves/end-twigs were more negative in TE than in CO trees. 

However, in the case of Norway spruce, the observed difference may also be substantially 

based on the reduced growth of new flushes (Figure 3-1d) and less on acclimation. 

Accordingly, control end-twig segments grown in 2014 (COyear3) and TE twigs (carrying 

very small shoots from the previous and current year), had similar Ψ50_twig. In contrast, in 

intact CO sample twigs, the bigger proportion of younger twigs and needles (formed in 

the previous and current year) caused overall higher Ψ50_twig. This also indicates age-

related changes in the vulnerability of end-twigs, probably related to mesophyll 

developments and thus to extra-xylary pathways. Indeed, in the conifer P. pinaster, 

Charra-Vaskou et al. (2012) and Bouche et al. (2016) found the hydraulic safety of needle 

xylem to be similar to branch xylem and higher than in the entire needle, indicating extra-

xylary components to be hydraulically limiting. Ontogenetic changes might also explain 

the shifts in ΨTLP and π0 observed in Norway spruce TE end-twigs, which are similar to 

the shifts in twig vulnerability (Figure 4.1-2d) as noted above for beech. 

 

5.1.3. Coordination of hydraulics 

Leaf-to-branch safety margins were positive and relatively wide in both species, whereby 

the safety margin was smaller in the more anisohydric European beech than in Norway 

spruce (Table 4.1-2). According to the hydraulic segmentation hypothesis (Bucci et al. 

2013, Pivovaroff et al. 2014), recently validated between branches and leaves of both 

angiosperm and conifer species (Johnson et al. 2016), the here presented findings indicate 

that in both species leaves/needles act as hydraulic fuses, which protect proximal sections 

of hydraulic pathways. Considering the quantitatively similar and unidirectional changes 

in vulnerability of branches and leaves/end-twigs as well as in turgor upon drought, 

hydraulic traits and respective acclimations seem to be well coordinated within trees. 
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In European beech minimum water potentials (Ψmd) measured in the field in summer 

2016 were in both treatments similar to Ψ50_leaf calculated from vulnerability curves 

(Table 4.1-2). This indicates that stomata regulate in dependence of the hydraulic limits 

(and thus vulnerabilities) of the distal components of the hydraulic pathway. In contrast, 

TE end-twigs of Norway spruce had a lower risk of hydraulic dysfunction due to their 

higher leaf hydraulic resistance and the absence of changes in Ψmd. Reductions in 

conductivity located in extra-xylary part of leaves/twigs might be reversible (Cochard et 

al. 2004, Scoffoni et al. 2014) so that the observed Ψmd were still safe for the hydraulic 

integrity of leaves/twigs. 

 

5.2. Part II A - Stem hydraulics and non-structural carbohydrate 

dynamics in potted Norway spruce saplings under drought and 

subsequent re-irrigation (Tomasella et al. 2017 b) 

Long-lasting mild droughts are supposed to induce carbon depletion, especially in 

relatively isohydric species like Norway spruce
 
(McDowell et al. 2008). The first drought 

cycle, which lasted two to three months, did not induce in the studied spruce saplings any 

relevant long term impairment of water transport and, most importantly, stem NSC pool 

size. The new functional xylem built in spring from the cambium, is known to contribute 

to restore xylem functionality in case that residual embolism is still present after winter
 

(Améglio et al. 2002). Nevertheless, it is likely that, similarly to what was observed in the 

second drought cycle (see discussion below), a fast hydraulic restoration could have 

occurred already upon re-irrigation, after the first drought treatment in 2014. Even during 

the second drought cycle, no carry-over effect was observed, indicating for spruce 

complete resilience to the drought stress undergone the previous year. 

Under drought stress, spruce showed a typical isohydric behaviour: the almost complete 

stomatal closure observed in the second drought cycle allowed for reduction of leaf water 

loss, albeit at the expense of carbon assimilation (Figure 4.2-2). It is very likely that high 

temperatures registered in summer 2015, induced fast dehydration (e.g. in comparison 

with the 2014 drought), which was additionally exacerbated in the last two weeks of 

drought when irrigation was completely withheld. The target water potential range 

reached at the end of the drought treatment induced xylem embolism in the main stem: 

the measured percentage loss of xylem conductance (PLC) was in the range expected 
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from xylem vulnerability curves reported for the species in the literature
 
(Cochard 1992, 

Mayr et al. 2002). 

 

5.2.1. Stem NSC dynamics under drought 

Contrary to the hypothesis, the drought treatment applied in 2015 did not alter stem 

carbon balance, in both wood and bark compartments (Figures 4.2-5 and S2). There is 

evidence that short-term and severe droughts, like the one undergone by our spruce 

saplings in 2015, can lead to little or no changes in NSC pool sizes even in relatively 

isohydric species
 
(Anderegg and Anderegg 2013). It must be noted that stem diameter 

growth stopped at the time when drought started (Figure 4.2-4b, d), thus likely reducing 

carbon sink consumption and helping to preserve carbon pools when CO2 uptake was 

drastically reduced. It is also possible that NSC depletion occurred in other tree 

compartments (e.g. in roots, Hartmann et al. 2013a, b, Yang et al. 2016). Nevertheless, 

while total NSC content did not change, starch in the bark was almost completely 

depleted by drought and was accompanied by an increase in monosaccharides (glucose 

and in particular fructose). This could be an indication of osmotic adjustment of turgor 

loss point
 
(Silva et al. 2010, Hartmann et al. 2013a). Moreover, there are suggestions that 

solutes accumulated in the phloem might also be effective for refilling if they are 

delivered to the VACs through parenchyma rays
 

(Nardini et al. 2011, Secchi and 

Zwieniecki 2015, Secchi et al. 2017). The consumption of local starch reserves under 

drought could be also a consequence of impeded phloem translocation 
 
(Sala et al. 2010, 

Hartmann et al. 2013a) and/or reduced sugar availability at the source (i.e. in the leaves) 

due to photosynthesis inhibition (Figure 4.2-1a).  

Some NSC compounds are known to be involved in plant cell protection (as antioxidant 

and/or osmoprotectant) under stresses like drought. The relevant accumulation of pinitol 

in the wood of stressed plants at the end of drought, accompanied by a subsequent 

decrease to pre-stress values upon re-irrigation (Figure 4.2-5e), can be explained by the 

role played by this sugar alcohol as hydroxyl radical scavenger and osmolite in some 

plant species, including conifers
 
(Deslauriers et al. 2014). 
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5.2.2. Embolism repair and NSC depletion only in the stem wood 

In this experiment, spruce plants experienced water potentials which were low enough to 

induce xylem embolism, but still far from those theoretically endangering conifers’ 

survival (PLC below the threshold of 50%, Figure 4.2-3). In Norway spruce, multiple 

drying-rewetting cycles, where plants were dehydrated to minimum leaf water potentials 

slightly below our target values, caused complete and short-term recovery of sapflow 

rates and stem diameter (as here observed, Figure 4.2-4) in each re-irrigation episode
 

(Hartmann et al. 2013a). In the present study was obtained evidence that this species is 

able to recover xylem hydraulics in the main stem over short term after re-irrigation (six-

seven days, Figure 4.2-3c). The possibility that water uptake via needle cuticle or bark, 

previously reported in some conifer species
 
(Katz et al. 1989, Laur and Hacke 2014, 

Earles et al. 2016), could have been responsible for refilling of spruce stems, can be 

excluded. In fact, relative humidity during the recovery time of the experiment never 

exceeded 81%, while aboveground uptake is supposed to occur during fog (RH of 100%) 

or rain events. Also the possibility that newly built xylem conduits (new growth upon re-

irrigation) would have allowed for fast hydraulic recovery, can be excluded by 

dendrometer data (no regrowth, Figure 4.2-4) and cannot explain the observed complete 

hydraulic recovery. Studies involving in vivo imaging have reported the occurrence of 

refilling under low xylem pressures
 
(e.g. Brodersen et al. 2010) and in Vitis riparia 

positive root pressure was not required as a driving force of the process
 
(Knipfer et al. 

