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Abstract 
 

 The worsening of drought events with rising air temperature alters tree water relations causing 

severe hydraulic impairments and widespread forest mortality. Mixing tree species with contrasting 

hydraulic traits could reduce forest vulnerability to extreme events through positive species 

interactions, such as facilitation and niche partitioning. However, it remains unclear if and how species 

diversity modulates tree water relations as very few studies investigated such relationships 

mechanistically and in the field. 

 In this thesis, I aimed to evaluate how tree species diversity affects tree water relations in 

response to a drying and warming climate, from the roots up to the canopy. The first objective was to 

identify the physiological mechanisms driving species interaction effects on the leaf- and stem-level 

water relations in European trees exposed to chronically drier and warmer conditions. In a multi-year 

climatic manipulation using open-top chambers, I assessed how heat and drought affect the leaf 

hydraulic traits and time to hydraulic failure of juvenile F. sylvatica and Q. pubescens trees in 

monospecific and mixtures. Then, I investigated how tree species diversity alters the seasonal water 

dynamics in both belowground and aboveground compartments in natural dry forests subjected to 

seasonal variation in precipitation and temperature. In these mature forests, I studied the seasonal 

dynamics of in-situ hydraulic traits at the leaf, stem, and belowground compartments in four co-existing 

Pinus and Quercus species over two years in stands with increasing tree species diversity (from 

monospecific to four-species mixtures). 

 My work highlighted mainly adverse impacts of species diversity in mixed compared to 

monospecific stands for almost all tree species. This trend was observed both in experimental settings 

and in natural forests with adult trees. The work in open-top chambers showed that differences in 

canopy size and transpiration rates (driven mainly by contrasting stomatal regulation strategies 

between species) drove the observed leaf water dynamics. More specifically, higher water use rates 

and larger crowns in Q. pubescens exacerbated drought and heat impacts on F. sylvatica in mixtures. 

Similarly, I mainly observed adverse impacts of species diversity in mixed forests compared to 

monospecific stands for all tree species, including higher hydraulic impairments, especially for the two 

pines. However, I still observed important soil water source partitioning in more diverse stands, 

particularly as conditions became drier during the summer, suggesting that reduced competition for 

water in more diverse ecosystems is insufficient to buffer the adverse impacts of severe droughts. 

 To conclude, my work highlighted that diversity effects in forests are not systematically 

beneficial and highly depend on the species composition, especially the specific set of trait and degree 
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of acclimation of all interacting species to drier and warmer conditions. The drought vulnerability and 

competitiveness of tree species can vary in response to species interactions and are mainly driven by 

the species-specific canopy size, the stomatal regulation strategy, the maximum rooting depth, and 

local environmental conditions (i.e., heat and drought intensity) found in each forest stand. Hence, to 

combine forest multifunctionality and drought tolerance, my work provide key information to improve 

the selection of species combinations adapted to future climate. 

 

Keywords: European forests, Drought vulnerability, Mortality risk, Plant-Plant interaction, Seasonal 

plasticity, Tree hydraulic 
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Résumé 
 

 Les sécheresses et les canicules altèrent les relations hydriques des arbres, provoquant de 

graves déficiences hydrauliques pouvant aboutir à la mort de l’arbre. Le mélange d'essence 

présentant des traits hydrauliques contrastés pourrait réduire la vulnérabilité des forêts aux 

événements extrêmes grâce à des interactions positives entre les espèces. Cependant, le role de la 

diversité d’essence sur les relations hydriques des arbres reste incertain, car très peu d'études les ont 

examinées mécanistiquement et sur le terrain. 

 Dans cette thèse, j'ai cherché à évaluer comment la diversité des essences affecte les 

relations hydriques des arbres en réponse à un climat plus sec et chaud, des racines jusqu'à la 

canopée. Le premier objectif était d'identifier les mécanismes physiologiques sous-jacents aux 

interactions entre espèces et leur impact sur les relations hydriques au niveau des feuilles et du bois 

chez des arbres soumis à des conditions constantes plus sèches et chaudes. Dans le cadre d'une 

manipulation climatique en serre, j'ai évalué l’impact de chaleur et sécheresse sur les traits 

hydrauliques des feuilles et la survie de jeunes plants de F. sylvatica et Q. pubescens en monocultures 

et en mélanges. Ensuite, j'ai étudié comment la diversité des essences modifie les dynamiques 

saisonnières de l'eau dans les feuilles, le bois et compartiments souterrains en mesurant des traits 

hydrauliques in-situ dans des forêts sèches présentant une diversité croissante d’essence (de 

monoculture à des mélanges de quatre essences) de Pinus et de Quercus. 

 Mon travail a révélé des impacts négatifs de la diversité des espèces pour presque toutes les 

essences. Cette tendance a été observée à la fois dans des conditions expérimentales et dans des 

forêts naturelles. L’expérience a montré que les différences de taille de la canopée et de transpiration 

(principalement dus à des stratégies de régulation stomatique contrastées entre espèces) ont 

influencé les relations hydriques foliaires. Plus précisément, une utilisation de l'eau plus élevé et de 

plus grande envergure chez Q. pubescens ont exacerbé les effets de la sécheresse et de la chaleur 

sur F. sylvatica en mélange. De manière similaire, j'ai principalement observé une augmentation du 

stress hydraulique dans les forêts mélangées par rapport aux monocultures pour toutes les essences 

mais surtout pour les deux pins. Cependant, j'ai tout de même trouvé un important partitionnement 

des ressources d'eau dans le sol dans les forêts mélangées, notamment lors des sécheresses 

estivales, suggérant que la réduction de la compétition pour l'eau dans des écosystèmes plus 

diversifiés est insuffisante pour atténuer les effets négatifs des sécheresses. 
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 Pour conclure, mon travail a souligné que les effets de la diversité dans les forêts ne sont pas 

systématiquement bénéfiques et dépendent fortement de la composition en espèces, des traits 

physiologiques et du degré d'acclimatation des espèces à des conditions plus sèches et chaudes. La 

vulnérabilité à la sécheresse et la compétitivité des essences sont principalement influencées par la 

taille de la canopée, la stratégie de régulation stomatique, la profondeur maximale des racines et les 

conditions environnementales présentes dans chaque forêt. Ainsi, pour combiner la multifonctionnalité 

et la tolérance à la sécheresse des forêts, mon travail fournit des informations clés pour améliorer la 

sélection de combinaisons d'essence adaptées au climat futur. 

Mots-clés: forêts européennes, hydraulique de l’arbre, interactions plante-plante, risque de mortalité 

des arbres, variations saisonnières, vulnérabilité à la sécheresse 
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Chapter 1 

Introduction 

1.1 Context 

1.1.1 Impact of global warming on forest functions and services 

 Along with the many consequences of global change, the combination of warmer air and low 

precipitation leading to severe droughts highly impact forest ecosystems (IPCC, 2018; Spinoni et al., 

2018). Hotter droughts are characterized by rapid soil moisture evaporation due to increasing 

atmospheric drought, resulting from higher vapor pressure deficit (i.e., the difference between the 

saturation and actual vapor pressure in the air; VPD; Grossiord et al., 2020). The resulting worsening 

of drought events alter the water relations in trees, leading to severe hydraulic impairments (e.g., 

Fontes et al., 2018; Klein et al., 2022), widespread tree mortality (e.g., Anderegg et al., 2016; 

Hartmann et al., 2022; McDowell et al., 2018), and massive biodiversity loss (Archaux & Wolters, 2006; 

Zhang et al., 2023) with important feedback on the Earth’s climate. Indeed, in addition to storing the 

majority of the worlds’ terrestrial biodiversity (Peyre, 2021; Raft & Oliier, 2011), forests contribute to 

more than half of the terrestrial evapotranspiration (57.2%) (Wei et al., 2017) and are taking up about 

25% of the total atmospheric CO2 emissions (Keenan & Williams, 2018; Sha et al., 2022), thereby 

playing a crucial role in the global water and carbon cycles. Therefore, understanding how tree water 

relations respond to hotter droughts is essential to predict forests' future dynamics and for finding 

potential climate change and biodiversity loss mitigation strategies. 

1.1.2 Tree-level responses to a drier and warmer climate 

  Water is pulled passively from the soil to the leaves along a negative water potential gradient 

(i.e., an increasing tension along the soil-plant-atmosphere water continuum, Smith & Smith, 2015) in 

the conductive tissues of the xylem. First, trees absorb water from the spaces between soil particles 

into the root hairs and the xylem of the root following a negative water potential. Then, cohesion and 

adhesion draw water up the tube-shaped xylem tissues due to the cohesion-tension theory (Dixon & 

Joly, 1895). Finally, water exits the xylem, enters the air space between mesophyll cells, and 

evaporates into the atmosphere through stomata (i.e., pores situated on foliar tissues) at the leaf-

atmosphere interface (Fig. 1.1). This diffusion process at the leaf surface is called transpiration and is 

the driving force for water movement inside trees (Pickard, 1981). Hence, stomata are the control point 

for water loss but also for carbon uptake by driving the exchange of CO2 with the atmosphere, thereby 

managing the challenge of assimilating carbon with minimum water loss (Raschke, 1976). Still, to 
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replace the water loss by transpiration and keep the stomata open for net carbon assimilation (Anet), 

uninterrupted water transport from the soil to the leaves is essential.  

  

 As the soil dries out during a drought, soil water potential decreases, resulting in a steeper 

gradient of tension in the plant, which will start a sequence of events that could lead to tree death 

(Fig.1.2). Following the drop in leaf water potential (Ψleaf), leaf relative water content decreases until 

trees will eventually close their stomata and reduce their stomatal conductance (gs) to prevent 

excessive water loss. However, by reducing gs, trees also limit their Anet (Brodribb & Holbrook, 2003; 

Martin-StPaul et al., 2017). As drought progresses, leaves lose their turgor after reaching a specific 

threshold of Ψleaf (i.e., the leaf water potential at turgor loss point, ΨTLP) where all physiological 

functions stop and stomata are closed (Bartlett et al., 2012). Nevertheless, water loss continues 

through the leaf cuticle and leaky stomata (i.e., the minimum stomatal conductance, gmin; Duursma et 

al., 2019), thereby contributing to progressive plant dehydration. As the drought intensifies, negative 

Figure 1.1: The water transport in trees according to the cohesion–tension theory. 

Evaporation through stomata produces a negative water potential gradient that 

causes water to move upwards from the roots through the xylem. (Figure extracted 

from https://openstax.org/books/biology/pages/30-5-transport-of-water-and-solutes-

in-plants)   

https://openstax.org/books/biology/pages/30-5-transport-of-water-and-solutes-in-plants
https://openstax.org/books/biology/pages/30-5-transport-of-water-and-solutes-in-plants
https://openstax.org/books/biology/pages/30-5-transport-of-water-and-solutes-in-plants
https://openstax.org/books/biology/pages/30-5-transport-of-water-and-solutes-in-plants
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tensions in the vascular system will 

eventually surpass critical thresholds 

(e.g., the water potential leading to 

50% loss of conductance, Ψ50), 

leading to the formation of gas 

bubbles in the xylem conduits (i.e., 

cavitation) spreading in the conduits 

and breaking the water column (i.e., 

embolism) (Cochard, 2006; Tyree & 

Sperry, 1989). Ultimately, the xylem 

water potential will continue 

decreasing until the lethal threshold of 

88% loss of hydraulic conductance 

(Ψ88) is reached and runaway 

cavitation events occur leading to 

hydraulic failure and the whole tree desiccation (Choat et al., 2018). 

 Elevated temperature increases VPD, enhancing leaf transpiration (Grossiord et al., 2020; 

Teskey et al., 2015) and gmin (Riederer & Müller, 2008), which potentially increase the hydraulic 

conductance loss, even in well-watered conditions (Schönbeck et al., 2022). Furthermore, the 

increasing loss of water at the leaf-level accelerates soil moisture reductions,  exacerbating the 

decrease of leaf and xylem water potential and ultimately amplifying cavitation and mortality risks 

(Cochard, 2021). Hence, the combination of high temperature and dry soil should exacerbate hydraulic 

dysfunctions experienced by trees under heat or drought alone (e.g., Fontes et al., 2018; Liu et al., 

2020). However, while the sequence of events leading to drought-induced mortality has been well-

studied, it remains unclear how tree species deal with an extended combination of high 

temperatures/VPD and low soil moisture (Brodribb et al., 2020). 

 In addition to the dynamic physiological responses allowing trees to deal rapidly with hotter 

droughts, they can also adjust their functional traits over the longer-term to improve their water-saving 

and carbon-gain strategies. This capacity of plants is known as phenotypic plasticity and can occur 

over short and/or extended periods (Nicotra et al., 2010). For instance aboveground, prolonged 

drought exposure could reduce whole-tree leaf area (e.g., DeLucia et al., 2000; Markesteijn & Poorter, 

2009; Martin-Stpaul et al., 2013), gmin (e.g., Duursma et al., 2019; James et al., 2008), and  ΨTLP (e.g., 

Bartlett et al., 2012; Limousin et al., 2022; Tordoni et al., 2022) to ensure the maintenance of CO2 

assimilation with limited water loss. Additionally, narrower xylem conduits and denser sapwood could 

be developed to improve cavitation resistance but at the expense of less efficient water transport 

Figure 1.2: Water loss from stomata and cuticles (blue line) and loss of 

xylem hydraulic conductance due to cavitation (red line) as the xylem 

water potential decreases during a drought. (Figure extracted from 

Choat et al., 2018) 
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(Saadaoui et al., 2017; Sperry et al., 2006). Belowground, to maintain access to sufficient water 

resources, trees can shift their active zone of water uptake to deeper water sources as the superficial 

soil progressively dries out during drought (Brinkmann et al., 2019; Nie et al., 2011; Yang et al., 2015). 

Nevertheless, hydraulic acclimation to drought and heat is highly species-specific and context-

dependent, making it hard to predict which species or functional group will be able to sufficiently 

acclimate to a progressively changing climate.   

 Species from different functional groups have diverse strategies to deal with water and heat 

stress depending on many factors including genetic and trait plasticity. For instance, the control of 

water flow by the stomata during drought is often ranked along a gradient from isohydric to anisohydric 

behaviors (Hochberg et al., 2018; Martínez-Vilalta & Garcia-Forner, 2017; McDowell et al., 2008; 

Tardieu & Simonneau, 1998). Anisohydric species, like some oak species, will track the decrease in 

soil water potential by keeping their stomata open, making them potentially more efficient in terms of 

carbon assimilation but more sensitive to cavitation. On the other hand, isohydric species, like some 

pines, will close stomata rapidly during stress to avoid hydraulic failure and adopt a safer strategy 

against drought (Aguadé et al., 2015; Garcia-Forner et al., 2016; Roman et al., 2015; Fig. 1.3a).  

 Furthermore, the xylem anatomy differs drastically between functional groups. Conifers’ xylem 

is composed of short, narrow tracheids inter-connected with pores equipped with torus preventing 

cavitation, leading to safer xylem structure during drought. In contrast, broadleaves’ xylem is defined 

by large and long vessels, highly efficient for water transport but at the expense of higher cavitation 

vulnerability (Sperry et al., 2006; Tyree & Ewers, 1991; Fig.1.3b). Finally, overall, trees can present 

Figure 1.3: (a) Relationship between stomatal conductance and leaf water potential for isohydric piñon pine trees 

(open circles), and anisohydric juniper trees (closed circles). As drought progressed, piñon pine closes its stomata 

faster than juniper. (b) Relationship between minimum xylem pressure and embolism resistance for angiosperm 

and gymnosperm species. Gymnosperm have larger safety margin compared to angiosperm due to their higher 

wood cavitation resistance. (Figure extracted from McDowell et al., 2008 & Choat et al, 2012) 



22 
 

contrasting architecture and morphology aboveground (e.g., needle vs. leaves) or belowground (e.g., 

shallow vs. deep rooting systems) that can respond differently to drought and heat (Förster et al., 

2021). Hence, mixing tree species with different functional traits could affect the forest’s vulnerability 

to drought due to positive or negative species interactions.  

1.1.3 Impact of tree species interactions on forest drought resistance 

  

 The co-occurrence of functionally contrasting tree species in natural forests could lead to either 

positive, neutral, or negative interactions due to niche partitioning, facilitation, selection or competition 

processes. The selection effect describes the dominance of one species with particular functional trait, 

causing a slow shift in the species composition as some species are promoted over others (Fox, 2005; 

Grossiord, 2020a). In dry environments, this selective process will favor drought-tolerant species over 

drought-sensitive ones, leading to a globally more drought-resistant ecosystem (e.g., Gea-Izquierdo 

et al., 2021). Niche partitioning occurs when two or more individuals with different functional traits 

share resources and thereby decrease the plants' stress by reducing tree-tree competition (Hooper, 

1998; Silvertown, 2004). For instance, plants with different rooting depths such as pines and oaks will 

extract water from different soil layers resulting in belowground water source partitioning, which 

reduces water stress and can enhance productivity in semi-arid ecosystems (e.g., Grossiord et al., 

2018; Rog et al., 2021; Fig. 1.4a). Facilitation processes can also mitigate the water stress of trees 

due, for example, to different timing in water use (i.e., iso- vs. anisohydric behaviors or conifers vs. 

broadleaf) (e.g., Aguadé et al., 2015; Martín-Gómez et al., 2017) or improved microclimate reducing 

Figure 1.4: Conceptual representation of positive (i.e., niche partitioning and facilitation; a & b) and negative (i.e., 

competition; c) interaction mechanisms between two tree species from different functional groups with contrasting 

functional traits (e.g., canopy structure, tree height and rooting depth). The selection effect, which is a longer 

process taking place over the forest stand development is not depicted in the figure. 
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canopy’s heat stress (i.e., reduced VPD) (e.g., Aguirre et al., 2021; Wright et al., 2015; Zhang et al., 

2022). Similarly, belowground, trees with deep roots can further release the water absorbed at deeper 

and wetter soil layers to the superficial layers, increasing the soil moisture for shallow-rooted trees 

(i.e., a process known as hydraulic redistribution) (e.g., Zapater et al., 2011; Fig. 1.4b).  

 In contrast, when individuals share the same functional traits, they are “functionally redundant” 

in the ecosystem and thereby will compete for the same resources at the same time (i.e., negative 

species interactions) (Ford, 1975; Fig. 1.4c). For instance, in monospecific forests (i.e., forests 

composed of a single dominant tree species), all individuals may extract water from the same water 

source at the same time, resulting in faster exhaustion of the soil moisture and increasing water stress 

(e.g., Lutter et al., 2021; Rodríguez-Robles et al., 2020). Thus, as soil water resources diminish during 

drought, trees in monospecific forests are expected to be more negatively impacted than the ones in 

diverse forests where positive interactions could occur, highlighting the importance of tree species 

diversity for forest drought resistance. 