2016). Positive root pressure, which requires maximum soil water availability (i.e. Ψpd ~ 

0) and complete stop of transpiration, has been shown to contribute to refilling in some 

monocots (e.g. Yang et al. 2012) or in some woody angiosperms prior spring flush
 
(Strati 

et al. 2003, Brodersen and McElrone 2013), while in conifers this phenomenon has not 

been detected so far. Pre-dawn water potentials at recovery show that embolism repair 

occurred at relatively high xylem tensions (Figure 4.2-3a) and therefore do not support 

the involvement of root pressure in embolism removal in our trees. 

One of the main working hypotheses was that recovery of xylem hydraulics should be 

accompanied by changes in NSC content in stem wood and/or bark. Upon hydraulic 

recovery, NSCs of drought plants were depleted only in the wood, but remained unaltered 

in the bark (Figure 4.2-5). This suggests that the NSC pool in wood parenchyma was 

partially degraded upon drought relief, and was still not recharged one week later. Here 
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below are proposed some scenarios which might explain the present findings. After re-

irrigation, NSCs could have been used in the cambium as source of carbon to sustain new 

cell formation (albeit re-growth was not detected by dendrometers, Figure 4.2-2). This 

hypothesis, however, would not provide an explanation for sugar depletion only in the 

wood and not in the bark. Alternatively, sugar reserves might be used to supply carbon 

demand for stem respiration after re-irrigation, especially if photosynthesis is still 

depressed. Although gas exchange rates were not measured after re-irrigation, a delay in 

recovery of photosynthesis after drought has been previously reported
 
in conifer species 

(Brodribb and Cochard 2009, Brodribb et al. 2010). Moreover, an increase in stem 

respiration at re-irrigation has been associated with an increase in energy demand for 

xylem transport restoration
 
(Yoshimura et al. 2016). 

According to the current paradigm for embolism refilling, soluble sugars released by the 

wood parenchyma into embolized conduits would drive water entry after drought relief
 

(Bucci et al. 2003, Salleo et al. 2009, Secchi and Zwieniecki 2011). If this happened in 

Norway spruce, soluble sugars could have first entered the embolized tracheids and then, 

once the conduits had been refilled and become newly functional, removed by the 

transpiration stream
 
(Secchi and Zwieniecki 2016). This mechanism could also explain 

the drop in starch content in drought stressed trees, as its breakdown could have 

contributed to generate the osmotic gradient for refilling. From the data collected, it is not 

possible to unequivocally relate NSCs depletion to active refilling of embolized conduits. 

Nevertheless, considering the Van’t Hoff’s equation, it is possible to estimate the 

theoretical minimum NSC content (expressed in glucose concentration) needed to 

generate the osmotic pressure (π) for the refilling of the gas-filled tracheids, in a wood 

sample of given size and given Ψxyl at recovery
 
(Nardini et al. 2017b). Given the PLC 

measured before re-irrigation (20%), the sapwood area occupied by tracheids (25%, 

calculated in our samples from cross sections), the wood density of samples (0.51 g cm
-3

) 

and the Ψxyl measured at recovery of hydraulics (-0.6 MPa, Figure 4.2-3), and assuming 

that a π of -0.7 MPa (i.e. 0.1 MPa more negative than Ψxyl; assumption value) was 

necessary to counterbalance xylem tensions and reclaim water, the corresponding 

minimum glucose content required to reverse embolism would be 5 mg g
-1

 of DW (see 

calculations in the supplementary material). Therefore, ca. 6 mg g
-1

 DW in total NSC 

content, that is the drop in NSC content observed in the wood of stressed plants from 
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drought to recovery conditions in our study, should have been theoretically sufficient to 

provide the osmotic pressure required for the process. 

In conifers, due to their wood anatomy, the occurrence and kinetics of refilling could 

depend on the amount and arrangement of ray parenchyma within the wood and on the 

distance between rays and embolized conduits
 
(Brodersen and McElrone 2013), because 

water must come from living cells. In the stems of spruce saplings used in this experiment 

was measured a xylem parenchyma fraction of about 6 %, which is in line with the 

average value reported for conifers (8%, Morris et al. 2016). In Norway spruce, 

parenchyma rays are well spread within the wood and, albeit present in low percentage, 

have been already proven to be capable of driving water into embolized tracheids upon 

needle water uptake, after winter embolism
 
(Mayr et al. 2014). Therefore, it is likely that 

for this species wood parenchyma rays could also contribute to restore xylem 

functionality in summer when, after a drought spell, a rain event occurs and water in the 

soil becomes again available for the plant. In our experiment, the amount of embolized 

conduits was limited and probably low enough to allow for relatively rapid recovery of 

xylem function. It is then possible that when a larger fraction of xylem area is embolized, 

refilling in conifers does not occur
 
(Brodribb et al. 2010, Umebayashi et al. 2016) or is 

only partial or requires longer time and/or higher NSC availability. 

 

5.3. Part II B - Stem hydraulics and non-structural carbohydrate 

dynamics in potted European beech saplings under drought and 

subsequent re-irrigation 

5.3.1. Long-term carry over effects of the first drought cycle 

Previous droughts and/or freeze-thaw events can cause accumulation of xylem embolism 

at the end of winter (Améglio et al. 2002). Therefore, in spring, restoration of xylem 

water transport through removal of residual embolisms (Beikircher et al. 2016) or via 

formation of new functional conduits by cambial activity (Cochard et al. 2001) is 

fundamental to sustain growth processes and transpiration rates of newly formed leaves 

(Améglio et al. 2002). In the experiment here presented, stressed beech saplings were re-

irrigated in both drought cycles at the same target midday leaf water potentials (Ψmd). At 

the end of the first drought cycle, although percentage loss of xylem hydraulic 
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conductance (PLC) was not measured, it can be inferred that drought plants (D1cycle) 

reached PLCs similar to those measured at the end of the second drought cycle (i.e. 

values of about 85%). PLC measured in well-watered plants before the start of the second 

drought cycle (i.e. in the “pre-drought” campaign, Figure 4.3-2) in one year old stems 

probably indicates that the production of new functional vessels during spring contributed 

to the recovery of stem hydraulic conductance. After winter embolism, increase in 

hydraulic conductivity of young terminal branches of mature European beech trees was 

observed in spring at the onset of cambial activity (Magnani and Borghetti 1995, Cochard 

et al. 2001). 

Several effects of the first drought cycle were detected in the following growing season 

(summer 2015). Firstly, previously stressed plants (D1cycle) had lower leaf midday water 

potentials than control (C1cycle) plants, albeit they did not differ in pre-dawn leaf water 

potentials (Ψpd, both groups were well-watered) and maintained similar leaf transpiration 

rates (E, Table 4.3-1). This indicates that D1cycle plants exhibited higher resistance (or, 

vice versa, lower conductance) to water flow. The increase in hydraulic resistance (or a 

decrease in conductance) was confirmed by the reduction in maximum specific hydraulic 

conductivity (ks, Table 4.3-1). This might be the consequence of changes in wood 

anatomical characteristics, such as the production of narrower vessels: according to the 

Hagen-Poiseuille law, hydraulic conductivity is primarily related to the fourth power of 

the conduit diameter (Tyree and Zimmermann 2002). 

More negative Ψmd could have induced the substantial adjustment of leaf water potentials 

at turgor loss point (Ψtlp, Table 4.3-1). Moreover, leaves produced in spring 2015 in 

D1cycle plants were fewer and had a higher leaf mass per area (LMA). Higher leaf mass 

investment per unit area is an indication of increased sclerophylly. In addition, there is 

indication that buds developing during a drought period can produce, in the following 

growing season when they expand, shorter twigs and fewer and smaller leaves (Coder 

1999). This might have happened in the experiment in stressed European beech saplings 

because the first drought cycle started at the time when buds were formed (i.e. July-

August, Eschrich et al. 1989). As leaf specific transpiration rates (E) did not significantly 

change, the reduction of total leaf area in D1cycle plants coupled with a reduced ks were 

likely the factors determining a reduction in the whole plant water consumption 

(measured as “evapotranspiration”, ET). Overall, these adjustments determined lower 

aboveground biomass investment and underline the negative effects of extreme droughts 
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on productivity of European beech, as documented in the past after extreme drought 

spells (Ciais et al. 2005). 