 Mixing contrasting tree species in natural forest has been shown to bring numerous positive 

effects on forest ecosystems such as increasing tree primary productivity (e.g., Jucker et al., 2014; 

Kambach et al., 2019; Liang et al., 2016), reducing herbivory by forest insects (e.g., Guo et al., 2019; 

Jactel et al., 2021), and stimulating forest multifunctionality (e.g., Manning et al., 2018; Van Der Plas 

et al., 2016). However, while some studies confirmed mitigation of the adverse effects of drought on 

tree physiology (e.g., Anderegg et al., 2018; Liu et al., 2022; Steckel et al., 2020), increasing species 

diversity does not systematically improve drought resistance in forests, leading sometimes even to 

enhanced mortality risk (Bonal et al., 2017; Grossiord et al., 2014; Searle et al., 2022). For instance, 

species interactions can shift from positive to negative due to enhanced competition (i.e., belowground 

niche overlapping) during intense drought (Ratcliffe et al., 2017; Rodríguez-Robles et al., 2020). 

Furthermore, beneficial niche partitioning and facilitation interactions may not be enough during severe 

water stress to overcome the extreme water depletion experienced by trees (e.g., Grossiord, 2020; 

Haberstroh & Werner, 2022). Hence, whether tree species diversity reduces or enhances forest 

vulnerability to drought is still unclear due to our lack of knowledge of the underlying mechanisms 

driving these responses in mixed forests.   
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1.2 Thesis objectives  

 The overall aim of this thesis was to evaluate how tree species diversity could modulate tree 

water relations during hotter and drier climatic conditions. Hydraulic traits in aboveground and 

belowground plant compartments were measured on tree seedlings under controlled conditions and 

on mature trees in natural dry forests with different species composition and diversity. The following 

detailed objectives were addressed: 

(i) Identify the physiological mechanisms driving species interaction effects on the leaf-level 

water relations of European temperate trees under chronic multi-year warming and drought 

acting alone or combined, and their implication for the onset of hydraulic failure. The study 

related to this objective is presented in Chapter 2. 

(ii) Assess the effect of tree species diversity on wood hydraulic traits in natural pine-oak 

mixed Mediterranean forests and its implication for tree vulnerability to cavitation during 

drought. The results of this study are reported in Chapter 3. 

(iii) Investigate how tree species diversity alters the seasonal tree internal water dynamics by 

linking the belowground and aboveground hydraulic compartments in mature pine-oak 

forests. The study addressing this objective is discussed in Chapter 4. 

1.3 Thesis outline 

 This thesis was based on two main approaches where tree species diversity effect was 

assessed for different hydraulic traits at the leaf, stem, and root levels. The first experiment presented 

in Chapter 2 was conducted at the Model Ecosystem Facility of the Swiss Federal Research Institute 

for Forest, Snow, and Landscape WSL, Birmensdorf (Switzerland) where measurements were 

conducted over three years (2020-2022). The experimental set-up consisted of 16 open-top chambers 

where Fagus sylvatica and Quercus pubescens seedlings in monospecific and mixtures were exposed 

to chronic warming and drought acting alone or simultaneously since 2019. The second approach, 

used for Chapters 3 & 4, focused on mature trees in natural Mediterranean forests in the Alto Tajo 

Natural Park (Spain). Using a network of permanent plots with increasing tree species diversity (from 

monospecific to four-species mixtures), I measured leaf, wood, and belowground hydraulic traits on 

mature Pinus and Quercus trees at the beginning, middle, and end of the growing season in 2021 and 

2022. I first assessed the species diversity effect on xylem hydraulic traits in monospecific and four-

species mixture stands (Chapter 3). Then, I investigated how belowground species interactions could 

modulate the seasonal variability of leaf hydraulic traits in monospecific, two-species, and four-species 

mixture stands (Chapter 4). Finally, Chapter 5 integrates the findings from the previous chapters and 

discusses the contributions of this work to our understanding of tree species diversity's effect on forest 

drought vulnerability in the broader context of climate change.  
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1.4 Supplementary studies 

 Besides the work stated above, three additional studies where I contributed to the data 

collection and paper writing are included in the Appendix. The first one highlights the effect of VPD 

and temperature on tree hydraulic traits at the leaf- and wood-level on three European tree species in 

climatic chambers (Schönbeck et al., 2022). The second study looks at the impact of heat and drought 

on the phenology and carbon gain of European trees (same setup as in Chapter 2) (Grossiord et al., 

2022). The third study concerns the thermal acclimation of Pinus sylvestris under long-term drought 

exposure in natural forests in Valais (Switzerland) (Gauthey et al., 2023).  
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Abstract  

 Mixing species with contrasting resource use strategies could reduce forest vulnerability to 

extreme events. Yet, how species diversity affects seedling hydraulic responses to heat and 

drought, including mortality risk, is largely unknown. 

 Using open-top chambers, we assessed how, over several years, species interactions 

(monocultures vs. mixtures) modulate heat and drought impacts on the hydraulic traits of 

juvenile European beech and pubescent oak. Using modelling, we estimated species 

interaction effects on timing to drought-induced mortality and the underlying mechanisms 

driving these impacts.  

 We show that mixtures mitigate adverse heat and drought impacts for oak (less negative leaf 

water potential, higher stomatal conductance, and delayed stomatal closure) but enhance 

them for beech (lower water potential and stomatal conductance, narrower leaf safety margins, 

faster tree mortality). Potential underlying mechanisms include oak’s larger canopy and higher 

transpiration, allowing for quicker exhaustion of soil water in mixtures. 

 Our findings highlight that diversity has the potential to alter the effects of extreme events, 

which would ensure that some species persist even if others remain sensitive. Among the 

many processes driving diversity effects, differences in canopy size and transpiration 

associated to the stomatal regulation strategy seem the primary mechanisms driving mortality 

vulnerability in mixed seedling plantations. 

Keywords: functional diversity, hydraulic failure, hydraulic safety margins, stomatal conductance, 

SurEau, turgor loss point.   
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2.1 Introduction 

 The worsening of drought events with rising air temperature alters tree water relations and 

causes one of the most critical environmental stresses for forests. Hotter droughts can lead to severe 

hydraulic impairments (e.g., Fontes et al., 2018; Klein et al., 2022) and more rapid and widespread 

tree mortality (e.g., Anderegg et al., 2016; Hartmann et al., 2022; McDowell et al., 2018). In this 

context, finding mitigation strategies to lessen tree vulnerability to hot droughts has become a critical 

research area in plant ecology. Interactions between species have a strong potential to alleviate 

drought impacts and forest die-off events (e.g., Anderegg et al., 2018; Grossiord, 2020). Yet, how 

diversity modulates the hydraulic responses of trees to hotter droughts is largely misunderstood and 

not accounted for in climate-vegetation models. 

 The interactions between functionally contrasting species can lead to facilitation processes 

and complementarity for resources, inducing higher water availability (e.g., Schwendenmann et al., 

2015; Jing et al., 2021) and a potential delay in the onset of hydraulic dysfunctions during drought 

(Hajek et al., 2022). Cohabiting tree species often exhibit distinct hydraulic strategies to deal with 

drought, enabling such beneficial interactions (Grossiord, 2020). For instance, mixing juvenile trees 

can improve the microclimate and diminish atmospheric drought impacts due to a cooler, more humid 

atmosphere reducing the vapor pressure deficit (VPD) (Watson et al., 2023; Wright et al., 2021). Many 

studies in various plant communities from herbaceous to forests have reported such facilitative 

processes (e.g., Wright et al., 2015; Aguirre et al., 2021; Zhang et al., 2022). Similarly, 

complementarity between species may arise from a better sharing of belowground resources. In mixed 

beech and oak forests, beech (Fagus sylvatica L.) rooting system is not as effective in exploring deep 

soil layers as oak (Quercus spp.), suggesting that the two species partition water resources by relying 

on different soil depths (Zapater et al., 2011). Similar processes could be expected for these species 

at a younger development stage (Moreno et al., 2023). Juvenile trees may further benefit from the 

presence of adult ones because of enhanced shading and hydraulic redistribution, improving forest 

regeneration (Andivia et al., 2018; Warren et al., 2008). However, most studies conducted on juvenile 

trees focused on potted seedlings where root growth is extremely limited, leading potentially to 

belowground competition that outweigh facilitative processes (Prieto et al., 2011). Similarly, species 

interactions can shift from beneficial to negative due to spatial and temporal differences in resource 

availability (e.g., when moving from mild to extreme droughts) (Haberstroh & Werner, 2022) or during 

stand development (e.g., De Groote et al., 2018). During hotter droughts, moisture reductions may be 

too intense for these complementarity mechanisms to overcome, and plasticity in functional traits 

during the plant development (e.g., shift in water sources and/or canopy size) might affect the 

occurrence of resource partitioning (Grossiord et al., 2018). A crucial starting point for gaining process 
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knowledge on how functional diversity can lessen tree vulnerability to hotter droughts is to clarify the 

impacts of species interactions on tree hydraulic responses to extreme events.  

 Drought effects on tree hydraulics have been well-studied over the past 50 years, allowing us 

to gain a significant understanding of the sequence of events leading to tree decline (Choat et al., 

2018). When exposed to decreasing soil moisture, leaf relative water content and Ψleaf decrease, 

leading to stomatal closure to prevent water loss (Brodribb & Holbrook, 2003; Martin-StPaul et al., 

2017). As the drought intensifies, leaves lose their turgor after reaching a specific threshold of Ψleaf 

(i.e., the leaf turgor loss point, ΨTLP; Bartlett et al., 2012). Following stomatal closure, water loss 

continues through the leaf cuticle and leaky stomata (i.e., the minimum stomatal conductance, gmin; 

Duursma et al., 2019), thereby contributing to progressive plant dehydration. Consequently, plants 

with larger canopies might be subjected to earlier stomatal closure, higher global residual water loss 

because of the stronger evaporative demand of the crown, but also increased microclimate offset 

(Jucker et al., 2014; Lüttschwager & Jochheim, 2020; Zhang et al., 2022). Once a species-specific 

xylem water potential has been reached, embolism will start occurring and progressively decrease the 

stem hydraulic conductivity until reaching dangerous thresholds that induce hydraulic failure (e.g., the 

water potential leading to 50% loss of conductivity, P50) and, ultimately, tree mortality (Choat et al., 

2018; Cochard, 2006; Tyree & Sperry, 1989). Hydraulic indicators using the ΨTLP have been widely 

used to provide quantitative measures of a species’ capacity to tolerate drought (Bartlett et al., 2012; 

Blackman, 2018; Meinzer et al., 2009). For instance, the leaf safety margin (SMleaf) is the difference 

between the ΨTLP (i.e., often used as a proxy for the Ψleaf at stomatal closure; Rodriguez-Dominguez 

et al., 2016) and the minimum leaf water potential (Ψmin, reflecting the midday water potential). Hence, 

SMleaf represents the range of Ψleaf a plant can experience before stomatal closure (Fontes et al., 

2018). Similarly, the difference between xylem P50 and ΨTLP, defined as the stomatal safety margin 

(SMP50), determines the range of Ψleaf across which plants control the risk of hydraulic failure through 

stomatal closure (Martin-StPaul et al., 2017). Trees usually operate with narrow safety margins, 

regardless of the climatic conditions in which they occur (Choat et al., 2012). Still, sub-Mediterranean 

species such as pubescent oak (Quercus pubescens Willd.) may present wider safety margins than 

temperate species such as beech, reflecting their higher drought tolerance (Fuchs et al., 2021). 

Previous work often considered these margins as relatively static  (e.g., Meinzer et al., 2009; Choat et 

al., 2012; but see Tomasella et al., 2018). However, prolonged drought exposure has been shown to 

reduced whole-tree leaf area (e.g., DeLucia et al., 2000; Markesteijn & Poorter, 2009; Martin-Stpaul 

et al., 2013), gmin (e.g., James et al., 2008; Duursma et al., 2019), and  ΨTLP (e.g., Bartlett et al., 2012; 

Limousin et al., 2022; Tordoni et al., 2022), resulting in narrower SMleaf, and SMP50 to ensure the 

maintenance of CO2 assimilation (Tyree & Sperry, 1988). Hence, long-term drought acclimation of 



32 
 

multiple leaf hydraulic traits can reduce tree evaporative demand and delay the time to hydraulic failure 

(THF) (e.g., Lemaire et al., 2021).  

 During hot droughts, elevated temperature increases the vapor pressure deficit (VPD; 

Grossiord et al., 2020), exacerbating hydraulic dysfunctions (e.g., Jagadish et al., 2021; Liu et al., 

2020). High VPD increases leaf-level transpiration, which accelerates soil moisture reductions (Teskey 

et al., 2015). Higher air temperature further instantaneously amplifies gmin (Riederer & Müller, 2008), 

which can increase hydraulic conductivity losses (Schönbeck et al., 2022), especially if high 

temperature is combined with low soil moisture (Cochard, 2021). Furthermore, exposure to prolonged 

warming can produce larger and thinner leaves (e.g., Hudson et al., 2011; Wu et al., 2020), lower the 

stomatal sensitivity to VPD (e.g., Ameye et al., 2012; Drake et al., 2018; Teskey et al., 2015), decrease 

gmin (e.g., Duursma et al., 2019; Schönbeck et al., 2022) and reduce ΨTLP (via osmoregulation, e.g., 

Loik & Harte, 1997; Tordoni et al., 2022), thereby possibly limiting the adverse impacts of hotter 

droughts. Moreover, high VPD decreases steady-state stomatal aperture and gs (Buckley et al., 2011), 

which could also ease drought impacts on hydraulic functions (Fontes et al., 2018). Overall, significant 

uncertainties remain on how tree species deal with an extended combination of high temperatures, 

VPD, and low soil moisture (Brodribb et al., 2020). Nonetheless, whether interactions between tree 

species with different hydraulic strategies and long-term acclimation to these extreme conditions could 

slow the events leading to tree mortality has never been addressed experimentally. 

 The main objective of this study is to investigate how species interactions alter the hydraulic 

responses and timing to hydraulic failure during hot droughts. We studied pubescent oak and 

European beech, two widely-distributed and co-habiting European tree species. Pubescent oak grows 

in warm sub-Mediterranean to temperate regions and is more tolerant to drought and heat than 

European beech, a temperate species growing in rather moist and cool environments (Didion-Gency 

et al., 2022). We exposed oak and beech seedlings planted in intra- or inter-specific combinations for 

four years to chronic air warming and soil drought acting alone or together in open-top chambers. We 

expected chronic drought to reduce gs and Ψleaf and to lead to the development of smaller and thicker 

leaves with lower gmin and ΨTLP. These responses should result in narrower SMleaf and SMP50 and 

faster hydraulic failure compared to the control when subsequently exposed to comparable drought 

conditions. We expected that under multi-year heating, the trees could produce larger and thinner 

leaves with less sensitive stomata, allowing higher gs and Ψleaf but with lower gmin and ΨTLP, leading to 

narrower hydraulic safety margins and faster onset of hydraulic failure compared to the control. The 

combination of drought and heat should exacerbate the effects observed under drought alone. The 

individual tree response to climatic treatments should be amplified for beech compared to oak, an 

already more drought tolerant species. Besides, inter-specific interactions are expected to mitigate the 

degree of soil moisture or atmospheric drought stress (through improved water resource partitioning 



33 
 

and reduced VPD), leading to lower adverse impacts of the climatic treatments than intra-specific 

interactions.   
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2.2  Material and methods 

2.2.1 Site description 

 The study was conducted at the model ecosystem facility Modoek located at the Swiss Federal 

Research Institute WSL in Birmensdorf (47°21'48" N, 8°27'23" E, 545 m a.s.l). Sixteen hexagonal 

glass-walled open-top chambers of 6m², 3m height and 1.5m deep were filled with a 1 m-deep layer 

of gravel for fast drainage, covered with a fleece layer to avoid root proliferation past the soil layer, 

and topped by a 50 cm layer of artificial acidic sandy forest soil (Ökohum, DE; pH 6.3) that allows fast 

drainage. A shallow soil depth was selected to promote soil drying in the treatments and promote 

aboveground growth more rapidly. Nevertheless, this design also reduces the potential role of 

belowground complementarity in water uptake depth between species. The glass walls and roofs 

reduced photosynthetic active radiation (PAR) inside the chambers by about 50% compared to the 

outside (but still reached up to 1700 µmol m-2 s-1 PAR during sunny days). Each chamber was divided 

into eight compartments (i.e., 0.75 m2 each), irrigated from April to November every two days and 

every two weeks during winter (Fig. 2.1c, d). Air temperature and humidity at 50 cm and 2 m above 

the ground were monitored inside each chamber every 10 min (Atmos 14; Meter Group Inc., Pullman, 

WA, USA). Soil temperature and moisture were measured in four compartments at 25 cm depth every 

10 min (5TM Decagon Devices, Pullman, WA, USA). In October 2018, two-year-old tree seedlings of 

European beech (Fagus sylvatica L.) and pubescent oak (Quercus pubescens Willd.) were planted in 

two species combinations: monocultures (i.e., four trees of the same species) and mixtures (i.e., two 

trees of each species). Each chamber included all the possible species combinations. Grossiord et al. 

(2022) provide more details on the experimental design. 

 In April 2019, we started applying four climatic treatments in the chambers: 1) control (C), with 

ambient air temperature and soil moisture maintained at field capacity (i.e., approx. 10% considering 

the sandy soil composition); 2) heating (H), where the air temperature inside the chambers was 

maintained at approx. 5°C above the temperature of the control and soil moisture at field capacity; 3) 

drought (D), where the soil moisture was reduced by about 45% relative to the control and ambient air 

temperature; and 4) hot drought (HD), where both treatments were applied simultaneously (Fig. 

2.1a,b). Our study aimed to understand the physiological mechanisms under chronic warming and 

reduced soil moisture rather than predict the response of trees to periodic extreme events. The 

selected conditions have been chosen at our facility to match a possible future shift in mean air 

temperature leading also to constantly drier soils (Lyon et al., 2022). Each combination of climatic 

treatment (n=4 chambers), species (n=2), and species combinations (n=2) was repeated six times. 

One tree per species was randomly selected in each species combination for repetitive measurements 

leading to 96 trees in total (i.e., 48 per species). Leaf-level hydraulic traits were measured in all trees 
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once per year at the end of the growing season in September (i.e., before the first sign of senescence) 

for three years from 2020 (i.e., one year after the treatments started) to 2022. 

 

Figure 2.1: Mean daily air temperature, vapor pressure deficit (VPD), and soil water content (SWC) (a) under control 

(blue), drought (grey), heating (orange), and hot drought (red) conditions in the open-top chambers (n=4 chambers per 

treatment). Dashed vertical lines indicate the measurement campaigns. Aerial picture of the 16 open-top chambers 

with the four treatments (b), picture showing the side of the open-top chambers (c), and aerial picture from a heated 

chamber including a central heating system and eight compartments with different European beech and pubescent oak 

combinations (d). 

2.2.2 Leaf-level stomatal conductance and water potential 

 We measured the leaf-level light-saturated stomatal conductance (gs, mol m-2 s-1) on one leaf 

from the highest part of the crown of each selected tree. Gas exchange measurements were 

conducted between 9 am and 3 pm (local time) using two LI-6800 infrared gas exchange analyzers 

(LI-6800, LICOR Biosciences, USA). The relative humidity was set to 50% (to match the average daily 

environmental conditions inside the chambers), the CO2 concentration to 400 ppm, the photosynthetic 

photon flux density (PPFD) to 1500 μmol m-2 s-1 (to ensure saturating light conditions), and the air 

temperature inside the cuvette to 20°C in the non-heated chambers and 25°C in the heated ones (to 

fit the mean midday air temperature during the measurements). On the same day as stomatal 
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conductance measurements, one leaf per tree was collected before sunrise (Ψpredawn) and at midday 

(Ψmidday) to measure the leaf water potential (MPa) with a Scholander-type pressure chamber 

(M1505D, PMS Instruments, USA).  