Contrary to the initial hypotheses, the first drought cycle didn’t induce significant stem 

NSC depletion in the following growing season (Figure 4.3-3, “pre-drought” campaign). 

Nevertheless, NSC depletion might have occurred in other tree compartments (e.g. roots, 

Hartmann et al. 2013a) and/or carbohydrate reserves could have been preserved by 

reducing growth rates, as this would imply the use of lower amounts of carbohydrates for 

structural growth (Daudet et al. 2005, Deslauriers et al. 2014). 

 

5.3.2. Stem hydraulics and NSCs dynamics under drought and subsequent re-

irrigation 

In the second cycle, drought strongly limited gas exchange rates already after two weeks 

of water limitation. The almost complete stop of CO2 assimilation in stressed trees, albeit 

stomata were not completely closed (Figure 4.3-1c, d), might have been the result of high 

PPFD in combination with high temperatures and drought, which together are known to 

contribute to increase damages to the photosynthetic apparatus (Flexas et al. 1999, Ishida 

et al. 1999). 

The levels of embolism measured at the end of the second drought cycle in stressed trees 

were close to or in some plants even overcame the thresholds for survival of angiosperms 

(88%, Ulri et al. 2013). The previously experienced drought did not determine any change 

in resistance to xylem embolism in the stems, at least when comparing the PLC measured 

in the “end-drought” campaign in CD (plants stressed only in the second cycle) and DD 

(plants stressed in both drought cycles) groups (Figure 4.3 - 2).  

At the end of the second drought cycle, the increase in soluble sugars concentration 

observed in both wood and bark can indicate osmoregulation in order to maintain cell 

turgor at lower water potentials (Kozlovsky and Pallardy, 2002). Osmotic adjustment of 

turgor loss point was also found at the leaf level, still in the week after re-irrigation(Table 

4.3-2). At the peak of drought, it is interesting to note that in the wood a decrease in 

starch content of about 30 mg g
-1

 was accompanied by
 
an increase in soluble sugars of 

about 40 mg g
-1

. On the other hand, in the bark, an increase in soluble sugars of ca. 25 mg 

g
-1

 was accompanied by only a 3 mg g
-1

 drop in starch content (average values calculated 

by pooling the two well irrigated groups, CC and DC, and the two drought stressed ones, 
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CD and DD). This surplus of soluble sugars, especially in the bark, could have been 

transported from other tree compartments (e.g. roots) and/or produced by bark tissue 

photosynthesis. In different species, included European beech (Berveiller et al. 2007, 

2010), stem chloroplasts are known to be an important in-situ source of carbon: CO2 re-

fixation can help sustaining growth and plant metabolism especially when, during 

drought, photosynthesis is limited and/or phloem transport is compromised 

(Vandeghuchte et al. 2015).  

At the peak of the second drought cycle, starch in the wood was completely depleted only 

in CD plants, while soluble sugar levels were maintained similar to those of DD plants 

(Figure 4.3-3). This might indicate that CD plants reached a threshold point: further 

demands of NSCs could not have been locally satisfied and soluble sugars were important 

as osmoprotectants to preserve cell integrity. 

It is important to note that, in the wood, only total NSCs of plants which were not stressed 

the previous year (CC and CD), progressively decreased with time (of about 50%, 

corresponding to 40 mg g
-1

, from end June to mid-August 2015, Figure 4.3-3a). Carbon 

can be utilized, in addition to several other purposes, for respiration and structural growth 

(Deslauriers et al. 2014). In the second drought cycle, plants were subjected to high 

temperatures, as an extreme warm spell occurred in the region in the period of the 

experiment (see environmental data in materials and methods). Given that increasing 

temperatures accelerate respiration rates, there is evidence that high temperatures could 

contribute to NSC depletion more than soil drought (Adams et al. 2009). Nevertheless, 

this does not explain why DD plants maintained high and constant total NSC levels in the 

wood over the whole second cycle. A possible explanation could be that the plants that 

were not previously stressed maintained higher growth rates than plants that suffered 

drought the previous year.  As a consequence, at the end of the experiment, when all 

plants were re-irrigated, plants previously stressed (i.e. DC and DD groups) had higher 

starch and total NSC content (Figure 4.3-3a, c). Higher NSC contents can prolong tree 

survival under drought (O’Brien et al. 2014) and in general increase plant defences 

against several stressors. Unfortunately, due to the limited amount of plants and to the 

destructive methods utilized, only short term recovery after drought could be studied. A 

prolonged recovery time could have given indication if this higher amount of NSCs in the 

wood of DD plants could have been beneficial for long-term recovery from drought. 
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After one week of re-irrigation, drought stressed plants did not show any recovery of 

xylem function (Figure 4.3-2). The results of this study indicate that the availability of 

NSCs was not the limiting factor for xylem embolism repair under tension: utilizing the 

calculations proposed in Norway spruce (see above, Nardini et al. 2017b), only 8 mg g
-1

 

of solutes (calculated as glucose) would have been theoretically necessary to completely 

refill the embolized xylem fraction. Moreover, after one week of re-irrigation, soluble 

sugars accumulated in the wood during drought were in great part re-converted to starch 

(Figure 4.3-3a). In previous work on other angiosperms, there was an indication that 

embolism triggers starch-to-soluble sugar conversion in the sapwood and that during 

rehydration the reconversion into starch is accompanied by a decrease in PLC 

(Yoshimura et al. 2016). In the present study, albeit the pattern in NSCs was the same 

observed by Yoshimura et al. (2016), refilling did not occur (Figure 4.3-4): this might 

indicate that in European beech NSC conversion during dehydration-rehydration in the 

sapwood is merely due to osmoregulation processes. The PLC levels reached at the end of 

drought were extremely high and at the limit of beech survival: it could be possible that, 

in these conditions, refilling does not occur. Nevertheless, a previous study on other 

angiosperm species that reached stem PLCs around 80% and with high stem NSC 

availability at the peak of drought, showed partial hydraulic recovery upon re-irrigation 

(Savi et al. 2016). 

 

5.4. General discussion 

5.4.1. Overview of hydraulic methods 

The degree of xylem embolism, alternatively called percentage loss of hydraulic 

conductivity (PLC) of stems/branches is an important and common parameter used to 

investigate the effect of drought on xylem water transport in plants. PLC can be 

determined by measuring the sample’s hydraulic conductivity using a balance or a flow 

meter, and allowing water to flow through a cut branch segment by connecting it to a 

water reservoir positioned above the sample (Sperry et al. 1988). The Xylem Embolism 

Meter used in this thesis for conductivity measurements of stems in European beech and 

Norway spruce saplings is based on this principle. In addition, vulnerability curves, which 

constitute part of the results reported in this work, can be measured using several 

methods. Progressively dehydrating long cut branches in the lab (bench drying technique) 
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or potted plants represents a valid possibility, but it is a time consuming method that 

requires several branches for the construction of one complete curve. A faster method (1-

2 h for one curve), which has been used to measure branch xylem vulnerability in the 

adult trees belonging to the Kranzberg experiment, is the Cavitron technique. It uses the 

centrifugal force to generate progressively higher xylem tensions in the xylem, and the 

conductivity of the segment can be directly detected, as water is flowing through the 

sample during centrifugation (Cochard 2002). It is suggested that this technique would 

not be appropriate when applied in long-vesselled species such as oaks (Quercus spp.), 

because of the presence of cut open vessels in the samples used for measurements 

(Cochard et al. 2010). For this reason, it is important to check that the maximum vessel 

length of the branches does not exceed the length of the segment that fits in the rotor of 

the centrifuge. In the branch samples measured in the present work, maximum vessel 

length was shorter than the length of the sample to be centrifuged (27.5 cm): in Norway 

spruce, being a conifer, tracheids are very short (some mm) and in European beech 

maximum vessel length of branches was checked to be 20 cm. 