2.2.3 Minimum conductance and specific leaf area 

 Minimum conductance (gmin, mmol m-2 s-1) was measured as described in Sack et al., (2003). 

One leaf per individual was cut before dawn when stomata were assumed to be still closed. The cut 

petiole was immediately sealed with melted candle wax, and the leaf area was scanned using a flatbed 

scanner (CanoScan LiDE 300, CANON, UK), followed by analysis with Fiji from ImageJ (Schindelin et 

al., 2019). The leaves were stuck to a lab tape run between two lab stands, standing in a small dark 

climatic chamber with stable air temperature (22 ± 2°C) and humidity (55 ± 12%). Every 15 minutes, 

the leaves were taken from the climatic chamber and stored in a closed black plastic bag while waiting 

to be weighed using a high-precision scale (MS104, Mettler Toledo, CH). This procedure was repeated 

eight times. gmin was obtained from the slope of the linear relationship between leaf mass and its drying 

time, corresponding to the cuticular transpiration per mole fraction VPD, assuming the leaf's internal 

air to be fully saturated (Pearcy et al., 2000). 

 Five fully-expanded mature leaves were collected for each tree and scanned using a flatbed 

scanner (CanoScan LiDE 300, CANON, UK), followed by analysis with ImageJ to extract the mean 

individual leaf area (LAleaf, cm²). Then, the leaves were dried at 60°C for 24h and weighed using a 

high precision scale (MS104, Mettler Toledo, CH) to calculate the specific leaf area (SLA, cm² g-1). In 

June 2022, we further estimated the whole-canopy leaf area (LAtotal, cm²) for modeling purposes (see 

below and Notes S2.1). 

2.2.4 Pressure-Volume Curves 

Pressure-volume curves were determined using the bench-dehydration method (Koide et al., 

2000). One fully-expanded mature leaf per tree was cut the evening preceding the measurement. The 

petiole was recut under water, and the leaf was stored with the petiole submerged in water in the 

darkness for the night, ensuring that full hydration was reached before the start of the measurements 

the following morning. Leaf water potential and weight were measured using a Scholander-type 

pressure bomb (M1505D, PMS Instruments, USA) and a high-precision scale (MS104, Mettler Toledo, 

CH). Different levels of water potential were reached by letting the leaves dry progressively in an open 

plastic bag on a lab bench. For oak, the procedure of measuring water potential, weighing, and drying 

was repeated with increasing drying time intervals (from 10s to 1h) until achieving water potentials of 

about -4 MPa or until water potential reached a plateau. For beech, the procedure was repeated 

continuously without letting the leaves dry on the bench due to the rapid water loss and the 
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corresponding drop in leaf water potential. After the measurements, the leaf was dried for 24h at 60°C 

to determine the dry mass. The pressure-volume curves were constructed by plotting the reciprocal of 

the water potential vs. the relative water deficit. Leaf water potential at turgor loss point (ΨTLP, MPa), 

the osmotic potential at full turgor (Ψo, MPa), modulus of elasticity (ε, MPa), and relative water content 

(RWC, %) were calculated following Koide et al., (2000).  

We calculated the stomatal safety margin (SMP50, MPa) as the difference between the ΨTLP 

and the water potential at 50% of xylem conductivity loss (P50, MPa) (Martin-StPaul et al., 2017). 

Because of the destructiveness of P50 measurements, we extracted the P50 of each species from a 

database (Choat et al., 2012) with a value of -3.2 MPa and -3.3 MPa for beech and oak, respectively. 

Although we acknowledge that using the same P50 values for all trees does not account for the potential 

acclimation of this trait to the climatic treatments, previous work has shown limited P50 plasticity to 

drought in our species (e.g., Matzner et al., 2001; Torres-Ruiz et al., 2013). However, Tomasella et 

al., (2018) observed a decrease of up to 0.4 MPa for beech under repetitive drought. Hence, care must 

be taken with result interpretation. We further calculated the leaf safety margin (SMleaf, MPa) for each 

tree and year as the difference between Ψmidday (proxy of Ψmin) and ΨTLP (Fontes et al., 2018). 

2.2.5 Timing to hydraulic failure and mechanisms of species interactions 

The soil–plant hydraulic model SurEau (Cochard et al., 2021; Martin-StPaul et al., 2017; 

Ruffault et al., 2022) was applied to understand the impact of species interactions and trait plasticity 

to the different treatments on the overall plant performances. In brief, SurEau simulates water fluxes 

and water potential through a plant hydraulic scheme including different symplasmic and apoplasmic 

resistances. The model computes leaf stomatal and cuticular transpiration as the product between 

leaf-to-air VPD and stomatal and cuticular conductance. Then, stomatal and cuticular fluxes are used 

to compute the water potential in the different plant compartments (the symplasm and the apoplasm 

of leaves, stems, and roots), while accounting for (i) the symplasmic capacitance, (ii) water released 

by cavitation and (iii) the potential hydraulic conductance losses due to xylem embolism (if any). The 

soil water potential (Ψsoil) and the soil hydraulic conductance are also computed from soil water content 

at each time step using water retention curves. A peculiarity of the SurEau model is the explicit 

representation of what occurs beyond the point of stomatal closure, under extreme water stress, when 

gmin leads to plant dehydration and hydraulic failure (i.e., 100% conductivity loss). The model can be 

parameterized with ecophysiological traits measured empirically and can be run using different 

environmental conditions and species composition to estimate their overall effect on plant 

performances (time with open stomata or time until total hydraulic failure). Here we used the detailed 

version coded in C (Cochard et al., 2021) which works at a time step of 0.01s and was adapted to 

allow two individuals to compete for the same stock of water (Moreno et al., 2023). In this case, the 
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model allows two trees to absorb water in the same soil volume. Technically, two codes corresponding 

to two trees with their own set of traits were run in parallel, withdrawing the water from the same 

volume.  

 We aimed to test the effect of trait plasticity in the different treatments (due to species 

interactions and climatic treatments) on the risk of hydraulic failure at the seedling stage. The model 

was parameterized with species-specific plant traits in each treatment for the year 2022 (due to LAtotal 

missing in previous years). We used key measured plant traits that are known to influence the time to 

hydraulic failure (Ruffault et al., 2022) and that were affected by the treatments. These traits include 

soft traits: (i) height and diameter of the main stem (used to compute the wood volume and area, and 

thus, the water storage in the plant and bark), which influence gmin, (ii) LAtotal (Notes S2.1), which 

influences tree transpiration, and (iii) LAleaf, which influences the boundary layer conductance. In 

addition, we included hard traits: (iv) gmin and the maximum stomatal conductance, which defines tree 

transpiration, and (v) the pressure volume curve parameters, which influence the symplasm 

capacitance and are used to compute turgor-mediated stomatal closure (Martin-StPaul et al., 2017) 

(see Table S2.4 for a detailed description of the parameters). P50 was assumed constant at the species 

level in agreement with the low plasticity previously found for this trait (Matzner et al., 2001; Torres-

Ruiz et al., 2013). However, it is important to acknowledge that P50 acclimation to drought was also 

reported in adult beech trees (Tomasella et al., 2018), which could alter the simulated responses in 

the model. To assess the impact of P50 acclimation on our results, four scenarios were run: (1) no 

acclimation of P50 to D and HD in both species (i.e., -3.2 and -3.3MPa for beech and oak, respectively 

in all treatments), (2) acclimation of P50 to D and HD in all species (i.e., -3.6 and -3.7MPa for beech 

and oak, respectively; only for the D and HD treatments), (3) acclimation of P50 to D and HD only for 

beech, and (4) acclimation of P50 to D and HD only for oak. Acclimation was estimated to be maximum 

0.4 MPa based on published observations for F. sylvatica (Tomasella et al., 2018). In all treatments, 

the root area was assumed proportional to the leaf area. The model was run for the different trait 

combinations with constant atmospheric conditions (air temperature at 20°C, 0.7 kPa VPD, and PPFD 

at 500 μmol m-2 s-1) and an initial soil water content at saturation. Hence, the model does not account 

for potential mitigating impacts of the microclimate in mixtures. Then the model was run until the plants 

reach total hydraulic failure (100% embolism in branches). Two integrative metrics of plant 

performance during drought were estimated: (i) the time to stomatal closure (TSC), which indicates 

the time over which the plant can be productive, and (ii) the time to hydraulic failure (THF), which 

indicates the survival time during drought. First, we compared monocultures and mixtures (i.e., the 

trees in mixtures share the same water pool) accounting for the measured trait plasticity (i.e., in soft 

and hard traits). Then, to isolate the influence of soft traits (related to tree size and leaf area) from hard 
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traits, we performed the same test with soft traits set constant on the monocultures only to simplify the 

simulations.  

2.2.6 Statistical analysis 

 All analyses were performed using the R v.4.2.2 statistical software (R Development Core 

Team, Vienna, Austria, 2022). The effects of the climatic treatments and species combinations on 

Ψpredawn, Ψmidday, gs, gmin, ΨTLP, SLA, LAleaf, SMleaf, and SMP50 were determined through linear mixed-

effects models for each species using the package lmer. The interactive effects of heating (yes/no), 

drought (yes/no), and species combination (monocultures/mixtures) were used as fixed effects. The 

year in which the measurements were done (i.e., 2020, 2021, and 2022) and the individual open-top 

chambers were treated as random effects as no significant differences were found between them. The 

effects of climatic treatments and species combinations on TSC and THF were determined through a 

simple linear model for each species. To reveal significant differences between treatments for each 

measurement, post hoc analyses were performed with a Tukey's HSD test, with FDR correction for 

multiple testing. Linear and non-linear regressions were used to test the relationships between gs, 

Ψpredawn, gmin, SLA, SMleaf, SMP50, soil water content, and VPD. The significance of these relationships 

and the differences between species combinations were revealed using ANOVA. Before performing 

each model, the homogeneity of variances and the normality of residuals were assessed, and data 

were log-transformed if necessary.   
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2.3  Results 

2.3.1 Species interaction effects on leaf hydraulic traits under heating and drought 

 Drought (D and HD) significantly reduced predawn leaf water potential (Ψpredawn) and light-

saturated stomatal conductance (gs) for both species and reduced midday leaf water potential (Ψmidday) 

for oak (Fig. 2.2 & Table S2.1). For both species, heat (H) significantly reduced Ψpredawn but had no 

significant impact on Ψmidday and gs. Indeed, while we found a significant increase of gs with soil 

moisture for both species, we found a positive relationship with VPD only for beech, suggesting a 

lower sensitivity to atmospheric drought in oak (Fig. S2.1). For beech, species interactions modulated 

the responses of Ψmidday to D and HD, with an increase in Ψmidday in monocultures whereas no change 

was observed in mixtures (Fig. S2.2, Tables S2.1 & S2.2). On the contrary, for oak, lower reduction in 

Ψmidday and gs were found in monocultures compared to mixtures under D and HD (Fig. S2.2, Tables 

S2.1 & S2.3). 

 We found a significant reduction of the minimal stomatal conductance (gmin), the mean leaf 

area (LAleaf), and the specific leaf area (SLA) under D and HD for both species. In contrast, no effect 

of heat was observed on these traits (Fig. 2.2, Table S2.1). When mixed, both species had significantly 

lower LAleaf and SLA (for beech only), independently of the climatic treatment. We did not find a 

significant impact of species interactions on gmin (Fig. 2.2, Table S2.1). 

 We observed a significant increase in the water potential at the turgor loss point (ΨTLP) under 

D and HD for both species, independently of species combinations (Fig. 2.2, Table S2.1). Under D 

and HD, the stomatal safety margin (SMP50) significantly increased only for beech, and the leaf safety 

margin (SMleaf) decreased in both species. No significant impact of H and species combinations on 

ΨTLP, SMleaf, or SMP50 was detected (Fig. S2.3, Table S2.1). 
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Figure 2.2: Leaf water potential at predawn (Ψpredawn) and midday (Ψmidday), light-saturated stomatal conductance (gs), 

minimal stomatal conductance (gmin), mean individual leaf area (LAleaf), specific leaf area (SLA), and water potential at 

turgor loss point (ΨTLP) for all years (i.e., 2020, 2021, 2022, mean ± SE, n=18 trees) for European beech and pubescent 

oak in control (C, blue), drought (D, grey), heating (H, orange) and hot drought conditions (HD, red) in monocultures 

(empty circles) and mixtures (full circles). The letters indicate significant differences between climatic treatments and 

species combinations. 
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2.3.2 Imact of species interactions on the relationships between hydraulic traits 

 With decreasing Ψpredawn, gs exponentially decreased for both species (Fig. 2.3). While no 

modulating effect of the species combination was observed on this relationship for beech, oak 

exhibited a steeper relationship (i.e., earlier stomatal closure) in monocultures compared to mixtures 

(Fig. 2.3). 

 

Figure 2.3: Relationships between the light-saturated stomatal conductance (gs) and the leaf water potential at predawn 

(Ψpredawn) for European beech and pubescent oak in control (blue), drought (grey), heating (orange), and hot drought 

conditions (red) in monocultures (empty circles) and mixtures (full circles). Lines (±CI 95%) represent exponential 

relationships, with dotted and solid lines standing for significant ones within a given species combination or across all 

species combinations, respectively. R2 and p-value are given in the upper left corner, when significant. 

 

 With increasing gmin, gs significantly increased, and SLA decreased for both species, 

independently of the species combination (Fig. 2.4).  
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Figure 2.4: Relationships between the light-saturated stomatal conductance (gs), the specific leaf area (SLA), and the 

minimal stomatal conductance (gmin) for European beech and pubescent oak in control (blue), drought (grey), heating 

(orange), and hot drought conditions (red) in monocultures (empty circles) and mixtures (plain circles). Lines represent 

linear regressions (±CI 95%) with solid lines standing for significant relationships across all species combinations. R2 

and p-value are given on the upper left corner, when significant. 

 

 We found a significant negative correlation between SMP50 and SMleaf for both species (Fig. 

2.5). The species combination affected this relationship for beech (P=0.01) with a steeper decrease 

(i.e., narrower SMleaf for the same SMP50) in mixtures than monocultures (Fig. 2.5). 

 



44 
 

 

Figure 2.5: Relationships between the stomatal safety margin (ΨTLP – P50; SMP50) and the leaf safety margin (Ψmidday 

– ΨTLP; SMleaf) for European beech and pubescent oak in control (blue), drought (grey), heating (orange), and hot 

drought conditions (red) in monocultures (empty circles) and mixtures (full circles). Lines represent linear regressions 

(±CI 95%) with dotted and solid lines standing for significant relationships within a given species combination or across 

all species combinations, respectively. R2 and p-value are given on the upper right corner, when significant. The 

captions in the upper right corners represent the mean SMleaf for each climatic treatment and species combination for 

all years (i.e., 2020, 2021, 2022, mean ± SE, n= 18 trees). The stars indicate significant difference with the control (*, 

0.05≥P>0.01; **, 0.01≥P>0.001; ***, P≥0.001). 

 

2.3.3 Timing to hydraulic failure and mechanisms of species interactions 

 During a simulated drying cycle and under standardized climatic conditions, the time to 

stomatal closure (TSC) was consistently very close to hydraulic failure (THF) across all climatic 

treatments and for both species (6 days difference on average for beech and oak). THF was 

significantly longer under D and HD compared to the control for oak and beech in monocultures (+31 

days and + 321 days on average for oak and beech, respectively; Fig. 2.6). With the inclusion of P50 

acclimation in the model, THF slightly varied from +1day in the monoculture to -2 days in the mixture 

on average for both species in D and HD, suggesting that potential acclimation of P50 to drought is 

negligible in the THF simulation (Fig. S2.4). Moreover, the inclusion of soft traits in the simulation 

increased THF by 35% and 89% on average for the monoculture of oak and beech, respectively in HD 
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(Fig. S2.5), suggesting that THF was mainly explained by the smaller LAtotal (Fig. S2.6) rather than the 

lower gmin, and higher ΨTLP (Fig. 2.2) in the D and HD treatments compared to the control for both 

species. Inter-specific interactions significantly reduced THF for beech in the D and HD treatments (by 

84% and 95%, respectively), leading to similar values as oak. For oak, THF in mixtures was not 

significantly affected by species interactions in all climatic treatments (Fig. 2.6).  

 

Figure 2.6: Time to hydraulic failure and stomatal closure (mean ± SE) modelled with SurEau for European beech and 

pubescent oak using constant P50 and the traits measured (Tab. S2.4) in control (C; blue), drought (D; grey), heating 

(H; orange), and hot drought conditions (HD; red) in monocultures (dashed bar) and mixtures (empty bar), simulated 

under a constant climate (i.e., mean air temperature at 20°C, VPD at 0.7, PPFD at 500 μmol m-2 s-1, and no rain) starting 

with soil water at saturation. The interspecific competition was accounted for in the simulations. The stars indicate 

significant differences in time to hydraulic failure between species combinations within each climatic treatment and for 

each species (*, 0.05≥P>0.01; **, 0.01≥P>0.001; ***, P≥0.001).  
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2.4  Discussion 

 The broad screening of leaf hydraulic traits conducted in this study over multiple years allows 

us to shed light on how species interactions affect the events leading to drought-induced tree decline. 

As widely observed in temperate forests (e.g., Arend et al., 2013; Bolte et al., 2016), drought and heat 

increased hydraulic stress by altering multiple water-related traits, starting with decreasing the leaf 

water potential at predawn (Ψpredawn) for both species (Fig. 2.2). However, we found more negative 

Ψpredawn for beech than oak, independently of the species combination (Fig. 2.3), suggesting that beech 

experienced stronger soil moisture limitation under the same climate manipulation. A lower tolerance 

to high VPD (e.g., Schönbeck et al., 2022) as highlighted by the significant reduction in stomatal 

conductance (gs) with increasing VPD (Fig. S2.1), associated with a lower drought resistance (e.g., 

Klein, 2014; Meyer et al., 2020) could explain this response. With decreasing Ψpredawn, both species 

similarly reduced gs to limit water loss. Still, the mixture delayed stomatal closure for oak, allowing a 

higher gs and less negative leaf water potential at midday (Ψmidday) (Figs. 2.2 & 2.3). In contrast, for 

beech, the significant interaction between drought and species combination (Table S2.1) indicates a 

larger reduction in Ψmidday in mixtures than monocultures in response to D and HD, and hence, 

exacerbated soil moisture stress (Fig. S2.2). These findings point to mixtures diminishing or enhancing 

water stress for oak and beech, respectively, potentially due to the more efficient water uptake and 

use of oak compared to beech. Alternatively, an improved microclimate in mixtures could benefit oak 

seedlings through reduced VPD (Aguirre et al., 2021; Wright et al., 2021), although, we found no 

indication of lower gs sensitivity to VPD in this species (Fig. S2.1). Additional microclimate 

measurements would be needed to confirm this mechanism. Moreover, as previously observed 

(Bussotti et al., 1995; Cavender-Bares et al., 2007; Grossoni et al., 1998; Watson et al., 2023), both 

species reduced their minimum stomatal conductance (gmin), individual and whole-tree leaf area (LAleaf 

and LAtotal) (Fig. S2.5), and specific leaf area (SLA) under D and HD, thereby showing a long-term 

acclimation strategy to limit water loss. However, a more substantial reduction in LAleaf (for both 

species) and increasing SLA (for beech only) under D and HD was found in mixtures compared to 

monocultures, indicating smaller and thinner leaves (Fig. 2.2 & Tab. S2.1). These findings contradict 

LAleaf reductions in monocultures vs. mixtures observed in grasslands (Watson et al., 2023), which 

could be related to differences between grasses and trees or the relative young age of our seedlings. 