A current unsolved debate in the plant hydraulics scientific community regards whether 

or not in certain species, especially in long-vesselled ones, xylem embolism occurs 

already under well hydrated conditions (e.g. at xylem water potentials above -1 MPa; 

Cochard et al. 2010; Hacke et al. 2015). This means that vulnerability curves for these 

species could also have a different shape than the “common” sigmoidal one (see the 

xylem vulnerability curves of the study species, Figure 4.1-2), implying that for these 

species embolism formation (and repair) occurs routinely, even on a daily basis. Another 

question recently raised regards possible artefacts caused by cutting branches under 

tension that would determine an overestimation of native PLC (Wheeler et al. 2013, 

Torres-Ruiz et al. 2015). The protocol for sample preparation is therefore very important 

to avoid this effect and tests have been performed to validate them (Trifilò et al. 2014, 

Venturas et al. 2015, Nardini et al. 2017a, Nolf et al. 2017). This method, based on 

cutting and trimming the samples several times under water has been used in the present 

work for PLC measurements in stems of the potted saplings (see paragraph 3.2.6). There 

is currently a growing interest in the use of in vivo imaging techniques such as magnetic 

resonance imaging or X-ray micro CT for PLC estimation. This is due to the fact that they 

constitute reliable alternatives to the more common hydraulic methods, which require the 

harvest of the sample for measurements. Moreover, although their scarce availability and 
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high costs of instrumentation represent a limitation for a routine use of them in all labs, in 

vivo imaging methods represent good standards to validate the hydraulic techniques cited 

before (Torres-Ruiz et al. 2015, Nardini et al. 2017a, Nolf et al. 2017). In this context, the 

Ph.D. work here presented, is part of a project called “Tree Ecophysiology and 

Engineering”, acronym “Tree’n’ing”, funded by the International Graduate School of 

Science and Engineering (IGSSE). In this project, a portable low-field Magnetic 

Resonance Imager was used to visualize the water content in stems of the saplings 

subjected to drought in the greenhouse experiment here presented. Given the limited 

resolution of the imager (0.5 mm), it was possible to clearly visualize embolized areas 

only in the stems of Norway spruce, because, being a gymnosperm, its xylem consists 

almost entirely of xylem conduits. This method allowed us to prove for spruce the 

reliability of the PLC measurements performed with the Xylem embolism meter by 

comparing them with the MRI pictures taken immediately before cutting the stem for 

hydraulic measurements (Meixner et al., in prep.). 

 

5.4.2. Drought experiments in the field and in the greenhouse: a comparison 

Plant ecophysiology studies are conducted either in natural field conditions or under more 

controlled conditions in greenhouses, growing chambers, experimental gardens. The 

second type is evidently more suitable for experimental setups in which plant species are 

undergoing different levels of a particular environmental factor, such as water 

availability. Moreover, specific mechanistic studies are evidently better managed in small 

plants growing e.g. in pots. A question that often and unavoidably rises from these studies 

is if the results obtained can be translated to plants growing in the field, especially in 

natural ecosystems, where complexity is higher and several other factors contribute to the 

plant reactions. For this reason, both field and greenhouse approaches were chosen for the 

present thesis.  

In this work, hydraulic aspects of European beech and Norway spruce were investigated 

inducing drought in mature trees in a through-fall exclusion experiment as well as in 

potted saplings growing in a greenhouse. Long-term field studies in mature forest systems 

probably represent the most realistic type of experiment for the investigation of drought 

effects in trees, allowing for simulation of prolonged water limitation in almost intact 

natural conditions. In the study at the “Kranzberger Forst”, the approach of through-fall 
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exclusion demonstrated to be valuable for the investigation of the effects of a long term 

drought. On the other hand, more severe short-term droughts can be more easily 

simulated in potted trees in the greenhouse, where the limited amount of substrate in the 

pots (and therefore the total amount of water available for the plant) allows for quicker 

plant dehydration. For this reason, small potted trees are the most common plant material 

utilized for drought experiments (e.g. Hartmann et al. 2013a, b, Aranda et al. 2015, Savi 

et al. 2016). Albeit obvious advantages exist, several factors like root confinement, 

increased soil temperature due to interception of solar radiation by the pots and high soil 

surface exposure to the air exacerbate the effects of drought (Poorter et al. 2012). Non-

structural carbohydrate (NSC) manipulation experiments are also often limited to potted 

trees (e.g. Hartmann et al. 2013 b, O’Brien et al. 2014, Sevanto et al. 2014), because 

changes in NSC pools (and especially C depletion) can occur more easily in saplings than 

in mature trees. This is due to the fact that, with respect to mature trees, a larger part of 

the total NSC pool of seedlings relies on recently assimilated carbon (Niinemets 2010). 

Conversely, in mature trees, storage NSCs, located mainly in the stem sapwood and in 

living roots, constitute a big total carbon fraction that can be mobilized in order to support 

plant function, also during prolonged unfavorable conditions (Carbone et al. 2013). 

Several differences in physiological traits related to drought susceptibility of a tree 

species may exist when considering it at different ontogenetic stages. An example can be 

extrapolated from the present work, where vulnerability to xylem embolism was 

measured in both juvenile and adult trees. In particular, vulnerability curves have been 

measured in branches of adult trees (Figure 4.1 – 2 a, b), whereas in potted saplings PLC 

has been measured during dehydration of soil in pots (Figure 5.4 – 1 c, d). While in 

Norway spruce vulnerability to xylem embolism was very similar between mature and 

juvenile trees, in European beech stems of saplings were clearly more vulnerable than 

branches of adult trees. This finding in beech can also be confirmed by comparing the 

xylem vulnerability curves of saplings in Barigah et al. (2013) and of branches of mature 

trees in Urli et al. (2013). In addition to this, it must be highlighted that the study of 

xylem vulnerability to embolism is clearly more complex in adult trees than in saplings. 

Within the whole tree hydraulic pathway, adult trees are composed by several portions, 

from fine roots to leaves, including the main stem and several branch orders. These 

portions contribute to the whole resistance to water transport of a tree and have been 

demonstrated to differ in their vulnerability to hydraulic dysfunction in several studies. In 
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mature trees, distal organs like leaves and branches are the most commonly used plant 

material for vulnerability analyses. It has been confirmed in several studies, included the 

present one, that leaves are more vulnerable than branches, supporting the hydraulic 

vulnerability segmentation hypothesis (Tyree and Ewers 1991, Bucci et al. 2013, 

Pivovaroff et al. 2014). Nevertheless, due to clear difficulties of measuring the hydraulics 

of tree trunks, little is known about the vulnerability of all the segments of the hydraulic 

pathway (roots, main trunk, branches and leaves). The main trunk of some coniferous and 

angiosperm species was found to be less resistant to embolism than terminal branches 

(Johnson et al. 2016). This would imply that in mature trees the overall vulnerability to 

xylem embolism could be higher than that estimated by the sole analysis of branches. 

 

5.4.3. Responses of European beech and Norway spruce to drought  

European beech and Norway spruce are supposed to exhibit different stomatal control of 

transpiration-induced xylem tension under drought, i.e. an anisohydric vs. a more 

isohydric strategy, respectively. These different strategies have been proven in the mature 

trees of the through-fall exclusion experiment described in part I, analyzing the stomatal 

conductance response to variations in pre-dawn water potentials and vapor pressure 

deficit (Goisser et al., in preparation). It is generally expected that, under drought, more 

isohydric species would avoid quick drops in water potentials and consequent xylem 

embolism for a longer period than more anisohydric species (McDowell et al. 2008). 

Nevertheless, according to a global meta-analysis, the majority of woody plant species 

across forest biomes, independently if isohydric or anisohydric, tend to experience in the 

field comparable embolism levels and under drought operate relatively close to the 

thresholds of hydraulic dysfunction (Choat et al. 2012). In addition to that and against 

intuitive expectations, in an ecosystem-scale experiment the more anisohydric Juniperus 

monosperma showed very little embolism in comparison to the co-occurring isohydric 

Pinus edulis, i.e. in P. edulis stomatal closure occurred at less negative xylem water 

potentials, but the species was more vulnerable to embolism than J. monosperma (Garcia-

Forner et al. 2016). This study demonstrates that stomatal response to drought alone does 

not give an indication of the predisposition of a species to hydraulic failure and that it 

must be related to the species’ embolism resistance. Hydraulic properties such as 

vulnerability to xylem embolism represent one relatively “static” aspect of the drought 

susceptibility of a species. Acclimation in hydraulic vulnerability helps to preserve 
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hydraulic integrity (and therefore to avoid or postpone hydraulic impairment during 

drought), and in the present study has been demonstrated to occur in both beech and 

spruce in a relatively short period of experimental drought. Compared to P. edulis and J. 

monosperma, which largely differed in their vulnerability to embolism (Garcia-Forner et 

al. 2016), the co-occurring mature European beech and Norway spruce trees at Kranzberg 

forest differed only by about 0.3 MPa in the water potential at 50% loss of branch xylem 

hydraulic conductivity (see Table 4.1 - 2). Therefore, Norway spruce is also more 

effective to preserve xylem integrity than the respective more anisohydric European 

beech. Similar conclusions for beech and spruce can be drawn from the data collected in 

the greenhouse experiment in saplings. Plotting leaf gas exchange parameters and native 

PLC in dependence of midday water potentials (Ψmd), stomatal closure in Norway spruce 

saplings occurred already at Ψmd of about -1.7 MPa and stem embolism occurred at Ψmd 

below -3.0 MPa. On the other hand, European beech stems reached 50% PLC already at 

Ψmd below -2.0 MPa (even in control plants), when stomatal conductance was still above 

25 mmol m
-2

 s
-1

. 

 

 

Figure 5.4 - 1 Leaf gas exchanges and PLC plotted against midday leaf water potentials (Ψmd) in 

European beech and Norway spruce (greenhouse experiment). CO2 assimilation rate (A, panels a, b), 

stomatal conductance (gs) and PLC (panels c, d) plotted against Ψmd. Data have been taken from the 

campaigns performed in second drought cycle (summer 2015); for PLC, data from the “re-irrigation” 

campaign are not included. For gas exchange parameters, please note the different scales between the 

species. In c and d, axes on the right indicate PLC (values and scale are in orange).  
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The xylem water potential at 50% loss of hydraulic conductance/conductivity is 

commonly used to compare xylem vulnerabilities between tree species or treatments (see 

part I). Nevertheless, when subjected to drought, angiosperms are generally able to 

survive at higher stem PLCs (88%, Urli et al. 2013) compared to conifers (50%, Brodribb 

and Cochard 2009, Brodribb et al. 2010). Despite the fact that these thresholds need to be 

tested for a bigger number of species, for angiosperms the xylem water potential at 88% 

PLC (Ψ88_branch) has been recently suggested to be a more meaningful reference for the 

calculation of hydraulic safety margins than the xylem water potential at 50% PLC 

(Ψ50_branch, Choat 2013). If different reference water potentials for the two groups had 

been used in the global meta-analysis of safety margins (Choat et al. 2012), the 

differences in hydraulic safety margins (calculated as the difference between the 

minimum water potential experienced in the field and the Ψ50_branch or Ψ88_branch in 

conifers and angiosperms, respectively) between angiosperms and gymnosperms would 

have been smaller (Choat 2013). In the same way, if this concept is applied to the data 

presented in this thesis, the difference between European beech and Norway spruce 

hydraulic safety margins would be small too. 

Within the species-specific water use strategies, not only stomatal responses to 

dehydration and xylem vulnerability, but also rooting depth, which determines the 

exploitation of deeper water sources, plays an important role to predict the drought-

induced decline of a tree species (Nardini et al. 2016). In pot experiments, the root system 

of seedlings is limited to the pot volume and therefore the real root architecture and 

rooting depth of a species is obviously not appropriately represented. This factor makes a 

direct comparison of beech and spruce water use strategies in the greenhouse experiment 

here presented more difficult. In a mature forest, during droughts and heat spells, 

European beech is likely to profit from its deeper rooting system with respect to Norway 

spruce. As already discussed in paragraph 5.1.1., the different rooting depth of the two 

species could explain why in the through-fall exclusion experiment predawn water 

potentials in drought (TE) plots were overall more negative in spruce than in beech. This 

could buffer to a certain degree the more “water spending” strategy of beech, in 

comparison to spruce, and allow for maintaining higher sap flow and growth rates under 

drought for longer time, as already observed at the Kranzberg site (Kallenbach, 

unpublished). 
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Preservation of xylem integrity represents only one aspect determining the overall 

resistance to drought in woody species. In addition to hydraulic failure, drought-induced 

tree mortality can be caused by carbon starvation, phloem transport failure and biotic 

attacks, as well as by the combination of two or more of them (McDowell et al. 2011). 

 

Drought and carbon relations 

In the increasing number of studies on carbon dynamics during drought, a large 

variability in behavior and responses seems to emerge between species (Mencuccini 

2014). Mitchell et al. (2014) distinguished three different phases of tree carbon balance 

during drought progression: in the first phase, carbon uptake and growth, albeit 

decreasing, are still positive (no change in NSC content); in the second phase, growth 

ceases but photosynthesis continues (at lower rates) and therefore NSCs content 

increases; in the third phase, also carbon assimilation stops and NSCs are depleted. 

Within this scheme, carbon depletion could be also brought about by daily cycles of 

cavitation-refilling, as refilling of embolized conduits is an energy-requiring process. 

According to this scheme, short-term severe droughts are supposed to cause no change or 

even an increase in NSCs, because carbon investment for structural growth is reduced 

faster than CO2 assimilation rates via stomatal closure, implying a transient accumulation 

of NSCs. Carbohydrate accumulation has been also observed in tree saplings at time of 

death after a drought treatment: this has been associated to the fact that NSCs could not 

have been utilized and mobilized due to extreme dehydration (Hartmann et al. 2013b). 

Even in the greenhouse experiment, the 40-45 days long drought treatment applied in the 

second cycle (summer 2015) did not induce changes in total NSC content in both wood 

and bark fractions of stems of Norway spruce (Figure 4.2 - 5), whereas in European beech 

total NSCs content increased in the bark, and progressively decreased or was kept 

constant in the wood fraction of CD and DD plants, respectively. In the mature trees of 

the Kranzberg experiment, even the multiple-year drought induced by through-fall 

exclusion did not affect NSC content in the study species (Goisser et al., unpublished). 

On the other hand, in the trunk of mature European beech trees, the radial decrease in 

NSC (and especially starch) content was stronger in declining than in healthy trees, 

suggesting mobilization of long term storage carbohydrates (Gérard and Bréda 2014). 

Nevertheless, although the amount of NSC reserves in mature trees can be high enough to 

sustain negative carbon balances for long periods (Hoch et al. 2003), their unavailability 
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to the sinks where they are needed could determine indirect carbon starvation (Sala et al. 

2010). Therefore, it is perhaps more likely that in several mature tree species subjected to 

chronic drought, the strong decrease in phloem transport velocity or, in general, phloem 

failure, may constitute one major cause of tree mortality. This process would also in 

theory preclude the capability of active refilling after drought relief (recovery), if phloem 

is involved in the process (Nardini et al. 2011, Sevanto 2014). Further studies going in 

this direction are urgently needed. 

 

Drought and biotic attacks 

Bark beetles and associated fungi represent one of the greatest threats to conifers survival. 