Nevertheless, these anatomical adjustments were insufficient for beech to overcome the higher 

competitiveness of oak.  

 These morphological shifts probably lead to a higher sensitivity to drought and heat in beech 

in mixtures compared to monocultures. These findings are corroborated by the steeper response of 

stomatal safety margins (SMP50) to leaf safety margins (SMleaf) in beech mixtures (Fig. 2.5). However, 

SMP50 calculations were based on a constant P50, which excludes potential acclimation of this trait to 
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the treatments. Yet, previous study reported lower P50 under drought in beech (Tomasella et al., 2018) 

and if similar acclimation would occur in our study, SMP50 could increase further under drought (Fig. 

S2.7), leading to an even steeper relationship. Future work would be needed to determine how 

acclimation of P50 could alter this threshold in our study. Nevertheless, the observed trade-off 

highlights that beech in mixtures close their stomates earlier to extend the point of critical hydraulic 

failure. However, by reducing SMleaf, beech also limits carbon uptake that could deplete carbohydrate 

reserves, especially under hot droughts (Grossiord et al., 2022), and minimize allocation of carbon 

resources belowground (e.g., Hagedorn et al., 2016). Numerous studies observed a decrease of ΨTLP 

under experimental drought (e.g., Serrano et al., 2005; Deligoz & Gur, 2015; Binks et al., 2016), 

extending the water potential range over which the leaf can remain turgid and functional. However, 

contrary to previously reported, ΨTLP increased under drought for both species in our experiment (Fig. 

2.2), resulting in earlier stomatal closure as the soil progressively dries out. One potential explanation 

for higher ΨTLP could be that the smaller and thinner leaves and possible depletion of carbohydrates 

under prolonged hot drought may prevent osmoregulation processes from taking place (Sevanto et 

al., 2014). In addition, as suggested by Juenger & Verslues (2022), increasing ΨTLP could lead to 

slower soil water depletion, which could prove favorable under prolonged drought where water 

conservation and increased water use efficiency would be more valuable. From our knowledge, few 

works have monitored ΨTLP under chronic drought over multiple years (e.g., Tomasella et al., 2018; 

Hesse et al., 2023). Hence, our current understanding of ΨTLP acclimation remains limited and would 

need to be addressed more extensively in future studies. 

 An earlier stomatal closure (TSC) for beech under chronic drought when mixed with oak due 

to higher ΨTLP (Fig. 2.5) could reflect a more conservative strategy to delay hydraulic dysfunctions in 

mixtures. However, this acclimation response did not significantly broaden hydraulic safety margins 

and appeared insufficient to delay hydraulic failure. Indeed, we found earlier hydraulic failure (THF) 

for beech mixtures compared to monocultures by up to 95% under hot droughts with a standardized 

drying cycle and regardless of the potential acclimation of P50 (Fig. 2.6 & Fig. S2.4). THF was primarily 

driven by the total leaf area of the tree (Fig. S2.5 & S2.6), especially for oak that exhausted water 

resources more rapidly in mixtures. Consequently, oak’s onset of hydraulic failure was not impacted 

by the presence of beech, whereas beech extensively shortened its TSC and THF due to increasing 

competition with oak compared to monocultures. Several studies highlighted the role of canopy size 

in drought-induced mortality with lower leaf area reducing water loss and local water stress (e.g., 

Greenwood et al., 2017; Anderegg et al., 2019; Rosas et al., 2019; Trugman et al., 2019). In our study, 

tree leaf area played a stronger role for THF than treatment acclimation in leaf hydraulic traits (i.e., 

gmin and ΨTLP) for both species. For example, this led to delayed mortality in beech compared to oak 

in monocultures under drought conditions (Fig. 2.6). However, when mixed with oak, the lower 
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evaporative demand in beech due to wider SMleaf supports higher gs in oak without decreasing soil 

moisture availability (as shown by the higher Ψmidday). As observed here, previous work highlighted 

that mixtures often do not benefit the most vulnerable species to drought (i.e., beech) because the 

stronger competitors (i.e., oak) can exhaust water resources more rapidly or efficiently (e.g., Forrester 

et al., 2016; Didion-Gency et al., 2021). Here we show that this mechanism would also increase the 

probability of drought-induced mortality for less competitive species. However, it is important to 

consider that our model simulations did not include facilitative effects associated with microclimate 

amelioration (i.e., the simulations were run under similar climate in mixtures and monocultures), a 

process that would be particularly important in natural ecosystems (Aguirre et al., 2021; Wright et al., 

2015). Hence, future work should further investigate how VPD may change within the different species 

combinations and how it could modify the THF in natural systems. 

 Overall, our results on tree seedlings are consistent with previous work that showed a higher 

growth resilience of oak in natural mixed stands with beech (e.g., Jourdan et al., 2020). Our model 

simulations further suggest that lower drought stress in oak could be driven by belowground 

competition reduction because of the lesser ability of beech to rapidly take up water resources (i.e., 

smaller leaf area and gs in mixtures). However, our experiment was conducted on trees at an early 

development stage (i.e., six years old), and interactions between trees could take multiple years to 

establish (Domisch et al., 2015). Indeed, potential aboveground facilitation processes as microclimate 

feedbacks could be more dominant in mature forests (Zhang et al., 2022). Studies in old-growth forests 

have also reported lower gs sensitivity to soil moisture and competitive dominance of beech when 

mixed with oak (Jacobs et al., 2022; Jonard et al., 2011), suggesting that the initial detrimental 

interaction observed here at the seedling stage could become beneficial as trees grow older. 

Moreover, although reduced drought stress in mixtures could be due to water partitioning by the 

deeper roots in mature stands (Früchtenicht et al., 2018), it is very unlikely that it occurred in our study 

as the trees were restricted to a 50-cm soil depth. Instead, belowground competition for water may 

have been predominant in our study. Work in more diverse forests using experimental drought or 

temperature manipulation would be needed to unravel how interaction processes may shift with tree 

ontogeny and tree diversity in natural conditions.  

2.5  Conclusions 

 Our results show for the first time that species interactions affect the sequence of events 

leading to tree seedling decline and the risk of drought-induced mortality. Chronic and prolonged (i.e., 

more than four years) hot and dry conditions led to tighter stomatal control (lower Ψpredawn, lower gs, 

and higher turgor loss), smaller leaf area, and shorter leaf safety margins in juvenile beech. Similarly, 

oak acclimated to hot and dry conditions mainly by reducing leaf area and shortening the time to 
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stomatal closure. Nevertheless, these physiological adjustments to chronic heat and drought proved 

insignificant compared to differences in canopy size and transpiration rates between species during a 

fatal drought. Indeed, larger canopies and more rapid exhaustion of soil moisture for oak increased 

the simulated mortality risk of beech. Hence, this work highlights that leaf area (individual and total) 

and water use as proxy of plant functional strategy are important drivers of tree competitiveness and 

species mortality risk in mixed forests. Overall, this study pointed out the greater sensitivity of beech 

seedlings to projected climate scenarios mainly when mixed with more competitive species such as 

oak, whilst oak seedlings seemed to be more resilient to these scenarios in mixtures.   
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2.7 Supporting information 

2.7.1 Supporting figures 

 

Figure S2.1: Relationships between the light-saturated stomatal conductance (gs) and the soil water content or vapor 

pressure deficit (VPD)  for beech and oak in control (blue), drought (grey), heating (orange), and hot drought conditions 

(red) in monocultures (empty circles) and mixtures (plain circles). Lines represent linear regressions with solid lines 

standing for significant relationships across all species combinations and climatic treatments, respectively. R2 and p-

value are given on the upper left corner, when significant. 
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Figure S2.2: Mean leaf water potential at midday (Ψmidday) and light-saturated stomatal conductance (gs) of all years 

(i.e., 2020, 2021, 2022, mean ± SE, n=36 trees) for European beech (left panel) and pubescent oak (right panel) without 

drought treatment (i.e., Control and Heating, blue) and with drought treatment (i.e., Drought and Hot drought, gray) in 

mixtures (full circle) and monocultures (empty circle). Lines represent the interactions between drought and species 

combination, with dotted and solid lines standing for monoculture and mixture, respectively. The stars indicate 

significant interactions extracted from linear mixed-effects models (*, 0.05≥P>0.01; **, 0.01≥P>0.001; ***, P≥0.001). 
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Figure S2.3: Mean leaf safety margins and stomatal safety margins of all years (i.e., 2020, 2021, 2022, mean ± SE, 

n=18 trees) for European beech (left panel) and pubescent oak (right panel) in control (C, blue), drought (D, gray), 

heating (H, orange) and hot drought treatments (HD, red) in mixtures (empty case) and monocultures (dashed case). 

The letters indicate significant differences between climatic and species combination treatments extracted from linear 

mixed-effects models followed by a Tukey-type post hoc test. 
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Figure S2.4: Difference of the time to hydraulic failure modelled with SurEau for beech and oak using the traits 

measured (Tab. S2.4) in control (C; blue), drought (D; grey), heating (H; orange), and hot drought conditions (HD; red) 

in monocultures (dashed bar) and mixtures (empty bar), simulated under a constant climate (i.e., mean air temperature 

at 20°C, VPD at 0.7, PPFD at 500 μmol m-2 s-1, and no rain) starting with soil water at saturation; between rather 

acclimation of P50 to D and HD for all species; acclimation of P50 to D and HD only for beech; acclimation of P50 to D 

and HD only for oak and no acclimation of P50 to D and HD for all species. The interspecific competition was accounted 

for in the simulations.  
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Figure S2.5: Time to hydraulic failure and stomatal closure (mean ± SE) modelled with SurEau for beech and oak 

using the traits measured (Tab.S2.4) in control (blue), drought (grey), heat (orange), and hot drought conditions (red) 

in monocultures simulated under a constant climate (i.e., mean air temperature at 20°C, VPD at 0.7, PAR 500, and no 

rain) starting with a soil water at saturation and with standardized soft traits across all treatments (i.e., LA total, height 

and DBH). The letters indicate significant differences in time to hydraulic failure between climatic treatments and 

species combinations for each species. 
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Figure S2.6: Total leaf area of the canopy (LAtotal) for the year 2022 and all species combinations (i.e., mixture and 

monoculture, mean ± SE, n=12 trees) for European beech and pubescent oak in control (blue), drought (grey), heating 

(orange) and hot drought conditions (red). The letters indicate significant differences between climatic treatments. 
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Figure S2.7: Mean stomatal safety margins of all years (i.e., 2020, 2021, 2022, mean ± SE, n=18 trees) for European 

beech (left panel) and pubescent oak (right panel) in control (C, blue), drought (D, gray), heating (H, orange) and hot 

drought treatments (HD, red) in mixtures (empty case) and monocultures (dashed case), and with or without acclimation 

of P50 to D and HD for beech and oak taking into account. The letters indicate significant differences between climatic 

and species combination treatments extracted from linear mixed-effects models followed by a Tukey-type post hoc test. 
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2.7.2 Supporting tables 

 

Table S2.1: Statistical outputs of the mixed linear models where heating, drought, and species combination (i.e., 

mixture vs. monoculture) were used as fixed effects, and chamber and year were used as random effects for European 

beech and pubescent oak on leaf water potential predawn (Ψpredawn) and midday (Ψmidday), stomatal conductance (gs), 

minimal stomatal conductance (gmin), leaf-level leaf area (LAleaf), specific leaf area (SLA), water potential at the turgor 

loss point (ΨTLP), leaf safety margin (SMleaf) and the stomatal safety margin (SMP50) (*, 0.05≥P>0.01; **, 0.01≥P>0.001; 

***, P≥0.001). 

 

  European beech Pubescent oak 

Ψpredawn 

Heating >0.001*** 0,002** 

Drought 0,001** >0.001*** 

Mixture 0,454 0,703 

Heating:Drought 0,224 0,077 

Heating:Mixture 0,227 0,925 

Drought:Mixture 0,706 0,239 

Ψmidday 

Heating 0,201 0,223 

Drought 0,606 0,001** 

Mixture 0,535 0,229 

Heating:Drought 0,945 0,296 

Heating:Mixture 0,693 0,976 

Drought:Mixture 0,033* 0,036* 

gs 

Heating 0,513 0,476 

Drought >0.001*** >0.001*** 

Mixture 0,068 0,335 

Heating:Drought 0,711 0,264 

Heating:Mixture 0,392 0,791 

Drought:Mixture 0,901 0,019 

gmin 

Heating 0,442 0,746 

Drought 0,001** 0,011* 

Mixture 0,650 0,818 

Heating:Drought 0,841 0,595 

Heating:Mixture 0,634 0,545 

Drought:Mixture 0,926 0,522 
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LAleaf 

Heating 0,632 0,654 

Drought 0,023* 0,026* 

Mixture 0,010* 0,045* 

Heating:Drought 0,218 0,948 

Heating:Mixture 0,145 0,621 

Drought:Mixture 0,078 0,079 

SLA 

Heating 0,773 0,894 

Drought >0.001*** >0.001*** 

Mixture 0,001** 0,888 

Heating:Drought 0,689 0,056 

Heating:Mixture 0,890 0,420 

Drought:Mixture 0,538 0,283 

ΨTLP 

Heating 0,243 0,778 

Drought >0.001*** 0,040* 

Mixture 0,266 0,802 

Heating:Drought 0,511 0,320 

Heating:Mixture 0,489 0,707 

Drought:Mixture 0,558 0,349 

SMP50 

Heating 0,273 0,731 

Drought <0,001*** 0,039* 

Mixture 0,322 0,702 

Heating:Drought 0,611 0,317 

Heating:Mixture 0,356 0,517 

Drought:Mixture 0,633 0,326 

SMleaf 

Heating 0,210 0,482 

Drought 0,040* <0,001*** 

Mixture 0,707 0,945 

Heating:Drought 0,429 0,720 

Heating:Mixture 0,934 0,390 

Drought:Mixture 0,109 0,713 
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Table S2.2: European beech mean leaf water potential at predawn and midday (Ψpredawn and Ψmidday in MPa, respectively), light-saturated stomatal conductance (gs, 

mol m-2 s-1
 ), minimal stomatal conductance (gmin, mmol m-2 s-1), individual leaf area (LAleaf, cm²), specific leaf area (SLA, cm² g-1), water potential at the turgor loss 

point (ΨTLP, MPa), stomatal safety margin (SMP50, MPa) and leaf safety margin (SMleaf, MPa) for each year (i.e., 2020, 2021, 2022) in control (C), drought (D), heating 

(H) and hot drought (HD) conditions in monocultures and mixtures (mean±sd, n=6 trees) 

  Monoculture Mixture 

  C D H HD C D H HD 

Ψ
predawn

 

2020 -0,34 ± 0,11 -0,58 ± 0,19 -1,41 ± 0,94 -1,02 ± 0,58 -0,48 ± 0,22 -0,71 ± 0,12 -0,84 ± 0,41 -1,07 ± 0,65 

2021 -0,40 ± 0,09 -0,64 ± 0,25 -0,64 ± 0,18 -1,13 ± 0,54 -0,39 ± 0,09 -0,82 ± 0,45 -0,95 ± 0,37 -1,18 ± 0,55 

2022 -0,67 ± 0,28 -1,45 ± 0,61 -1,28 ± 0,66 -2,26 ± 1,30 -0,71 ± 0,35 -1,51 ± 0,50 -1,11 ± 0,48 -2,39 ± 0,99 

Ψ
midday

 

2020 -2,75 ± 0,48 -2,38 ± 0,32 -5,02 ± 2.00 -2,77 ± 0,72 -3,31 ± 0,61 -2,60 ± 0,64 -2,76 ± 0,79 -2,92 ± 0,88 

2021 -2,99 ± 0,36 -2,51 ± 0,68 -2,63 ± 0,39 -2,35 ± 0,28 -2,29 ± 0,68 -2,12 ± 0,65 -2,92 ± 0,45 -2,63 ± 0,72 

2022 -1,84 ± 0,91 -2,04 ± 0,76 -1,59 ± 0,97 -2,67 ± 0,81 -1,05 ± 0,95 -2,16 ± 0,50 -1,67 ± 1,11 -2,90 ± 0,28 

g
s
 

2020 0,12 ± 0,08 0,07 ± 0,01 0,10 ± 0,05 0,10 ± 0,06 0,11 ± 0,03 0,07 ± 0,04 0,09 ± 0,06 0,08 ± 0,09 

2021 0,22 ± 0,12 0,05 ± 0,02 0,12 ± 0,05 0,06 ± 0,05 0,15 ± 0,04 0,05 ± 0,03 0,08 ± 0,04 0,07 ± 0,07 

2022 0,07 ± 0,04 0,02 ± 0,01 0,05 ± 0,02 0,01 ± 0,01 0,05 ± 0,04 0,02 ± 0,01 0,06 ± 0,03 0,01 ± 0,01 

g
min

 

2020 8,98 ± 3,67 7,11 ± 1,42 8,63 ± 1,14 7,13 ± 2,09 7,74 ± 3,08 6,30 ± 1,43 8,05 ± 1,52 6,90 ± 1,72 

2021 9,02 ± 1,79 6,63 ± 1,56 8,76 ± 3,43 6,15 ± 1,34 10,72 ± 1,98 7,38 ± 1,78 7,94 ± 1,05 5,80 ± 1,48 

2022 7,79 ± 0,90 6,54 ± 0,61 8,18 ± 1,36 6,45 ± 0,75 7,97 ± 1,23 6,35 ± 1,62 7,55 ± 1,34 6,86 ± 1,54 

LAleaf 

2020 9,21 ± 4,63 6,93 ± 3,67 8,73 ± 2,32 7,78 ± 3,81 7,32 ± 4,15 7,11 ± 3,85 11,08 ± 3,28 6,08 ± 2,12 

2021 15,37 ± 4,41 13,66 ± 6,56 16,44 ± 7,73 9,01 ± 3,68 11,25 ± 3,61 8,40 ± 2,87 11,60 ± 2,94 7,99 ± 4,92 

2022 12,34 ± 3,49 13,96 ± 8,12 9,78 ± 2,11 7,58 ± 3,36 11,29 ± 3,68 8,06 ± 5,30 15,23 ± 3,75 5,09 ± 3,57 

SLA 

2020 152,19 ± 17,94 171,54 ± 10,11 159,92 ± 12,56 174,99 ± 30,04 169,59 ± 14,66 210,82 ± 34,84 166,21 ± 31,65 187,17 ± 54,37 