In comparison to European beech, Norway spruce is more severely threatened by biotic 

agents and in particular is endangered by the spruce bark beetle Ips typographus (L.) and 

associated fingi. Its susceptibility to this insect increases especially when tree vitality is 

affected by drought or frost, and beetle attacks are further favored by exceptional warm 

summers (Schlyter et al. 2006). The soil drought applied in the through-fall exclusion 

experiment gave a clear example of the susceptibility of drought-weakened spruce trees to 

biotic agents: whereas CO trees were not infested, through-fall exclusion (TE) spruce 

trees belonging to two out of a total of six TE plots were severely attacked by bark beetles 

already in the second summer (2015) of the drought experiment. A successful defense of 

a tree against pathogens is thought to largely depend on production of secondary 

metabolites. A recent study on Pinus contorta revealed that higher susceptibility to a 

mountain pine beetle was related to the local (i.e. where the insect/pathogen attack 

occurred) reduction in NSC availability (Wiley et al. 2016). 

 

5.4.4. Factors influencing the occurrence and detection of xylem hydraulic recovery 

It is widely accepted that, at comparable levels of native embolism (i.e. PLC), 

angiosperms are potentially more prone to active refilling than gymnosperms, given that 

the former have higher wood parenchyma fraction and wood NSC content than the latter 

(Johnson et al. 2012, Brodersen and McElrone 2013, Morris et al. 2016, Secchi et al. 

2017). This is probably the reason why the “hydraulic point of no return” in angiosperms 

is generally found at higher PLCs than in gymnosperms (Johnson et al. 2012). In the 

greenhouse experiment presented here, the target PLC for re-irrigation of drought stressed 

European beech and Norway spruce saplings was therefore chosen in dependence of the 
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different PLC thresholds for mortality in angiosperms and gymnosperms, respectively. 

Whereas spruce trees reached at the peak of drought an average PLC of about 20%, which 

is still far from the theoretical lethal value for conifers (50%, Brodribb and Cochard 2009, 

Brodribb et al. 2010), beech trees approached the hydraulic failure threshold for 

angiosperms (around 88%, Ulri et al. 2013). This makes a direct comparison of the 

hydraulic recovery capability of the two species rather difficult. In this work, a fast 

hydraulic recovery under tension has been observed in the conifer Norway spruce. 

Conversely, the angiosperm European beech did not recover xylem hydraulics after 

reaching PLCs close to the threshold for hydraulic failure, albeit still being able to 

survive, as exemplified after the first drought cycle.  

Several aspects should be considered when determining the occurrence of hydraulic 

repair in a tree species. First of all, independently of being angiosperms or gymnosperms, 

the refilling capacity might be species-specific. Some species might simply not have 

evolved this strategy, as hypothesized here for European beech, which, when able to 

preserve a minimum water transport, might simply restore xylem functionality through re-

growth in the following spring. In Sequoia sempervirens, inhabiting high rainfall/fog 

regions, saplings showed no refilling when water was only supplied in the soil (Choat et 

al. 2015), whereas xylem was partially refilled when branches were soaked in water, in 

order to simulate rain/fog events (Earles et al. 2016).  

A second point to be taken into account when considering the xylem recovery capacity, is 

the fraction of embolized stem xylem (or PLC) reached at the peak of drought and to be 

refilled. Umebayashi et al. (2016) showed with MRI that in stems of Pinus thunbergii 

saplings, reaching PLC largely above 50%, no embolism repair occurred after re-

irrigation. However, repair in conifers subjected to drought should be tested when 

PLC is still below 50% PLC. Likewise, PLC reached by European beech saplings in 

the present experiment was at the edge of theoretical hydraulic failure. Therefore, 

further studies on refilling of this species should in addition be performed in less 

severely stressed trees. 

Another aspect to be considered is the technique used for detection of refilling under 

tension. In vivo imaging techniques (e.g. magnetic resonance imaging, X-ray micro CT) 

are considered the “gold standard” to validate destructive hydraulic methods (see above, 

Nardini et al. 2017a, Nolf et al. 2017). Nevertheless, when studying processes involving 
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cellular activities like active xylem refilling, it should be ensured that any damage of the 

living tissue has been induced during measurements. For example, the X-ray dose 

received by plants during X-ray micro CT scanning, recently used to test for the refilling 

capability of some species (e.g. Choat et al. 2015), might affect the physiology of phloem 

and parenchyma cells, the integrity of which is essential for the occurrence of refilling 

(Savi et al. 2017). Magnetic resonance imaging could represent perhaps a valuable in vivo 

alternative to investigate embolism repair (Zwieniecki et al. 2013), if cellular damage by 

overheating of the analyzed stem portion is avoided.  
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6. Conclusions and outlook 

In this work, the effects of long-lasting (chronic) droughts were investigated in mature 

European beech and Norway spruce trees in a through-fall exclusion experiment. In 

addition, short-term repeated severe droughts, followed by re-irrigation, were analyzed in 

potted juvenile trees in a greenhouse drought-recovery experiment. 

In the through-fall exclusion experiment performed in a mature forest system, the co-

occurring European beech and Norway spruce showed under drought analogous hydraulic 

adjustments, well-coordinated between branch and leaf/end-twig levels. This is 

particularly interesting as the two study species obviously contrast in xylem anatomy, 

foliage type, crown architecture, and ecophysiology (including hydraulic strategies). In 

Norway spruce, growth limitation might also indicate a possible trade-off between 

increased hydraulic safety and decreased productivity. These results thus suggest that the 

two forest species studied might exhibit sufficient hydraulic plasticity to better cope with 

future drought periods. As hydraulic acclimation was observed upon prolonged drought, 

these results also highlight the importance of long-term field drought experiments. More 

intense or longer droughts, however, may exceed the species’ capacity for hydraulic 

acclimation (Gutschick and BassiriRad 2003), and mild but extremely prolonged droughts 

may induce in the long term consumption of carbohydrate reserves to critical levels 

(McDowell et al. 2008). Moreover, trees weakened by hydraulic limitation and/or carbon-

starvation are usually also more susceptible to biotic attacks (Schlyter et al. 2006). All 

these variables might affect tree species differently and modify competition between co-

occurring species. In the case of the study species, it is likely that the shallower rooting 

system and other secondary effects of drought such as bark beetle attacks would put at 

higher risk Norway spruce than European beech. 

The greenhouse study gave new insight on the capability of saplings of a conifer species, 

Norway spruce, to recover stem xylem hydraulic function after relief of soil drought. In 

conifers, there is little evidence for xylem hydraulic recovery after drought, and therefore 

this study introduces new perspectives for future studies. Moreover, hydraulic recovery 

was associated with NSC depletion, which was specifically localized in the stem sapwood 

fraction. Therefore, the possible causes of NSC depletion in the stem wood in the phase 

of recovery from drought were discussed: the here proposed hypotheses of utilization of 

NSC for the recovery of xylem hydraulics should be tested in further studies, especially 
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on other coniferous species and in field experiments. Given that aquaporins in VACs have 

been shown to promote refilling in conifer needles
 
(Laur and Hacke 2014), research on 

aquaporin expression in the parenchyma of conifers’ secondary xylem could be 

important. On the other hand, the results of the drought-irrigation study in the angiosperm 

European beech demonstrate that, under severe droughts, strongly embolized stems of 

this species cannot be repaired. However, in the case that living tissues are not 

compromised and a minimum water transport for survival is preserved at the end of the 

drought spell, surviving plants may partially restore xylem functionality in the following 

spring through cambial growth. It is possible that European beech might simply not have 

evolved the capability to actively refill embolized vessels. This hypothesis should be 

verified in future studies under less extreme drought conditions, i.e. inducing lower levels 

of stem xylem embolism. For both species, separation of stem wood and bark fractions 

for NSC analysis has been important for the study, as different patterns were identified 

under drought and/or re-irrigation between the two parts. This should be taken into 

consideration in future studies. The occurrence and kinetics of refilling after re-irrigation 

at different PLCs should be studied, especially with the support of appropriate non-

invasive imaging techniques 

Fast hydraulic acclimation capability and/or high resilience to fluctuations in water 

availability may be the key-factors determining the success of tree species in several 

forest ecosystems affected by climate change. Applying multiple cycles of drought-

recovery in species showing refilling capability (e.g. in Norway spruce), could reveal 

whether progressive depletion of NSCs in the wood occurs and if it is connected to the 

refilling capability and kinetics of the species. In that case, the time needed to recover 