2021 155,26 ± 24,78 192,09 ± 18,37 138,96 ± 16,65 185,21 ± 31,12 159,33 ± 41,47 196,47 ± 22,80 166,9 ± 14,71 202,7 ± 47,26 

2022 151,66 ± 21,19 191,43 ± 24,03 150,20 ± 20,87 198,94 ± 34,51 168,11 ± 19,10 200,62 ± 40,93 175,29 ± 12,81 206,5 ± 33,23 

Ψ
TLP

 

2020 -2,46 ± 0,62 -1,88 ± 0,54 -2,85 ± 0,87 -2,17 ± 0,59 -2,50 ± 0,33 -1,61 ± 0,76 -2,82 ± 0,42 -2,11 ± 0,64 

2021 -2,57 ± 0,75 -1,51 ± 0,52 -2,86 ± 0,57 -2,09 ± 0,70 -2,50 ± 1,03 -1,75 ± 0,56 -2.00 ± 0,92 -2,10 ± 0,45 

2022 -2.00 ± 0,51 -1,95 ± 1,20 -2,26 ± 0,37 -1,47 ± 0,25 -2,41 ± 0,97 -1,59 ± 0,36 -2,14 ± 0,49 -1,31 ± 0,24 
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SMP50 

2020 0,75 ± 0,62 1,32 ± 0,54 0,35 ± 0,87 1,03 ± 0,59 0,70 ± 0,33 1,59 ± 0,76 0,38 ± 0,42 1,09 ± 0,64 

2021 0,63 ± 0,75 1,69 ± 0,52 0,34 ± 0,57 1,11 ± 0,70 0,70 ± 1,03 1,45 ± 0,56 1,2 ± 0,92 1,10 ± 0,45 

2022 1,20 ± 0,51 1,25 ± 1,20 0,94 ± 0,37 1,73 ± 0,25 0,79 ± 0,97 1,61 ± 0,36 1,06 ± 0,49 1,89 ± 0,24 

SMleaf 

2020 -0,24 ± 0,79 -0,49 ± 0,35 -2,16 ± 2,44 -0,65 ± 0,93 -0,61 ± 0,68 -0,99 ± 0,28 0,32 ± 0,80 -0,85 ± 1.00 

2021 -0,29 ± 0,83 -0,93 ± 0,91 0,21 ± 0,60 -0,03 ± 0,67 0,21 ± 1,48 -0,54 ± 0,70 -0,92 ± 0,82 -0,52 ± 0,80 

2022 0,12 ± 0,82 0,25 ± 0,33 0,52 ± 0,96 -1,86 ± 0,69 1,28 ± 1,51 -0,72 ± 0,23 0,34 ± 1,03 -1,45 ± 0,24 
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Table S2.3: Pubescent oak mean leaf water potential at predawn and midday (Ψpredawn and Ψmidday in MPa, respectively), light-saturated stomatal conductance (gs, 

mol m-2 s-1
 ), minimal stomatal conductance (gmin, mmol m-2 s-1), individual leaf area (LAleaf, cm²), specific leaf area (SLA, cm² g-1), water potential at the turgor loss 

point (ΨTLP, MPa), stomatal safety margin (SMP50, MPa) and leaf safety margin (SMleaf, MPa) for each year (i.e., 2020, 2021, 2022) in control (C), drought (D), heating 

(H) and hot drought (HD) conditions in monocultures and mixtures (mean±sd, n=6 trees). 

  Monoculture Mixture 

  C D H HD C D H HD 

Ψ
predawn

 

2020 -0,21 ± 0,10 -0,47 ± 0,20 -0,36 ± 0,11 -0,51 ± 0,23 -0,24 ± 0,07 -0,43 ± 0,10 -0,56 ± 0,37 -0,58 ± 0,20 

2021 -0,15 ± 0,08 -0,52 ± 0,34 -0,32 ± 0,14 -0,68 ± 0,14 -0,16 ± 0,07 -0,51 ± 0,36 -0,39 ± 0,19 -0,51 ± 0,33 

2022 -0,38 ± 0,20 -0,88 ± 0,15 -0,49 ± 0,12 -0,80 ± 0,23 -0,46 ± 0,29 -0,74 ± 0,26 -0,52 ± 0,18 -1,05 ± 0,31 

Ψ
midday

 

2020 -1,86 ± 0,67 -2,74 ± 0,41 -2,37 ± 0,57 -2,60 ± 0,37 -1,72 ± 0,52 -2,47 ± 0,29 -2,54 ± 0,32 -1,95 ± 0,30 

2021 -1,24 ± 0,57 -2,61 ± 1,15 -2,12 ± 1,16 -1,87 ± 0,47 -1,72 ± 0,48 -2,08 ± 0,82 -1,70 ± 0,38 -2,44 ± 0,42 

2022 -0,87 ± 0,49 -1,88 ± 0,77 -0,87 ± 0,09 -2,20 ± 0,80 -1,07 ± 0,57 -1,55 ± 0,75 -1,26 ± 0,40 -2,27 ± 1,10 

g
s
 

2020 0,26 ± 0,07 0,06 ± 0,03 0,25 ± 0,10 0,12 ± 0,09 0,18 ± 0,08 0,13 ± 0,08 0,27 ± 0,08 0,15 ± 0,06 

2021 0,15 ± 0,06 0,11 ± 0,05 0,25 ± 0,10 0,05 ± 0,04 0,17 ± 0,11 0,13 ± 0,08 0,15 ± 0,06 0,09 ± 0,06 

2022 0,11 ± 0,07 0,02 ± 0,01 0,12 ± 0,11 0,01 ± 0,01 0,10 ± 0,06 0,04 ± 0,02 0,10 ± 0,07 0,02 ± 0,01 

g
min

 

2020 7,42 ± 2,68 6,53 ± 0,87 7,56 ± 3,37 6,29 ± 3,14 6,11 ± 1,60 5,75 ± 1,68 7,07 ± 1,87 6,82 ± 2,51 

2021 7,67 ± 0,85 6,15 ± 1,85 8,22 ± 1,74 5,59 ± 2,01 8,16 ± 1,55 6,32 ± 2,84 7,60 ± 1,72 5,53 ± 1,19 

2022 7,20 ± 1,94 6,07 ± 1,98 7,15 ± 1,83 4,63 ± 1,48 6,72 ± 1,56 5,26 ± 2,51 6,86 ± 1,41 4,94 ± 0,66 

LAleaf 

2020 10,90 ± 2,64 7,11 ± 2,91 10,97 ± 2,62 9,42 ± 2,53 7,13 ± 1,60 4,50 ± 1,91 8,09 ± 3,55 7,32 ± 4,17 

2021 18,79 ± 9,88 10,98 ± 4,95 14,10 ± 4,35 14,47 ± 4,71 19,76 ± 5,27 14,65 ± 5,43 19,30 ± 8,57 9,06 ± 5,36 

2022 10,93 ± 1,34 13,53 ± 3,97 14,43 ± 5,41 13,24 ± 5,17 12,38 ± 4,26 11,86 ± 4,74 20,49 ± 13,03 13,02 ± 5,50 

SLA 

2020 105,92 ± 8,74 112,08 ± 15,31 111,64 ± 16,62 126,58 ± 19,21 100,30 ± 11,04 105,54 ± 13,25 105,52 ± 16,67 115,27 ± 13,42 

2021 109,63 ± 7,89 118,80 ± 9,02 101,40 ± 8,32 120,68 ± 13,55 115,15 ± 10,87 114,38 ± 7,09 112,59 ± 17,09 124,42 ± 5,08 

2022 121,24 ± 17,29 123,09 ± 11,74 99,35 ± 7,08 124,65 ± 7,80 114,17 ± 5,09 130,26 ± 10,03 108,01 ± 10,27 127,19 ± 6,22 

Ψ
TLP

 

2020 -1,30 ± 0,44 -1,49 ± 0,60 -2,14 ± 1,09 -1,61 ± 0,74 -2,07 ± 0,55 -1,48 ± 0,39 -1,80 ± 0,57 -1,79 ± 0,85 

2021 -1,75 ± 0,79 -2,21 ± 0,57 -2,38 ± 0,90 -1,81 ± 0,93 -2,32 ± 0,42 -1,49 ± 1.00 -2,08 ± 1,07 -1,54 ± 0,90 

2022 -1,83 ± 0,47 -1,67 ± 0,36 -1,76 ± 0,45 -1,27 ± 0,85 -1,86 ± 0,81 -1,71 ± 0,49 -2,05 ± 0,26 -1,48 ± 0,61 
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SMP50 

2020 2.00 ± 0,44 1,81 ± 0,60 1,16 ± 1,09 1,69 ± 0,74 1,23 ± 0,55 1,82 ± 0,39 1,50 ± 0,57 1,51 ± 0,85 

2021 1,55 ± 0,79 1,09 ± 0,57 0,92 ± 0,90 1,49 ± 0,93 0,98 ± 0,42 1,81 ± 1.00 1,22 ± 1,07 1,76 ± 0,90 

2022 1,48 ± 0,47 1,63 ± 0,36 1,54 ± 0,45 2,03 ± 0,85 1,44 ± 0,81 1,59 ± 0,49 1,25 ± 0,26 1,82 ± 0,61 

SMleaf 

2020 -0,56 ± 0,64 -1,19 ± 0,91 -0,23 ± 0,95 -0,85 ± 1.00 0,35 ± 0,36 -0,99 ± 0,58 -0,74 ± 0,40 -0,19 ± 0,68 

2021 0,52 ± 1,21 -0,40 ± 1,59 0,25 ± 0,86 -0,11 ± 1,04 0,60 ± 0,43 -0,87 ± 1,19 0,38 ± 1.00 -1,15 ± 0,73 

2022 0,88 ± 0,14 -0,21 ± 0,61 0,87 ± 0,51 -0,81 ± 0,87 0,79 ± 1,15 0,16 ± 0,81 0,79 ± 0,47 -0,79 ± 1,66 
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Table S2.4:  Pubescent oak and European beech hard and soft traits used to parameterize the SurEAU model in 2022 in the control (C), drought (D), heating (H), 

and hot drought (HD) conditions in monocultures and mixtures (mean±SD, n=6 trees). The hard traits are: light-saturated maximal assimilation (Amax, µmol m-2 s-1) 

and stomatal conductance (gs, mol m-2 s-1), evapotranspiration (E, mol m-2 s-1), minimal stomatal conductance (gmin, mmol m-2 s-1), water potential at the turgor loss 

point (ΨTLP, MPa), osmotic potential at full turgor (Ψo, MPa), modulus of elasticity (ε, MPa), relative water content (RWC, %), and water potential at 50% of xylem 

conductivity loss (P50, MPa). The soft traits are: individual leaf area (LAleaf, cm²), total leaf area (LAtotal, cm²), specific leaf area (SLA, cm² g-1), leaf dry matter content 

(LDMC, g g-1), height (cm), and stem diameter at 15cm (DBH, mm). 

   

Monoculture Mixture 

   

C D H HD C D H HD 

Hard 

trait 

Amax 
Beech 2,59 ±0,91 0,89 ±0,65 2,59 ±1,56 0,27 ±0,47 2,32 ±1,34 0,91 ±0,82 2,64 ±1,4 0,81 ±0,89 

Oak 6,50 ±3,41 2,68 ±1,14 6,00 ±4,8 1,17 ±0,76 6,46 ±2,66 3,48 ±2,42 6,33 ±4,17 1,78 ±1,35 

gs 
Beech 0,07 ± 0,04 0,02  ± 0,01 0,05  ± 0,02 0,01  ± 0,01 0,05 ± 0,04 0,02 ± 0,01 0,06 ± 0,03 0,01  ± 0,01 

Oak 0,11  ± 0,07 0,02  ± 0,01 0,12 ± 0,11 0,01  ± 0,01 0,10  ± 0,06 0,04  ± 0,02 0,10 ± 0,07 0,02  ± 0,01 

E 
Beech 0,0010 ±0,0005 0,0003 ±0,0002 0,0018 ±0,0015 0,0003 ±0,0002 0,0603 ±0,1461 0,0003 ±0,0002 0,0016 ±0,0008 0,0003 ±0,0002 

Oak 0,0015 ±0,0008 0,0003 ±0,0001 0,0024 ±0,0019 0,0003 ±0,0002 0,0014 ±0,0008 0,0007 ±0,0005 0,0022 ±0,0014 0,0005 ±0,0003 

gmin 
Beech 7,79 ± 0,9 6,54  ± 0,61 8,18 ± 1,36 6,45 ± 0,75 7,97  ± 1,23 6,35  ± 1,62 7,55 ± 1,34 6,86  ± 1,54 

Oak 7,2 ± 1,94 6,07 ± 1,98 7,15 ± 1,83 4,63  ± 1,48 6,72  ± 1,56 5,26 ± 2,51 6,86  ± 1,41 4,94 ± 0,66 

ΨTLP 
Beech -2,00 ± 0,51 -1,95  ± 1,2 -2,26 ± 0,37 -1,47 ± 0,25 -2,41 ± 0,97 -1,59  ± 0,36 -2,14  ± 0,49 -1,31 ± 0,24 

Oak -1,83 ± 0,47 -1,67  ± 0,36 -1,76  ± 0,45 -1,27 ± 0,85 -1,86 ± 0,81 -1,71 ± 0,49 -2,05 ± 0,26 -1,48  ± 0,61 

Ψ0 
Beech -1,31 ±0,84 -1,78 ±1,19 -1,51 ±0,55 -1,23 ±0,22 -1,81 ±1,18 -0,94 ±0,41 -1,07 ±0,14 -1,03 ±0,35 

Oak -1,63 ±0,33 -1,38 ±0,31 -1,47 ±0,47 -0,86 ±0,75 -1,53 ±0,83 -1,40 ±0,46 -1,73 ±0,37 -1,29 ±0,64 

ε 
Beech 7,65 ±8,26 6,38 ±0,97 9,69 ±10,18 6,07 ±1,19 7,60 ±7,21 5,40 ±3,89 1,08 ±0,91 6,78 ±4,56 

Oak 10,79 ±1,55 8,04 ±1,66 10,45 ±5,89 4,64 ±3,04 8,73 ±4,24 10,01 ±3,14 11,46 ±2,86 9,75 ±5,2 

RWC 
Beech 74,23 ±14,63 73,97 ±0,18 70,85 ±16,71 80,08 ±4,79 68,80 ±16,72 75,83 ±15,25 56,34 ±9,63 80,18 ±4,92 

Oak 87,87 ±2,57 87,47 ±4,51 87,54 ±2,5 87,57 ±5,38 90,00 ±1,45 88,65 ±4,05 87,62 ±2,91 90,30 ±1,44 

P50 
Beech -3,20   -3,20   -3,20   -3,20   -3,20   -3,20   -3,20   -3,20   

Oak -3,30   -3,30   -3,30   -3,30   -3,30   -3,30   -3,30   -3,30   
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Soft 

trait 

LAleaf 
Beech 12,34 ±3,49 13,96 ±8,12 9,78 ±2,11 7,58 ±3,36 11,29 ±3,68 8,06 ±5,3 15,23 ±3,75 5,09 ±3,57 

Oak 10,93 ±1,34 13,53 ±3,97 14,43 ±5,41 13,24 ±5,17 12,38 ±4,26 11,86 ±4,74 20,49 ±13,03 13,02 ±5,5 

LAtotal 
Beech 4419,50 ±1642,39 2468,33 ±1716,71 2588,67 ±1233,5 1824,67 ±1062,2 3611,00 ±1874,82 957,67 ±305,14 3370,67 ±2149,01 470,20 ±376,84 

Oak 5137,83 ±700,88 2562,50 ±2387,81 3706,33 ±855,64 1317,83 ±687,31 7620,17 ±2923,14 2967,00 ±1682,75 6913,17 ±3933,08 2791,33 ±2427,87 

SLA 
Beech 151,66 ± 21,19 191,43 ± 24,03 150,20  ± 20,87 198,94 ± 34,51 168,11  ± 19,1 200,62 ± 40,93 175,29 ± 12,81 206,5 ± 33,23 

Oak 121,24 ± 17,29 123,09  ± 11,74 99,35  ± 7,08 124,65  ± 7,8 114,17 ± 5,09 130,26  ± 10,03 108,01  ± 10,27 127,19 ± 6,22 

LDMC 
Beech 0,46 ±0,04 0,46 ±0,03 0,50 ±0,03 0,49 ±0,04 0,46 ±0,04 0,44 ±0,05 0,48 ±0,03 0,47 ±0,06 

Oak 0,43 ±0,05 0,45 ±0,03 0,42 ±0,02 0,44 ±0,02 0,43 ±0,04 0,44 ±0,02 0,43 ±0,03 0,46 ±0,03 

Height 
Beech 98,67 ±14,51 85,58 ±22,44 102,08 ±32,81 68,92 ±16,95 96,67 ±14,56 75,33 ±15,32 102,33 ±27,28 65,20 ±7,69 

Oak 155,33 ±40,59 72,58 ±12,91 114,17 ±30,38 76,67 ±13,22 131,50 ±54,55 75,83 ±16,74 136,00 ±115,08 81,00 ±13,19 

DBH 
Beech 10,21 ±1,15 8,64 ±2,63 9,38 ±0,93 8,29 ±2,83 10,14 ±1,45 6,82 ±0,63 9,92 ±2,36 5,93 ±0,1 

Oak 13,32 ±2,24 6,65 ±1,56 9,31 ±2,71 6,32 ±1,07 11,96 ±2,68 7,60 ±1,19 10,27 ±5 7,61 ±2,41 



65 
 

2.7.3 Supporting notes 

Notes S1: Total leaf area  

 We estimated the whole-canopy leaf area (LAtotal, cm²) by counting for each tree the number 

of leaves and measuring the average leaf area of ten representative leaves (i.e., of different sizes 

and canopy levels) from photographs. For this, we took a photograph of individual leaves placed 

on a clipboard next to a reference of 4 cm2 at a fixed distance. We further analyzed the images and 

calculate the leaf area as follows: leaf area (cm2) = (reference area (cm2)/number of pixels 

reference) * number of pixels per leaf. Analyses were performed using the R software (R Core 

Team, 2022). LAtotal was estimated by multiplying the total number of leaves with the average leaf 

area of the ten representative leaves. 
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Abstract: 

 Increasing tree species diversity in Mediterranean forests could reduce drought-induced 

hydraulic impairments through improved microclimate and reduced competition for water. 

However, it remains unclear if and how species diversity modulates tree hydraulic functions 

and how impacts may shift during the growing season.  

 Using natural Mediterranean forest stands composed of one (i.e., monospecific) or four 

(i.e., multispecific) tree species, we examined the seasonal dynamics of in-situ hydraulic 

traits (predawn and midday leaf water potential – Ψpd and Ψmd, xylem- and leaf-specific 

hydraulic conductivity - KS and KL, percentage loss of conductivity – PLC, hydraulic safety 

margin – HSM, and Huber value - HV) in four co-existing Pinus and Quercus species over 

two years. 

 We mainly observed adverse impacts of species diversity with lower Ψpd, Ψmd, KS, KL, and 

HSM and higher PLC in multispecific compared to monospecific stands for all tree species, 

especially the two pines. These impacts were observed all along the growing season but 

were stronger during the driest periods of the summer. Beneficial impacts of diversity were 

rare and only occurred for oaks (Q. faginea) after a prolonged and intense water stress.  

 Our findings reveal that mixing oaks and pines enhances hydraulic impairments for all 

species, suggesting a potential decline in the survival of mixed Mediterranean forests under 

future climate. However, diversity could mitigate extreme and long-lasting drought stress 

for some species by preserving xylem integrity and helping species avoid critical mortality-

inducing cavitation.   

Keywords: hydraulic conductivity, hydraulic safety margin, P. nigra, P. sylvestris, Q. ilex, Q. 

faginea, tree-tree interactions  
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3.1 Introduction 

 Mediterranean forests are defined by a sharp temperature and precipitation seasonality, 

going from cold and wet winters to hot and dry summers (Aschmann, 1984; Polade et al., 2017). 

These iconic biodiversity hotspots host a rich plant community with co-existing coniferous and 

broadleaved tree species adapted to this substantial seasonal variation (Lavorel, 1999; Myers et 

al., 2000). However, the worsening of summer droughts associated with more extreme heatwaves 

alters the water dynamics within these systems, resulting in severe hydraulic impairments (e.g., 

Fontes et al., 2018; Klein et al., 2022) and widespread tree mortality (Hartmann et al., 2022; 

McDowell et al., 2018). Promoting tree species diversity, especially the co-existence of plants with 

contrasting hydraulic traits, has been advocated as a solution to mitigate the adverse impacts of 

intense summer droughts (Anderegg et al., 2018; Liu et al., 2022; Steckel et al., 2020). Yet, the 

underlying physiological mechanisms driving diversity’s mitigation effect during drought are poorly 

understood, making it unclear if more diverse Mediterranean forests tolerate better extreme dry 

events (e.g., Bonal et al., 2017; Searle et al., 2022). 

 Tree species with contrasting functional traits (e.g., broadleaved and coniferous trees) 

naturally co-occur in Mediterranean forests, leading to complementary and facilitation mechanisms 

that could improve access to resources (Loreau & Hector, 2001; Meiner et al., 2012; Zapater et al., 

2011). For instance, denser canopies in mixed broadleaved and coniferous forests (i.e., also 

referred to as “canopy packing”) (Jucker et al., 2015) improve forest microclimate by buffering 

temperature extremes and reducing the evaporative demand (i.e., the vapor pressure deficit or 

VPD), especially in drier regions (e.g., De Frenne et al., 2021). Complementarity may also arise 

because of contrasting species-specific stomatal sensitivity to drought (which rank along a gradient 

from isohydric to anisohydric; Klein, 2014) that can modulate the competition intensity and timing 

as water resources are used differently throughout the year by co-existing species (Martínez-Vilalta 

et al., 2014; Tardieu & Simonneau, 1998). For example, conifers like Pinus sylvestris L. close their 

stomata more rapidly as the soil water potential drops during a drought (i.e., a rather isohydric 

behavior; Klein et al., 2011) to prevent increasing tension in the vascular system that could lead to 

embolism and reductions in xylem-specific hydraulic conductivity (Ks) (e.g., Aguadé et al., 2015; 

Fontes et al., 2018; Ladjal et al., 2005). This will be reflected by a stable midday leaf water potential 

(Ψmd) as the predawn water potential decreases (Ψpd) (Hochberg et al., 2018; Martínez-Vilalta & 

Garcia-Forner, 2017). In contrast, co-existing broadleaved species like Quercus ilex L. keep their 

stomata open as they track soil moisture reductions (i.e., a rather anisohydric behavior; Roman et 

al., 2015), thereby also increasing the risk of xylem embolism and reductions in Ks. Consequently, 

conifers present wider hydraulic safety margins (HSM; i.e., the difference between the water 

potential that induces 50% conductivity loss - P50 and the minimum water potential) than some 

broadleaves, indicating a disparity in their drought vulnerability (Choat et al., 2012). Moreover, 

conifers can develop a more drought-resistant xylem structure with narrower and shorter tracheids 
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with a torus on the pit membranes to prevent embolism from spreading to neighboring water-filled 

cells (Delzon et al., 2010; Pittermann et al., 2006). On the other hand, the xylem in broadleaved 

trees is composed of large vessels that are highly efficient for water transport (resulting in higher 

Ks) but with higher embolism risk in some species (Gleason et al., 2016; Sperry et al., 2006). In 

addition to these contrasting aboveground water use strategies, trees with different rooting depths 

can rely on separate water sources in the soil (i.e., belowground water source partitioning), which 

could improve plant water status and drought resistance (Grossiord et al., 2018; Silvertown, 2004). 

For instance, mixing rather anisohydric oak trees with a deep rooting system (Moreno et al., 2005) 

and more isohydric pines with overall shallower roots (Čermák et al., 2008) could delay the onset 

of hydraulic dysfunctions because of reduced belowground tree-tree competition, as observed in 

various forest ecosystems (e.g., Hajek et al., 2022; Muñoz-Gálvez et al., 2021; Pretzsch et al., 

2013). In addition, processes of facilitation such as hydraulic redistribution whereby deep-rooted 

species passively transfer water from deep, moist soils to dry superficial ones can provide 

additional moisture to shallow-rooted species (e.g., Rodríguez‐Robles et al., 2015; 

Schwendenmann et al., 2015).  

 In contrast, species with similar water use strategies and water source preferences would 

strongly compete for the same resources, thereby increasing plant water stress despite higher 

species diversity (e.g., Grossiord et al., 2014; Rodríguez-Robles et al., 2020). If competition leads 

to increased water stress, Mediterranean species could, for instance, reduce their evaporative 

surfaces by developing smaller and thicker leaves (i.e., higher specific leaf area; SLA), ultimately 

increasing their leaf-specific hydraulic conductivity (i.e., the ratio of hydraulic conductivity over leaf 

area; KL) and their Huber value (i.e., the ratio of sapwood over leaf area; HV). Such strategies have 

been observed in Mediterranean forests during extreme drought events (e.g., Bongers et al., 2017; 

Limousin et al., 2010; Moreno et al., 2021) or as a result of intensified plant-plant competition (e.g., 

Ferrio et al., 2021; Grossiord et al., 2014). Moreover, previous work highlighted that beneficial 

complementarity and facilitation interactions may not be enough during severe water stress to 

overcome the extreme water depletion experienced by trees (e.g., Haberstroh & Werner, 2022; 

Ratcliffe et al., 2017). Indeed, numerous studies conducted in mixed Mediterranean forests 

concluded that increasing tree species diversity is not systematically beneficial in terms of soil water 

availability for all the interacting species, which can favor one species at the expense of the others 

(e.g., Aguadé et al., 2015; Grossiord et al., 2015; Martín-Gómez et al., 2017; Moreno et al., 2021). 

Yet, whether tree species diversity, especially the mixing of coniferous and broadleaved species in 

Mediterranean forests experiencing intense summer droughts, reduces or enhances tree water 

stress and hydraulic impairments is still unclear.   

 In this study, we investigated how increasing tree species diversity modulates the seasonal 

water dynamics during drought by mixing coniferous and broadleaved trees. We worked with four 

co-existing Mediterranean tree species with contrasting water use strategies, wood anatomy, and 

rooting habits: two shallow-rooted isohydric conifers, i.e., Pinus nigra and Pinus sylvestris, and two 
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deep-rooted anisohydric broadleaves, i.e., Quercus faginea and Quercus ilex (Aguadé et al., 2015; 

Čermák et al., 2008; Moreno et al., 2005). Over two years, we monitored the seasonal dynamics 

in aboveground hydraulic traits (Ψpd, Ψmd, Ks, KL) in 15 monospecific and multispecific mature forest 

stands. Because of complementarity and facilitation processes, we expected a lesser decrease in 

Ψpd, Ψmd, Ks, and KL, resulting in wider HSM during the summer and more rapid recovery in the fall 

in multispecific than monospecific stands. In addition, due to enhanced canopy packing that should 

reduce the evaporative demand and buffer extreme heat, we expected larger and thinner leaves 

(i.e., larger SLA) and smaller HV in multispecific stands compared to monospecific ones.   
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3.2 Material & Methods 

3.2.1 Study site 

 The study was conducted in Mediterranean forests in the Alto Tajo natural park 

(Guadalajara, Castilla La Mancha, 40.66°N, 02.27°W) in central Spain, where 15 stands (30m x 

30m) within a 20 km2 area were selected from the FunDivEUROPE Exploratory Platform (Fig. 3.1a, 

Baeten et al., 2013). To assess the effect of tree species diversity, the stands were established in 

2011 in non-managed, mature, and even-aged (i.e., more than 50 years old) forests with limited 

variation in altitude (i.e., from 980 to 1300 m a.s.l.), topography, soil type, and density (see Table 

S3.1 and Baeten et al. (2013) for more details on plot selection). The soils in all stands were shallow 

(from 20 to 40 cm) calcic cambisol soils (FAO/UNESCO soil classification) on a cracked limestone 

bedrock but with plant roots that may extend down to several meters through the fractured bedrock 

(Peñuelas & Filella, 2003). This area has a continental Mediterranean climate with hot and dry 

summers and cold and snowy winters. The long-term annual precipitation sum was 416 mm (2011-

2022), with 516 and 367 mm in 2021 and 2022 (during the measurements), respectively. The long-

term mean annual temperature was 11°C (2011-2022), with 12°C and 11°C in 2021 and 2022, 

respectively. Maximum daily temperatures were 31°C and 33°C for 2021 and 2022, respectively 

(Fig. S3.1).  

 The area is characterized by the natural dominance of four tree species, i.e., two coniferous 

species (Pinus nigra subsp. salzmannii (Dunal) Franco and Pinus sylvestris L.) and two 

broadleaved ones (Quercus faginea Lam. and Quercus ilex L.), which were selected for this study. 

We selected stands where the target species represents more than 90% of the total basal area 

(i.e., for monospecific stands; Fig. 3.1b-e) and where the four tree species were mixed in similar 

abundances (i.e., multispecific stands; Fig. 3.1f). Each species richness level (monospecific vs. 

multispecific) was replicated three times for all species (Table S3.1; Baeten et al., 2013), leading 

to a total of 15 stands (three monospecific stands per species and three multispecific ones). The 

understory vegetation (representing less than 10% of the total basal area) was mainly composed 

of shrub species (Arctostaphylos uva-ursi, Buxus sempervirens, and Genista scorpius) and 

juveniles of the dominant tree species.  

 We randomly selected five dominant or co-dominant trees per species in each plot, leading 

to 120 trees. To assess the seasonal dynamics of aboveground hydraulic traits, we conducted in-

situ measurements (detailed below) on each tree in 2021 and 2022 at the beginning (i.e., in May 

when soil moisture was high), middle (i.e., in July, corresponding to the driest and hottest period), 

and the end of the growing season (i.e., in September, representing the recovery transition from 

dry to wet soils).  
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Figure 3.1: (a) Map of the Alto Tajo natural park (Central Spain) with the localization of the monospecific (red) and 

multispecific stands (dark blue) stands. The weather station is highlighted by a pink triangle. (b – e) Pictures of 

monospecific stands of Q. faginea, Q. ilex, P. nigra, and P. sylvestris, respectively. (f) Picture of a multispecific 

stand with all species. 

 

3.2.2 Leaf water potential 

 One twig per tree was collected before sunrise (Ψpd) and at midday (Ψmid) to measure the 

leaf water potential (MPa) with a Scholander-type pressure chamber (M1505D, PMS Instruments, 

USA). We calculated the hydraulic safety margin (HSM, MPa) as the difference between the Ψmid 

(i.e., a proxy of the minimum water potential) and the water potential at 50% of xylem conductivity 

loss (P50, MPa) (Choat et al., 2012). Because of the destructiveness of P50 measurements, we 

extracted the P50 of each species from a database (Choat et al., 2012; Esteso-Martínez et al., 2006) 

with a value of -2.8 MPa, -3.61 MPa, -3.3 MPa, and -3.9 MPa for P. nigra, P. sylvestris, Q. ilex and 

Q. faginea, respectively. Although we acknowledge that using the same P50 values for all trees 

does not account for the potential acclimation of this trait to the specific environment of our study, 

most work found little to no variability in this trait for our species (e.g., Gauthey et al., 2023; Matzner 

et al., 2001; Torres-Ruiz et al., 2013). However, previous work has shown some variability in P50 in 

response to drought varying between -0.4MPa and -0.2MPa for Q. ilex and P. sylvestris, 

respectively (e.g., Corcuera et al., 2011; Limousin et al., 2010; Martínez-Vilalta & Piñol, 2002; see 

Fig. S3.2 for the potential effect on HSM if P50 was shifted by ±0.4MPa for the Quercus species 

and ±0.2MPa for Pinus species). 
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3.2.3 Xylem hydraulic conductivity 

 On the same day as the leaf water potential measurements, one 1.5m and 50cm-long sun-

exposed branch for broadleaves and conifers, respectively (to cut branches that were longer than 

the longest vessels or tracheids), was cut on four from the five selected trees (n=4) and placed in 

sealed black plastic bags with wet tissues to keep a humid atmosphere. Within the next two days, 

the samples were processed using a commercial conductivity meter (XYL’EM, Bronkhorst, France), 

according to Cochard et al., (2005). Three 3- to 5 cm-long segments were cut underwater from the 

terminal part of each branch, corresponding to the current and previous year (due to the slow 

growth of Mediterranean species). The proximal end of each segment was connected to the tubing 

system of the XYL’EM, which was filled with deionized filtered water with 10mM KCl and 1mM 

CaCl2 that had been previously degassed. A low-pressure (70kPa) flow was applied to measure 

the initial hydraulic conductivity of each shoot (Kini, kg m MPa-1 s-1). Due to the high resin content 

in pines, only the segments of oak species were flushed at 0.15MPa for 1.30 min to measure their 

maximum hydraulic conductivity (Kmax, kg m MPa-1 s-1). A second flush at 0.15MPa for 30s was 

performed to confirm the maximal conductivity value. The Kini/Kmax ratio was used to compute the 

percentage loss conductivity for oaks (PLC, %). Xylem-specific conductivity (Ks, kg m-1 MPa-1 s-1) 

was calculated for every shoot by dividing Kini by the sapwood area, estimated as the cross-section 

area without bark.  

In addition, all distal leaves and needles of each segment were scanned using a flatbed 

scanner (CanoScan LiDE 300, CANON, UK), followed by analysis with ImageJ (Schindelin et al., 

2019) to extract the total leaf area per segment (LA, m²). The leaf-specific hydraulic conductivity 

(KL, kg m-1 MPa-1 s-1) was calculated by dividing Kini by LA, and the Huber value (HV, m2 m-2) was 

estimated as the sapwood area:LA ratio. The mature leaves and needles collected in July 2021 

and 2022 were dried at 60°C for 24h and weighed using a high precision scale (MS104, Mettler 

Toledo, CH) to calculate the specific leaf area (SLA, m² g-1).  

3.2.4 Statistical analyses 

 The effects of tree species diversity on Ψpd, Ψmd, Ks, KL, PLC, HSM, HV, and SLA were 

determined through linear mixed-effects models for each species using the package lmer. The 

effect of the season (i.e., spring, summer, fall), year (i.e., 2021, 2022), and species diversity (i.e., 

monospecific/multispecific) were used as fixed effects, and the individual plot was treated as a 

random effect. To reveal significant differences between species diversity levelsfor each 

measurement at each sampling date and each species, post hoc analyses were performed with 

Tukey's HSD test, with FDR correction for multiple testing. Non-linear and linear regressions were 

used to test the relationships between Ψpd, KL, PLC, and HSM. All analyses were performed using 

the R v.4.2.2 statistical software (R Development Core Team, Austria, 2022). Before performing 

each model, the homogeneity of variances and the normality of residuals were assessed, and data 

were log-transformed if necessary.   
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3.3 Results 

3.3.1 Seasonal dynamics in aboveground hydraulic traits 

 As the drought intensified during the summer, the leaf water potential at predawn and 

midday (Ψpd and Ψmid, respectively) significantly decreased for all species in both years. A recovery 

in Ψpd and Ψmid was observed in September but only in 2021 (Figs. 3.2 & S3.3; Table S3.2), 

probably because of the late rain events in 2022 that prolonged and intensified the summer drought 

(Fig. S3.1). The same seasonal pattern was observed for the hydraulic safety margins (HSM; i.e., 

Ψmid – P50) for all species (Fig. 3.2).  

 

Figure 3.2: Mean (±SE) leaf water potential at predawn (Ψpd), hydraulic safety margin (HSM), sapwood-specific 

hydraulic conductivity (KS), and leaf-specific hydraulic conductivity (KL) for each sampling date in 2021 and 2022 

for P. nigra, P. sylvestris, Q. faginea, and Q. ilex in monospecific (red) and multispecific stands (blue). The stars 

indicate significant differences between multispecific and monospecific stands for each sampling date 

(*0.05≥P>0.01; **0.01≥P>0.001; ***P≥0.001). 

 

Differences in hydraulic traits between broadleaves and conifers emerged, with a relatively 

constant Ψmid and HSM in pines throughout the summer (Figs. 3.2 & S3.3). In contrast, for oaks, 

we found Ψmid and HSM following the reduction in Ψpd as the drought intensified in the middle of 

the summer. Further, while we observed no seasonal variability in the xylem- and leaf-specific 
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hydraulic conductivities (KS and KL, respectively) for both pines and Q. ilex, they significantly 

decreased in the middle of the summer for Q. faginea, with no recovery in the fall (Table S3.2, Fig. 

3.2). Still, we observed an exponential decrease in KL with decreasing Ψpd for all species, 

suggesting reduced conductivity with increasing water stress (Fig. 3.3). Q. faginea had a higher 

specific leaf area (SLA) than all the other species (i.e., 56% bigger on average), suggesting larger 

and thinner leaves (Fig. 3.4). Interestingly, we observed similar Huber value (HV) for all species 

(i.e., around 4.10-4 m² m-² on average), indicating similar ratio of sapwood area:evaporative 

surfaces between conifers and broadleaves.  

 

 
Figure 3.3: Relationships between the leaf-specific hydraulic conductivity (KL) and the predawn leaf water potential 

(Ψpd) for P. nigra, P. sylvestris, Q. faginea, and Q. ilex in monospecific (red) and multispecific stands (blue). Lines 

represent exponential relationships, with dotted and solid lines standing for significant ones within a given species 

diversity level or across all species diversity levels, respectively. R2 and p-value are given in the upper left corner. 

 

For the oaks, the percentage loss of conductivity (PLC) significantly increased in the 

summer for Q. faginea, especially in the summer of 2022. In contrast, we found no significant 

differences between seasons or years for Q. ilex (Fig. 3.5b, Table S3.2). We further observed a 

significant negative relationship between PLC and HSM for both species (Fig. 3.5a), indicating 

higher critical cavitation risk (i.e., by crossing the P50 threshold) as hydraulic conductivity drops.  
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Figure 3.4: Mean (±SE) specific leaf area (SLA) and Huber value (HV) for all years (i.e., 2021, 2022) for P. nigra, 

P. sylvestris, Q. faginea, and Q. ilex in monospecific (red) and multispecific stands (blue). The stars indicate 

significant differences between diversity levels (*0.05≥P>0.01; **0.01≥P>0.001; ***P≥0.001). 