NSCs to control values after re-irrigation might be crucial. In the light of the predicted 

climate change scenarios, possible consequences of NSC consumption due to drought-

recovery cycles on productivity, survival and general drought susceptibility should be 

taken into account. Further field hydraulic studies in natural or managed eco-systems are 

urgently needed to estimate the performance of tree species under future climate.  
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Appendix A – Supplementary data and material 

 

 

Figure S1. Changes in midday leaf water potentials (Ψmd) over the first and second drought cycles in 

Norway spruce seedlings. (a) Ψmd monitored over the first drought cycle (summer 2014) in well-irrigated 

(control, C1cycle, closed symbols) and drought stressed (D1cycle, open symbols) trees, from the time when 

irrigation was withheld (Day 0). (b) Ψmd monitored over the second drought cycle (summer 2015) in CC 

(control in 2014 and 2015), CD (control in 2014, drought in 2015), DC (drought in 2014, control in 2015) 

and DD (drought in 2014 and 2015) trees, from the time when irrigation was reduced (Day 0). Note the 

different time scales in (a) and (b). Symbols denote means and bars are standard errors, while crosses 

indicate for each D1cycle individual the Ψmd at re-irrigation. The shaded horizontal area highlights the target 

range of Ψmd for re-irrigation of drought-stressed trees and the blue arrow indicates the time period when 

plants were re-irrigated. 
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Table S 1. Parameters measured under well-watered conditions before the beginning of the second 

drought cycle (summer 2015). Percentage loss of xylem hydraulic conductance (PLC), maximum specific 

hydraulic conductivity (ks), Pre-dawn (Ψpd ), xylem (Ψxyl) and midday (Ψmd) water potential, CO2 

assimilation rate (A), stomatal conductance (gs), leaf transpiration rate (E), water potential at turgor loss 

point (Ψtlp),  osmotic potential at full turgor (π0), bulk modulus of elasticity (ε), leaf mass per area (LMA), 

evapotranspiration (ET) and stem non-structural carbohydrates measured at the end of June 2015 in control 

(C1cycle) and drought (D1cycle) treatments from the first drought cycle. NSC specimens were measured 

separately in wood and bark. “Total soluble” is the sum of all soluble NSCs. Values are means ± standard 

error. Number of replicates (n) and P-value from Welch’s t-tests are given. 

Parameter C1cycle D1cycle    n P-value 

PLC (%) 2.6 ± 2.6 0.62 ± 0.62 4 1.00 

ks (kg MPa
-1

 s
-1

 m
-1

) 0.74 ± 0.11 0.55 ± 0.11 4 0.27 

Ψpd (MPa) -0.41 ± 0.08 -0.40 ± 0.06 7 0.99 

Ψxyl (MPa) -1.11 ± 0.07 -0.86 ± 0.04 7 0.01 

Ψmd (MPa) -1.53 ±0.05 -1.47 ± 0.04 7 0.40 

A (µmol m
-2

 s
-1

) 1.71 ± 0.32 2.18 ± 0.34 7 0.34 

gs (mmol m
-2

 s
-1

) 14.5 ± 2.9 19.5 ± 3.0 7 0.26 

E ( mmol m
-2

 s
-1

) 0.82 ± 0.15 0.96 ± 0.12 7 0.46 

Ψtlp (MPa) -1.57 ± 0.10 -1.58 ± 0.15 5 0.94 

π0 (MPa) -1.39 ± 0.11 -1.42 ± 0.14 5 0.90 

ε (MPa) 26.8 ± 5.9 32.4 ± 9.6 5 0.63 

LMA (g m
-2

) 146 ± 10 165 ± 15 5 0.32 

ET (g day
-1

) 383 ± 58 353 ± 61  0.19 

Starch (mg g
-1

) 
wood 2.14 ± 0.42 1.29 ± 0.43 4 0.21 

bark 17.85 ± 2.93 18.37 ± 7.13 4 0.95 

Sucrose  (mg g
-1

) 
wood 3.50 ± 1.05 4.20 ± 0.51 4 0.58 

bark 35.75 ± 2.21 36.8 ± 2.21 4 0.75 

Fructose (mg g
-1

) 
wood 3.35 ± 0.58 2.50 ± 0.47 4 0.30 

bark 14.07 ± 1.51 16.20 ± 2.02 4 0.43 

Glucose (mg g
-1

) 
wood 2.75 ± 0.57 2.00 ± 0.13 4 0.28 

bark 11.77 ± 2.11 12.82 ± 2.33 4 0.75 

Pinitol (mg g
-1

) 
wood 3.82 ± 0.99 4.55 ± 0.86 4 0.60 

bark 20.62 ± 1.89 22.40 ± 2.20 4 0.56 

Stachyose (mg g
-1

) 
wood 0.20 ± 0.20 0.57 ± 0.25 4 0.28 

bark 1.87 ± 0.64 2.75 ± 0.27 4 0.28 

Raffinose (mg g
-1

) 
wood 0.75 ± 0.13 0.75 ± 0.18 4 1.00 

bark 0.00 ± 0.00 0.75 ± 0.75 4 0.39 

Galactose (mg g
-1

) 
wood 1.95 ± 0.25 1.52 ± 0.62 4 0.56 

bark 8.82 ± 0.82 5.57 ±  2.01 4 0.21 

Total soluble (mg g
-1

) 
wood 16.32 ± 3.32 16.10 ± 2.16 4 0.96 

bark 92.92 ± 2.85 97.30 ± 10.89 4 0.80 

Total NSCs (mg g
-1

) 
wood 18.46 ± 3.73 17.39 ± 1.75 4 0.81 

bark 110.77 ± 4.32 115.67 ± 11.95 4 0.72 
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Leaf water potential isotherm parameters measured in Norway spruce saplings at re-irrigation in the 

second drought cycle (summer 2015). Water potential at turgor loss point (Ψtlp), osmotic potential at full 

turgor (π0), bulk modulus of elasticity (ε) and leaf mass per area (LMA) measured the week after re-

irrigation, in the second drought cycle, in twigs of control (i.e. well-irrigated, CC and DC) and drought (CD 

and DD) plants. Values are means ± SE and P-values from Welch’s t-test are given. 

 

 

 

 

 

 

 

 

 

Table S2. Effect of the two drought cycles on stem non-structural carbohydrate (NSC) content in 

Norway spruce saplings.  P-values from two-way ANOVA examining the effect of the first drought cycle 

(first), the second drought cycle (second) on non-structural carbohydrate (NSC) content (measured 

separately in stem wood and bark) in the “end-drought” and “re-irrigation” campaigns performed in the 

second drought cycle. “Total soluble” is the sum of all soluble NSCs. P <0.05 indicate significant effects 

and are formatted in bold. 