 

3.3.2 Species diversity effects on the seasonal dynamics in aboveground hydraulic traits 

 Overall, we found no or adverse effects of species diversity on all aboveground hydraulic 

traits for all species. The only exception was for Q. faginea after the prolonged drought of 2022, 

where Ψpd was more negative and HSM were narrower in monospecific compared to multispecific 

stands in September (Fig. 3.2). For pines, regardless of the season, we found a significantly lower 

Ψpd in multispecific compared to monospecific stands, indicating higher water stress, especially 

during the extensive drought of 2022. Similarly, we observed lower Ψpd in the summer of 2021 for 

Q. faginea in multispecific stands. For Q. ilex, while we observed no change in Ψpd between 

monospecific and multispecific stands overall, we found a lower recovery in Ψpd after the summer 

of 2021 in multispecific stands (Fig. 3.2, Table S3.2), also indicating enhanced water stress.  

 For P. sylvestris, we further observed a reduction in KS and KL in September 2021 and May 

2022 (only for KS) in the multispecific stands compared to monospecific ones. Moreover, narrower 
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HSM in the spring and fall of 2022 were found for P. sylvestris in the multispecific than monospecific 

stands. For Q. faginea and Q. ilex, KS and KL were significantly lower in the multispecific compared 

to the monospecific stands in the summer and fall of 2022, respectively. Similarly, the HSM was 

narrower in the multispecific stands in May 2021 compared to monospecific ones for both oaks 

(Fig. 3.2; Table S3.2).  

 Q. faginea presented lower KL for the same Ψpd in multispecific compared to monospecific 

stands, suggesting stronger conductivity loss under similar drought stress (Fig. 3.3). We further 

measured significantly higher PLC in multispecific stands compared to monospecific ones for both 

oaks, suggesting potentially more embolism events (Fig. 3.5b, Table S3.2). However, for Q. faginea 

we found higher PLC for the same HSM in multispecific stands compared to monospecific ones 

(Fig. 3.5a), indicating higher conductivity loss under similar critical cavitation risk with increasing 

species diversity.  

 While we found no significant diversity effects on SLA and HV for pines, we observed 

significantly smaller HV for Q. ilex and larger SLA for both oaks in the multispecific compared to 

the monospecific stands (Fig. 3.4), indicating larger and thinner leaves with increasing diversity. 

Figure 3.5: (a) Relationships between the percentage loss of conductivity (PLC) and the hydraulic safety margin 

(HSM) for Q. faginea and Q. ilex in monospecific (red) and multispecific stands (blue). Lines represent linear 

relationships, with dotted and solid lines standing for significant ones within a given species diversity level or across 

all diversity levels, respectively. (b) Mean (±SE) PLC for each sampling date in 2021 and 2022 for Q. faginea and 

Q. ilex in monospecific (red) and multispecific stands (blue). The stars indicate significant differences between 

diversity levels at each sampling date (*0.05≥P>0.01; **0.01≥P>0.001; ***P≥0.001). R2 and p-value are given in the 

lower left corner. Note: PLC was not measured for the pine species. 
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3.4 Discussion 

 Our findings confirmed the well-known seasonality in plant water relations in Mediterranean 

forests with an important increase in drought stress during the summer, as highlighted by the lower 

Ψpd. Higher drought stress induced lower Ψmid and reduced xylem hydraulic conductivity (KS and 

KL) for all species, regardless of the species diversity (Figs. 3.2, 3.3 & S3.2; Table S3.2). However, 

contrary to our expectations and previous studies (e.g., Moreno et al., 2023; Muñoz-Gálvez et al., 

2021), species diversity did not mitigate drought impacts and, instead, exacerbated it.  

 We found higher water stress for all species (i.e., lower Ψpd) in the multispecific compared 

to the monospecific stands (Fig. 3.2; Table S3.2). This adverse impact was particularly strong in 

the two pines in 2022, where Ψpd was, on average, 0.8 MPa lower in the multispecific stands. In 

contrast, we found no significant differences between diversity levels for the two oaks. This finding 

was consistent with previous observations in the same study area, where more substantial water 

stress was found for pines compared to oaks in mixed forests (Grossiord et al., 2015). A similar 

diversity effect as for Ψpd was observed for Ψmid, but the lowest leaf water potential observed was 

still significantly higher than ones inducing critical embolism (i.e., P50) for all species, highlighting 

the important drought resistance of Mediterranean tree species (Nardini et al., 2014). Overall, 

although pines keep a tighter stomatal control compared to oaks (Aguadé et al., 2015; Martín-

Gómez et al., 2017), both functional groups, apart from P. nigra, had narrower HSM in multispecific 

compared to monospecific stands (Fig. 3.2), leading to higher embolism risk. In contrast, Moreno 

et al. (2023) observed narrower HSM in monocultures compared to mixtures for Q. ilex mixed in 

pots with pines during an experimental drought. Differences between the two studies could stem 

from the contrasting approach and plant development stage (i.e., field measurements on mature 

trees vs. pot experiment on young seedlings with limited root volume). Nevertheless, HSM in our 

study stayed mainly above zero for both diversity levels (Fig. 3.2 & S3.2), suggesting low mortality 

risk (Delzon & Cochard, 2014). Hence, independent of the intensity of competition, the stomatal 

regulation strategy of Mediterranean tree species seems sufficient to protect the xylem from 

hydraulic failure and allow them to cope with intense summer droughts (Forner et al., 2018). 

 Still, higher water stress in multispecific stands further resulted in higher conductivity loss 

(reduced KS and KL), but the impacts were less intense (26% drop on maximum for KS in Q. faginea) 

and frequent (maximum once over the whole measurement period per species). In addition, both 

oaks experienced higher embolism (as shown by the higher PLC) in the multispecific compared to 

the monospecific stands (Fig. 3.5b). Interestingly, Q. ilex seems less adversely impacted by species 

diversity than Q. faginea, probably because of its higher tolerance to leaf dehydration due to its 

lower SLA (Fig. 3.4) and its higher resistance to wood cavitation due to its narrower vessels 

compared to Q. faginea (Alonso-Forn et al., 2021; Corcuera et al., 2004; Forner et al., 2018). Yet, 

these findings follow those of Aguadé et al. (2015), who found higher PLC in Q. ilex in mixed pine-
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oak stands compared to pure ones despite no change in Ψpd and higher Ks. This effect could be 

due to secondary growth in summer that increases the xylem hydraulic conductivity at the risk of 

higher cavitation levels (Martínez-Sancho et al., 2021). Interestingly, in the work of Aguadé et al. 

(2015), the PLC of P. sylvestris was lower than that of Q. ilex and did not change with species 

diversity. Even if we could not measure PLC in the two pines because of the abundant resin and 

potential pit aspiration (Hietz et al., 2008), we can assume that species diversity should have a 

limiting effect for conifers. Indeed, the absence of species diversity effect on KS and KL for both 

pines (Fig. 3.2, Table S3.2) and the high resistance of the conifers’ xylem to cavitation (Lens et al., 

2013) could be sufficient to preserve the xylem integrity despite increasing water stress in 

multispecific stands (i.e., lower Ψpd and Ψmid). Still, regardless of the species diversity, P.nigra had 

a higher vulnerability to xylem cavitation with P50 at -2.8 MPa compared to -3.61 MPa for 

P.sylvestris, leading to narrower HSM and potential higher mortality risk for P.nigra. 

 The underlying mechanisms driving the overall adverse responses to diversity found in our 

study could be multiple. Larger and thinner leaves of Q. faginea and Q. ilex (i.e., higher SLA) found 

in the multispecific stands could increase water loss through transpiration and exhaust soil moisture 

faster (Figs. 3.4b & 3.5), thereby contributing to the negative impact of species diversity. Hence, 

the apparent higher efficiency in water transport due to larger evaporative surfaces and sapwood 

area (i.e., larger HV for Q. faginea) in more diverse stands could come at the risk of more frequent 

embolism (i.e., lower PLC) during dry periods. Indeed, Searle et al., (2022) found increasing 

mortality risk in more diverse forests due to the indirect effect of species diversity on wood 

productivity. The resulting increase in stem densities in mixed and more productive forests could 

cause higher competition for accessing site resources when they scarified (e.g., light, nutrients, or 

water). However, the mechanisms leading to the production of leaves with higher SLA and larger 

HV remain unclear but could be driven by a more favorable microclimate. Higher water use of oaks 

could reduce soil water availability for pines quicker than in monospecific plots, thereby driving the 

observed responses for pines. This study seems to be the first to observe mainly adverse effects 

of species diversity on hydraulic traits for all interacting species. Hence, future work should address 

the underlying processes (e.g., belowground water source competition, changed microclimate, 

increasing shading) driving diversity effects in mixed Mediterranean forests. 

 Nevertheless, it is essential to mention that we observed beneficial mixing effects for Q. 

faginea after a prolonged drought. Indeed, in monospecific stands, Q. faginea experienced stronger 

water stress in September 2022 (i.e., lower Ψpd) compared to multispecific stands, crossing the 

critical threshold (i.e., P50) and inducing acute loss of hydraulic conductivity (Fig. 3.2). The 2022 

drought was particularly long and intense with 70% less precipitation than 2021 and very late rain 

leading to dry conditions in September (34% lower than 2021). As a result, we observed lower 

drought stress for oaks in multispecific stands compared to monospecific ones, probably due to 

reduced belowground competition when mixed with drought-sensitive shallow-rooted pines (del 

Castillo et al., 2016; Gea-Izquierdo et al., 2021). Hence, Q. faginea in monospecific stands reached 
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a very low Ψpd of -4 MPa, which is lower than its P50 at -3.9 MPa, leading to negative HSM. Potential 

underlying drivers could include the higher critical cavitation risks for Q. faginea in monospecific 

compared to multispecific stands (narrower HSM for the same PLC; Fig. 3.5a), enhanced water 

competition in monospecific stands when soil moisture decreases (Bello et al., 2019), and reduction 

in evaporative demand for the oaks growing under the canopy of pines (Ferrio et al., 2021). 

Therefore, the effect of species diversity on tree water relations could shift from negative to positive 

depending on the drought intensity and the species. Thus, while mixing functionally contrasting 

species could exacerbate hydraulic dysfunctions under mild drought due to potentially enhanced 

transpiration rates, the potential reduced belowground competition for water under severe drought 

could preserve the xylem integrity in more diverse forests, avoiding critical cavitation levels. 

However, the underlying mechanisms of these effects remain unclear and should be further 

investigated to better conserve those critical ecosystems.  
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3.6 Supporting information 

3.6.1 Supporting figures 

 

 

Figure S3.1: Mean monthly air temperature (± minimal and maximal temperature, °C), vapor pressure deficit (VPD, 

kPa), and total monthly precipitation (mm) in 2021 and 2022. Dashed vertical lines indicate the measurement 

campaigns. 
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Figure S3.2: Mean (±SE) hydraulic safety margin (HSM) for each sampling date in 2021 and 2022 for P. nigra, P. 

sylvestris, Q. faginea, and Q. ilex in monospecific (red) and multispecific stands (blue). The ribbon indicates the 

potential variation in HSM if P50 varied with local environmental conditions (i.e., ±0.4 and ±0.2MPa for Quercus and 

Pinus species, respectively). 
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Figure S3.3: Mean (±SE) leaf water potential at midday (Ψmid) for each sampling date in 2021 and 2022 for P. nigra, 

P. sylvestris, Q. faginea, and Q. ilex in monospecific (red) and multispecific stands (blue). The stars indicate 

significant differences between multispecific and monospecific stands at each sampling date (*0.05≥P>0.01; 

**0.01≥P>0.001; ***P≥0.001).  
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3.6.2 Supporting tables 

 

Table S3.1: Description of the 15 selected stands, including the plot-level leaf area index (LAI), the mean diameter at breast height (DBH), and mean tree height (±SD) 

Plot Latitude Longitude Altitude (m) Exposition Soil depth(cm) LAI(m²/m²) Species richness Species composition DBH (cm) Height (m) 

9 40.66814851 -2.292657672 1211 S 20 1.33 Monospecific Q. faginea 61.4 ± 14 12.1 ± 1.3 

10 40.66707271 -2.292521806 1270 SE/S 70 0.938 Monospecific Q. faginea 56.4 ± 5.4 8.4 ± 1.6 

11 40.66589427 -2.293874762 1187 SE 20 1.4 Monospecific Q. faginea 66.1 ± 9.5 10.1 ± 1.9 

12 40.7659242 -2.32553588 1073 NE   1.57 Monospecific P. nigra 91.6 ± 28.1 14.5 ± 4.5 

15 40.77979254 -2.330305941 980 W 20 1.39 Monospecific P. nigra 77.8 ± 16.6 11.5 ± 1.5 

17 40.78267786 -2.331021184 960 NA 20 1.93 Monospecific P. nigra 91.0 ± 20.7 12.8 ± 1 

18 40.68204502 -2.164579218 1403 NA 70 1.55 Monospecific P. sylvestris 134.8 ± 15 16.8 ± 0.8 

19 40.69764993 -2.138101195 1310 NA 50 1.31 Monospecific P. sylvestris 108.8 ± 15.8 13.7 ± 1.2 

20 40.69874911 -2.132025477 1311 NA 20 1.07 Monospecific P. sylvestris 120.4 ± 30.9 13.5 ± 2 

32 40.81556405 -2.213577194 1236 SW 30 0.686 Monospecific Q. ilex 52.4 ± 13.9 6.3 ± 2.2 

33 40.81397399 -2.212467962 1251 SW 20 1.48 Monospecific Q. ilex 50.6 ± 16.7 5.8 ± 1.8 

34 40.81408609 -2.208205077 1250 SW 20 2.42 Monospecific Q. ilex 60.8 ± 8.6 6.9 ± 1.5 

24 40.67891682 -1.949361418 1377 SW 50 1.72 Multispecific 

P. nigra 105.8 ± 29.6 13.6 ± 2.2 

P. sylvestris 127.6 ± 24.1 14.7 ± 1.7 

Q. faginea 60.8 ± 13.3 10.1 ± 1.5 

Q. ilex 76.6 ± 13.1 9.0 ± 0.9 

26 40.677634 -1.949266987 1387 N 30 1.88 Multispecific 

P. nigra 130.0 ± 42.3 14.2 ± 2.5 

P. sylvestris 128.2 ± 26 16.8 ± 1.6 

Q. faginea 59.6 ± 15.2 10.8 ± 1.4 
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Q. ilex 87.2 ± 16.7 9.1 ± 1.8 

29 40.67299394 -1.929263151 1354 SE 30 2.1 Multispecific 

P. nigra 124.4 ± 24 13.8 ± 1.8 

P. sylvestris 126.5 ± 38.9 14.9 ± 0.4 

Q. faginea 44.6 ± 16.8 6.3 ± 0.9 

Q. ilex 61.4 ± 21.8 6.7 ± 1.7 
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Table S3.2: Statistical outputs of the mixed linear models where season (i.e., Spring, Summer, Fall), year (i.e., 

2021 and 2022), and species diversity referred as to as “Mixture” (i.e., monospecific and multispecific stands) were 

used as fixed effects, and stands were used as random effects for P. nigra, P. sylvestris, Q. faginea, and Q. ilex 

(*0.05≥P>0.01; **0.01≥P>0.001; ***P≥0.001). 

  P. nigra P. sylvestris Q. faginea Q. ilex 

Ψpd 

Season < 0,001 *** < 0,001 *** < 0,001 *** < 0,001 *** 

Year < 0,001 *** < 0,001 *** < 0,001 *** < 0,001 *** 

Mixture 0,0097 ** 0,0031 ** 0,6433  0,7892  
Season:Year <0,001 *** <0,001 *** <0,001 *** <0,001 *** 

Season:Mixture 0,0413 * 0,1937  <0,001 *** 0,0012 ** 

Year:Mixture <0,001 *** 0,0018 ** <0,001 *** <0,001 *** 

Ψmd 

Season < 0,001 *** < 0,001 *** < 0,001 *** < 0,001 *** 

Year < 0,001 *** 0,0046 ** < 0,001 *** < 0,001 *** 

Mixture 0,0226 * 0,0132 * 0,7963  0,4812  
Season:Year <0,001 *** <0,001 *** <0,001 *** 0,0216 * 

Season:Mixture <0,001 *** <0,001 *** <0,001 *** 0,2842  
Year:Mixture 0,0019 ** <0,001 *** <0,001 *** <0,001 *** 

KS 

Season <0,001 *** <0,001 *** <0,001 *** 0,006 ** 

Year <0,001 *** <0,001 *** 0,0197 * 0,0545  
Mixture 0,4554  0,2219  0,05 * 0,3883  

Season:Year 0,3406  0,0199 * 0,1449  <0,001 *** 

Season:Mixture 0,0142 * 0,0028 ** 0,0016 ** 0,227  
Year:Mixture 0,6465  0,3391  0,2179  0,4808  

KL 

Season 0,0063 ** 0,0789  <0,001 *** 0,759  
Year <0,001 *** <0,001 *** 0,0187 * 0,0036 ** 

Mixture 0,1832  0,0397 * <0,001 *** 0,1206  
Season:Year <0,001 *** 0,1203  0,5679  <0,001 *** 

Season:Mixture 0,4577  0,1356  <0,001 *** 0,0264 * 

Year:Mixture 0,2308  0,1283  0,2641  0,2624  

PLC 

Season     <0,001 *** 0,5512  

Year     0,9249  0,1148  

Mixture     0,0097 ** <0,001 *** 

Season:Year     <0,001 *** <0,001 *** 

Season:Mixture     0,0698  0,7665  

Year:Mixture     0,7056  0,7947  

HSM 

Season <0,001 *** <0,001 *** <0,001 *** <0,001 *** 

Year <0,001 *** 0,0158 * <0,001 *** <0,001 *** 

Mixture 0,1774  <0,001 *** 0,8233  0,1812  
Season:Year <0,001 *** 0,0169 * <0,001 *** 0,0583  

Season:Mixture <0,001 *** <0,001 *** <0,001 *** 0,538  
Year:Mixture 0,1273  <0,001 *** <0,001 *** 0,0055 ** 

SLA Mixture 0,454  0,3686  <0,001 *** 0,0451 * 

HV Mixture 0,0615  0,4336  0,6986  0,0397 * 
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Abstract  

 Tree species diversity in forest ecosystems could reduce their vulnerability to extreme 

droughts through improved microclimate and reduced competition driven by contrasting 

species-specific water use patterns, especially belowground water source partitioning. 

However, little is known about the seasonal dynamics of belowground water uptake that 

determine whether diversity positively or negatively impacts tree carbon and water 

exchange.  

 Using a network of 30 permanent plots in Mediterranean forests with increasing tree 

species diversity (from monospecific to four-species mixtures), we examined the seasonal 

patterns of in-situ aboveground and belowground carbon and water relations on 260 trees 

from four pine and oak species over two years using hydraulic and stable isotope 

approaches.  