 End-drought (2015) Re-irrigation (2015) 

 first second first second 

Starch 
wood 0.13 0.12 0.58 0.11 

bark 0.60 <0.001 0.51 0.67 

Sucrose 
wood 0.73 0.28 0.83 0.02 

bark 0.03 0.16 0.48 0.69 

Fructose 
wood 0.67 0.56 0.54 0.33 

bark 0.44 0.04 0.24 0.06 

Glucose 
wood 0.90 0.89 0.50 0.01 

bark 0.53 0.24 0.74 0.98 

Pinitol 
wood 0.67 <0.001 0.05 0.10 

bark 0.38 0.88 0.24 0.09 

Stachyose 
wood 0.61 0.02 0.76 0.34 

bark 0.35 0.76 0.35 0.04 

Raffinose 
wood 0.96 0.27 0.49 0.90 

bark 0.11 0.87 0.78 0.003 

Galactose 
wood 0.42 0.07 0.07 0.08 

bark 0.74 0.03 0.97 <0.001 

Total soluble 
wood 0.75 0.15 0.10 0.01 

bark 0.10 0.95 0.69 0.66 

Total NSCs 
wood 0.99 0.16 0.07 0.005 

bark 0.28 0.26 0.80 0.64 

 CC & DC CD & DD P-value 

Ψtlp (MPa) -1.79 ± 0.03 -1.99 ± 0.11 0.16 

π0 (MPa) -1.56 ± 0.01 -1.72 ± 0.11 0.21 

ε (MPa) 30.0 ± 18.8 21.2 ± 3.2 0.82 

LMA (g m
-2

) 154 ± 14 169 ± 6 0.42 
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Figure S2. Additional non-structural carbohydrates (NSC) measured in Norway spruce stems during 

the second drought cycle (2015). (a-c) NSC concentration (in mg g
-1

 of dry mass) in stem wood and (d-f) 

bark, measured in “pre-drought”, “end drought” and “re-irrigation” campaigns. “Total soluble” is the sum 

of all soluble sugars measured (sucrose, fructose, glucose, pinitol, stachyose, raffinose and galactose). In the 

“pre-drought” campaign, data were pooled in one single group. In the “end drought” and “re-irrigation” 

campaigns, well-watered (CC and DC) as well as drought (CD and DD) treatments were pooled, resulting 

in one control (CC & DC) and one drought (CD & DD) group. Please note the different scales between 

wood and bark NSCs content. Bars are means ± standard error (n = 6-12). Different letters indicate 

significant differences between treatments and campaigns (two-way ANOVA and Tukey-HSD, only data of 

“end drought” and “re-irrigation” are compared). n.s. = no significant difference. Asterisks denote the 

significance of differences among treatments within a given campaign (*0.01<P<0.05, **0.001<P<0.01, 

***P<0.001). 

Wood Bark 



97 

 

 

Figure S3. The relationship between stem wood non-structural carbohydrates (NSCs) and PLC at the 

end of the second drought cycle (“end drought” campaign) in Norway spruce seedlings. The 

correlation between percentage loss of xylem hydraulic conductance (PLC) and total soluble NSCs (a) or 

starch content (b) measured in the stem wood in the “end-drought” campaign (summer 2015). The 

Spearman correlation coefficient (ρ) and P-value (P) are reported. 
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Calculation of theoretical minimum glucose concentration necessary to generate 

enough osmotic pressure for refilling of embolized tracheids in the measured 

Norway spruce samples 

Percentage loss of xylem conductivity (PLC) before re-irrigation = 20% 

Percentage loss of xylem conductivity (PLC) after recovery = 0% 

Ψxylem after refilling = -0.62 MPa; assumed required osmotic pressure ~ -0.7 MPa 

Assumed a sample of d = 0.8 cm and length (L) 4 cm (volume = 2 cm
-3

). Wood density = 

0.51 g cm
-3

. 

Area cross section (Atot) = π r
2
 = 50.2 mm

2
 

Area pith (Apith) = π r
2
= 1.1 mm 

2 

Area wood = Atot - Apith= 49.1 mm
2
 

Volume wood = Area wood x L = 49.1 x 40 = 1964 mm
3
 = 1.964 cm

3
= 1.964 ml 

The sapwood area occupied by tracheids in spruce samples (from anatomical analysis) is 

about 25% and PLC recovered was 20%, therefore the volume of gas filled tracheids 

(Vtrach) to be refilled was: 

Vtrach = 1.964 X 0.25 x 0.20= 0.0982 ml 

Assuming a temperature (T) of 293 K:  

Solute concentration (Cs) = π/(R*T) = 0.7 /(8.314x10
-3

 x 293)= 0.287 mol l
-1

  

Therefore in 0.0982 ml there are 2.82 x 10
-5

 mol of solutes 

2.82 x 10
-5 

* 180 = 5.08 mg= mass of glucose in the sample  

The wood density of spruce samples was 0.51 g cm
-3

 (DW of the 2 cm
-3 

sample is 1.02 g), 

therefore: 

Glucose concentration required = 5.08/1.02= 5.0 mg g
-1

 DW  
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Figure S4.  Changes in midday leaf water potentials (Ψmd) over the first drought cycle in European 

beech seedlings. Ψmd was monitored over the first drought cycle (summer 2014) in well-irrigated (control, 

C1cycle, closed symbols) and drought stressed (D1cycle, open symbols) trees, from the time when irrigation 

was withheld (Day 0). Symbols denote means and bars are standard errors, while crosses indicate for each 

D1cycle individual the Ψmd at re-irrigation. The shaded horizontal area highlights the target range of Ψmd for 

re-irrigation of drought-stressed trees and the blue arrow indicates the time period when plants were re-

irrigated. 

 

 

 

Figure S5. Examples of European beech saplings after the 2015 spring flush (1 June). Control (C1cycle) 

trees (a), drought (D1cycle) trees which recovered from the previous year drought cycle (b) and drought trees 

which did not complete new shoot formation (c), started to desiccate and then died. Figures (d) and (e) 

show examples of incomplete leaf flush and (f) shows desiccated newly formed leaves. 
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Figure S6. Soluble sugar content dynamics in European beech stems during the second drought cycle 

(2015). Concentration (in mg g
-1

 of dry mass) of soluble NSC specimens measured in stem wood (a-f) and 

bark (g-l), in the “pre-drought”, “end drought” and “re-irrigation” campaigns. In the “pre-drought” 

campaign, all plants were well irrigated and only two groups were present (control, C1cycle, and drought, 

C1cycle, treatments of the first drought cycle, n=4). In the “end-drought” and “re-irrigation” campaigns, 

different letters indicate significant differences between treatments and campaigns (n=3-6, two-way 

ANOVA with treatment and campaign as factors, followed by Tukey HSD test). The DC group (n=2, error 

bars omitted) was not included in the statistical analysis. On top of each panel, the results of two-way 

ANOVA, examining the effect of the first (1
st
) and second drought cycle (2

nd
) on NSC content measured in 
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the “end drought “and “re-irrigation” campaigns, are  shown (*0.01<P<0.05, **0.001<P<0.01, 

***P<0.001, n.s. = not significant). 

Table S3. Effect of the two drought cycles on non-structural carbohydrate (NSC) content measured in 

European beech stems.  P-values from two-way ANOVA examining the effect of the first drought cycle 

(first) and the second drought cycle (second) on non-structural carbohydrate (NSC) content measured 

(separately in stem wood and bark) in the “end-drought” and “re-irrigation” campaigns performed in the 

second drought cycle. “Total NSC” is the sum of all specimens, “Total soluble” is the sum of all soluble NSC. 

P <0.05 indicate significant effects and are formatted in bold. 0.05 < P < 0.10 are underlined. 

 

 End-drought (2015) Re-irrigation (2015) 

 first second first second 

Starch 
wood 0.991 0.013 0.028 0.254 

bark 0.692 0.057 0.675 0.244 

Main soluble 
wood 0.571 <0.001 0.716 0.002 

bark 0.595 0.002 0.745 0.005 

Total NSC 
wood 0.610 0.342 0.026 0.728 

bark 0.662 0.008 0.933 0.009 

Sucrose 
wood 0.207 <0.001 0.674 0.011 

bark 0.375 0.008 0.575 0.006 

Glucose 
wood 0.889 <0.001 0.868 0.023 

bark 0.934 0.002 0.183 0.357 

Fructose 
wood 0.863 <0.001 0.602 0.015 

bark 0.809 0.002 0.075 0.005 

Stachyose 
wood 0.730 0.168 0.990 0.957 

bark 0.631 0.015 0.774 0.466 

Raffinose 
wood 0.374 0.866 0.358 0.813 

bark 0.958 0.734 0.439 0.432 

Galactose 
wood 0.275 0.955 0.662 0.668 

bark 0.656 0.830 0.296 0.625 

Total soluble 
wood 0.498 <0.001 0.970 0.002 

bark 0.689 0.002 0.570 0.007 

 

 

  



 

 
102 

  



103 
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publications 

The doctoral candidate developed most of the concepts, research questions and the 
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