 We found that increasing functional diversity in broadleaf and conifer mixtures induced 

strong soil water source partitioning between oak and pine species. As the functional 

diversity was enhanced and conditions became drier during the summer, oak species took 

up water from deeper soil sources, while pines were systematically limited to shallow ones. 

Despite significant belowground moisture partitioning in mixed forests, drought-induced 

reductions in photosynthesis, stomatal conductance, leaf water potential, and stomatal 

regulation were still enhanced compared to monospecific stands for pines but with some 

benefits for oaks.  

 Our findings reveal that although tree species diversity improved belowground water source 

partitioning in mixed oak and pine stands, reduced competition for water in more diverse 

ecosystems is insufficient to buffer the adverse impacts of severe droughts on aboveground 

carbon and water use.  

Keywords: functional biodiversity, Pinus nigra, Pinus sylvestris, Quercus faginea, Quercus ilex, 

stable water isotopes, stomatal conductance, tree-tree interactions, water extraction depth.  
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4.1 Introduction 

 Mediterranean ecosystems are biodiversity hotspots and prime targets for conservation 

efforts (Myers et al., 2000). These iconic ecosystems count as a global change epicenter that is 

expected to experience stronger temperature rises compared to the global average (e.g., Giorgi & 

Lionello, 2008; Hoegh-Guldberg et al., 2018; Mariotti et al., 2015; Polade et al., 2017). More 

frequent and intense droughts with global warming will alter plant carbon and water exchange within 

these ecosystems, including leading to severe hydraulic impairments (e.g., Fontes et al., 2018; 

Klein et al., 2022) and amplified tree mortality (e.g., Anderegg et al., 2016; Breshears et al., 2005; 

Hartmann et al., 2022; McDowell et al., 2018). A strategy often advocated to mitigate adverse 

drought effects is to promote and restore tree species diversity via management efforts (e.g., 

reforestation and selective thinning; Vadell et al., 2022) (Anderegg et al., 2018; Liu et al., 2022; 

Steckel et al., 2020). Yet, the underlying mechanisms driving tree diversity effects on water 

dynamics are poorly understood. Therefore, it remains unclear if more diverse forests tolerate 

better extreme events (Grossiord, 2020). 

 The effect of drought on aboveground water use has been well studied, allowing us to gain 

a good understanding of the leaf- to tree-level processes leading to drought-induced tree decline. 

When soil moisture is reduced, the leaf predawn water potential (Ψpd) decreases. During the day, 

if trees continue to transpire, midday leaf water potential (Ψmd) drops, which increases the 

difference between the predawn and midday water potentials (ΔΨ, an index for stomatal regulation). 

Eventually, trees will close their stomata, reducing their net carbon uptake through photosynthesis 

(Anet) and their stomatal conductance (gs) (e.g., Brodribb & Holbrook, 2003). As the drought 

progresses, negative tensions in the vascular system will eventually surpass critical thresholds 

(Choat et al., 2018; Cochard, 2006; Morcillo et al., 2022; Tyree & Sperry, 1989), leading to hydraulic 

failure and tree desiccation. However, compared to aboveground processes, we have limited 

knowledge of the belowground ones and their consequences for tree carbon and water relations, 

particularly the temporal and spatial dynamics of tree soil water uptake (Phillips et al., 2016). 

Mediterranean regions are often characterized by the duality of shallow soils where water quickly 

evaporates and a fractured deep bedrock that can store water for extended periods (Peñuelas & 

Filella, 2003; Rose et al., 2003). Consequently, Mediterranean plants tend to develop larger 

belowground biomass than aboveground ones, with roots reaching depths up to seven times the 

canopy projection (Moreno et al., 2005). Because of the prominence of dual root systems (i.e., 

shallow and vertical deep sinker roots; Devi et al., 2016) in dry regions, trees often transition their 

primary water source from superficial layers in the spring to water stored in the bedrock cracks in 

the summer (e.g., Barbeta et al., 2015; David et al., 2013; Eliades et al., 2018; Grossiord et al., 

2017). Indeed, water from shallow soil layers is easier to extract due to its higher porosity, lower 

soil matric potential, and higher water storage than deeper layers (Dawson et al., 2020; Klos et al., 
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2018; Or et al., 2002). Accessing water from deep horizons and the bedrock could allow 

maintenance of vital plant functions during extreme droughts (Hanson et al., 2007; Rempe & 

Dietrich, 2018). Yet, studies investigating the dynamics of tree water sources tend to focus on single 

species (e.g., Brinkmann et al., 2019), so the impacts of species interactions on water uptake are 

largely unknown. Moreover, because of technical challenges associated with belowground 

measurements, our knowledge of tree water uptake and its impact on tree carbon and water use is 

limited in natural ecosystems (but see Andrews et al., 2012; Ding et al., 2021; Grossiord et al., 

2017; Kukowski et al., 2013). In this context, isotope profiling offers a non-destructive method, 

relating the stable isotopic signature of the plant water to that of the soil at different depths 

(Ehleringer & Dawson, 1992).   

 In forests, the co-existence of functionally contrasting species with distinct architectures 

(e.g., mixtures of broadleaf and conifer species) can lead to complementary aboveground structural 

traits, resulting in denser canopies (i.e., enhanced canopy packing) (e.g., Jucker et al., 2015) and 

stronger shading (Duarte et al., 2021; Ligot et al., 2016). Additionally, denser canopies improve the 

forest microclimate and buffer temperature extremes, especially in dry regions (e.g., De Frenne et 

al., 2021). Moreover, trees can differ in their aboveground water use strategy by ranking along a 

gradient from isohydric to anisohydric (Martínez-Vilalta et al., 2014; Tardieu & Simonneau, 1998), 

with some species tracking soil moisture reductions by dropping their leaf water potential (i.e., high 

ΔΨ; anisohydric) while others maintain a relatively constant water potential by closing their stomata 

(i.e., low ΔΨ; isohydric). Differences in species-specific stomatal sensitivity affect the competition 

intensity and timing as water resources are differently used throughout the year. On the contrary, 

species with similar water use strategies could severely compete during drought, increasing water 

stress (e.g., Grossiord et al., 2014). Nevertheless, belowground complementarity mechanisms are 

undoubtedly the ones that could play the most considerable role in Mediterranean systems. Indeed, 

interacting species may extend their roots at different depths to partition water sources and reduce 

tree-tree competition (Grossiord et al., 2018; Hooper, 1998; Rodríguez-Robles et al., 2020; 

Silvertown, 2004), inducing a slower reduction in water availability during drought and delaying the 

onset of hydraulic dysfunctions (Hajek et al., 2022). For instance, rather anisohydric oak species 

(Roman et al., 2015) are characterized by a deep dimorphic root system (i.e., deep taproot and 

secondary roots poorly developed horizontally) reaching up to 5.2 m depth (Moreno et al., 2005). 

In contrast, isohydric pines (Klein et al., 2011) tend to have more extended shallow root systems 

(Čermák et al., 2008; Moreno et al., 2005). Hence, when these two rooting habits coexist in mixed 

forests, they could, to some degree, exhibit water source partitioning. Additionally, processes of 

facilitation such as hydraulic redistribution whereby deep-rooted species passively transfer water 

from deep, moist soils to dry superficial ones can provide additional moisture to shallow-rooted 

species (e.g., Lubczynski, 2009; Rodríguez-Robles et al., 2020; Schwendenmann et al., 2015). 
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However, during extreme events, soil moisture reductions may be too severe for these mechanisms 

to overcome the water stress experienced by trees (e.g., Grossiord et al., 2018; Haberstroh & 

Werner, 2022). Species interactions can shift from positive to negative due to enhanced 

competition (i.e., belowground water niche overlapping) depending on environmental conditions 

(Ratcliffe et al., 2017), with most benefits observed at intermediate stress levels (Rodríguez-Robles 

et al., 2020). Still, the tree's functional characteristics and environmental conditions giving rise to 

beneficial or detrimental diversity effects remain unclear, mainly because the temporal 

belowground mechanisms have rarely been addressed. 

 The objective of this study is to investigate how tree species diversity modulates the 

seasonal dynamics of above- and belowground water use and carbon fixation in four co-existing 

Mediterranean tree species with contrasting water use strategies and rooting habit: two shallow-

rooted isohydric conifers, i.e., Pinus nigra and Pinus sylvestris, and two deep-rooted anisohydric 

broadleaves, i.e., Quercus faginea and Quercus ilex (Čermák et al., 2008; Moreno et al., 2005). 

We monitored the seasonal dynamics in aboveground (Ψpd, Ψmd, ΔΨ, Anet, gs) and belowground 

(water uptake depth and water source partitioning determined by water stable isotope profiling) 

water dynamics over two years in 30 mature forest plots with increasing tree diversity (from 

monospecific to four-species mixtures). Because of complementarity and facilitation between 

functional groups, we expected a lesser decrease in Ψpd, Ψmd, ΔΨ, Anet, and gs during the summer 

drought and a more rapid recovery in the fall in mixed conifer-broadleaf stands. These responses 

should be driven by belowground moisture partitioning between the two functional groups.   
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4.2 Material and methods 

4.2.1 Site description 

 The study was conducted in Mediterranean forests in the Alto Tajo natural park 

(Guadalajara, Castilla La Mancha, 40.66°N, 02.27°W) in central Spain, where 30 plots (30m x 30m) 

within a 20 km2 area were selected from the FunDivEUROPE Exploratory Platform (Fig. S4.1, 

Baeten et al., 2013). To assess the effect of tree diversity, the plots were established in 2011 in 

non-managed mature even-aged (i.e., more than 50 years) forests with limited variation in altitude 

(i.e., from 980 to 1300 m a.s.l.), topography, soil type, and density (see Table S4.1 and Baeten et 

al. (2013) for more details on plot selection). The soils in all plots were shallow (from 20 to 40 cm) 

calcic cambisol soils (FAO/UNESCO soil classification) on a cracked limestone bedrock but with 

plant roots that may extend down to several meters through the fractured bedrock (Peñuelas & 

Filella, 2003). This area has a continental Mediterranean climate with hot and dry summers and 

cold and snowy winters. The long-term annual precipitation sum was 416 mm (2011-2022), with 

516 and 367 mm in 2021 and 2022, respectively. The long-term mean annual temperature was 

11°C (2011-2022), with 12°C and 11°C in 2021 and 2022, respectively. Maximum daily 

temperatures were 31°C and 33°C for 2021 and 2022, respectively (Fig. 4.1). The soil aridity index 

(P/PET) was calculated monthly using meteorological data from the nearest station (Molina De 

Aragon, Castilla La Mancha, ES; 20 km away, Fig. S4.1). We first computed the monthly potential 

evapotranspiration (PET) using the Thornthwaite equation (Yates & Strzepek, 1994) based on the 

average monthly temperature, daylight length, and heat index. P/PET was calculated by dividing 

the monthly precipitation sum by the monthly PET. P/PET varied from 0.34 and 0.38 in May (i.e., 

corresponding to wet soil conditions) to 0.11 and 0.05 in July (i.e., the driest and hottest period) for 

2021 and 2022, respectively. 

 The area is characterized by the natural dominance of four tree species, i.e., two coniferous 

species (Pinus nigra subsp. salzmannii (Dunal) Franco and Pinus sylvestris L.) and two 

broadleaved ones (Quercus faginea Lam. and Quercus ilex L.), which were selected for this study. 

We selected plots with increasing tree species richness, including monospecific (where the target 

species represents more than 90% of the total basal area), monofunctional (i.e., two-species 

mixtures of either coniferous or broadleaved species), multifunctional (i.e., two-species mixtures of 

coniferous and broadleaved species) and mixtures of the four species. Each richness level was 

replicated three times for all species with all possible species combinations, except for the two-

species mixture between P. sylvestris and Q. ilex, resulting in 30 plots (Table S4.1). In mixed plots, 

the target species had similar abundances with a lower limit of 60% of maximum evenness in the 

basal area (Baeten et al., 2013). The understory vegetation (representing less than 10% of the total 

basal area) was mainly composed of shrub species (Arctostaphylos uvaursi, Buxus sempervirens, 



97 
 
 

 

and Genista scorpius) and juveniles of the dominant tree species.  

 

Figure 4.1: Mean monthly air temperature (± minimal and maximal temperature), vapor pressure deficit (VPD), and 

total monthly precipitation in 2021 and 2022. Dashed vertical lines indicate the measurement campaigns.  

 We randomly selected five dominant or co-dominant trees per species in each plot, leading 

to 265 trees. To assess the seasonal dynamics of aboveground and belowground tree water and 

carbon use, we conducted in-situ measurements (detailed below) on each tree in 2021 and 2022 

at the beginning (i.e., in May when soil moisture was high), middle (i.e., in July, corresponding to 

the driest and hottest period), and the end of the growing season (i.e., in September, representing 

the recovery transition from dry to wet soils).  

4.2.2 Leaf-level gas exchange and water potential 

 We measured the leaf-level light-saturated net photosynthesis (Anet, µmol m-2 s-1) and 

stomatal conductance (gs, mol m-2 s-1) on one fully developed leaf (or multiple needles for conifers) 

per tree from a 50cm to 1m-long (for oak and pine species, respectively) sun-exposed branch. The 

branches were sampled using an extension pole, directly placed in a water bucket, and recutted 

under water to restore water flow (Lange et al., 1986). Within 15 min after sampling, Anet and gs 

were measured using one infrared gas exchange analyzer (LI-6800 or LI-6400, LICOR 

Biosciences, USA). The measurements were done between 9 am and 1 pm (local time). The 
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relative humidity inside the chambers was set to 50% (to match the average daily ambient 

environmental conditions during the measurements), the CO2 concentration to 400 ppm, the 

photosynthetic photon flux density (PPFD) to 1500 μmol m-2 s-1 (to ensure saturating light 

conditions), and the air temperature inside the cuvette from 20 to 30°C depending of the sampling 

dates (to fit the mean midday air temperature during the measurements; Fig. S4.2). Each leaf was 

measured when the gas exchange values were stable (i.e., after max. 5 minutes).  On the same 

day as gas exchange measurements, one twig per tree was collected before sunrise (Ψpd) and at 

midday (Ψmd) to measure the leaf water potential (MPa) with a Scholander-type pressure chamber 

(M1505D, PMS Instruments, USA). The difference between Ψpd and Ψmd (ΔΨ) was calculated to 

describe the tree’s stomatal regulation strategy. 

4.2.3 Water uptake patterns 

 On each sampling date, in the monospecific and four-species mixtures (n=15 plots), we 

collected three 10 cm-long twig samples across the canopy from each tree between 9 am and 3 

pm (local time). After removing the bark, the samples were immediately sealed in airtight vials 

(Exetainer, Labco Limited, UK). The vial lid was wrapped with parafilm and placed in cool conditions 

to avoid evaporation. On the same day as the twig sampling, soil samples were collected every 10 

cm at four depths (0–10, 10–20, 20–30, and 30-40 cm) and three random positions in each plot, 

using a manual soil corer or/and a pickaxe when the soil was too rocky. The soil samples were 

immediately placed in vials and stored like twigs. As the depth of the limestone bedrock varied 

within and between plots (between 20 and 70 cm; Table S4.1), the maximum depth of soil sample 

collection varied by date, plot, and position. Nevertheless, we could extract all the soil layers from 

0 to 40 cm in every plot at each campaign, except for the Q.ilex monocultures in spring 2021, due 

to technical limitations. Precipitation water (used as a proxy of the groundwater isotopic values, see 

below) was collected by two Tube-dip-in-water collector types with pressure equilibration (RS1, 

Palmex, HR), spread into the study area (Fig. S4.1). Due to the unique design of the rain samplers 

avoiding evaporation for up to one year (Gröning et al., 2012), we collected the rainwater every two 

months during the growing season and once during the winter each year. The water was placed in 

vials and sealed with a lid and parafilm.  

 Water from xylem and soil samples was extracted using a custom-made cryogenic vacuum 

distillation system at the Swiss Federal Institute for Forest, Snow, and Landscape Research (WSL, 

Birmensdorf, CH) (Diao et al., 2022). The extraction system consisted of 20 tubes connected to 20 

U-shaped collection tubes specifically designed for this system. A frozen sample was placed in the 

extraction tube and submerged in water at 80°C, while the associated collection tube was 

submerged in liquid nitrogen. The system was then evacuated to 5.10-2 mBar. The extraction was 

maintained for 2 h for both xylem and soil samples to achieve a complete extraction following the 
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recommendations of West et al. (2006) (i.e., a minimum of 60 min extraction time for a broad range 

of plant and soil materials). This process led to an extraction of 99.96% of the water in the samples, 

with more than 1 mL extracted for each sample, limiting the uncertainties in plant water isotopic 

composition due to cryogenic vacuum distillation (Diao et al., 2022). After the extraction, water 

samples were transferred into cap-crimp 2-ml vials and stored at −20 ◦C until the isotopic analysis. 

Uncertainties associated with bulk water extractions using cryogenic distillation systems could 

occur that would underestimate the contributions of soil water and overestimate the ones from 

groundwater (Barbeta et al., 2021). Yet, as all samples were treated similarly, the errors would only 

affect the actual values, not the comparison between mixtures and seasons. 

 The δ2H and δ18O of all water samples (i.e., twig, soil, and precipitation) were measured 

with a high-temperature conversion elemental analyzer coupled to a DeltaPlus XP isotope ratio 

mass spectrometer (TC/EA-IRMS; Thermo, DE). Isotope ratios were reported in per mil (‰) relative 

to Vienna Standard Mean Ocean Water (VSMOW). Calibration versus the international standards 

was achieved by analysis of a range of certified water of different isotope ratios, resulting in a 

precision of 2‰ for δ2H and 0.3‰ for δ18O. 

4.2.4 Water source contribution 

 From the natural abundance of δ2H and δ18O in plant xylem and soil water, we used a 

Bayesian stable isotope mixing model to quantify the contribution of potential tree water sources in 

each species in the monospecific and four-species mixtures for each sampling date. As the 

rainwater isotope ratio differs throughout the season (i.e., isotopically more depleted rainwater in 

winter compared to summer) and the water evaporation decreases with soil depth, each water 

source has a significantly different stable isotopic composition (Fig. S4.3). These distinct soil 

isotopic profiles allow us to determine the contribution of each water source to the tree xylem water 

under the assumption that there is no isotopic fractionation during water uptake by the roots 

(Dawson & Ehleringer, 1991). Therefore, the natural isotopic abundance of xylem sap should reflect 

the water sources used by the plant. We used the package simmr in R (Parnell, 2019), where the 

isotopic composition (δ 18O and δ 2H) for each potential source (i.e., 0-10 cm, 10-20 cm, 20-30 cm, 

30-40 cm, rainwater) and each target tree were assigned into the model. We set the TEF (trophic 

enrichment factor) and the concentration dependence to 0 due to the absence of isotopic 

fractionation by the roots. We ran the model where 3600 iterations out of 10000 runs were produced 

over 4 Markov chain Monte Carlo (MCMC) for the isotopic values from each plant with the isotopic 

values from the soil water source of the corresponding plot in each date (Sun et al., 2022). To 

increase the clarity of presentation, the contributions from the water sources were grouped a 

posteriori into three layers: shallow (i.e., 0–20 cm), deep (i.e., 20–40 cm), and water stored in the 

fractured bedrock (i.e., rainwater). Indeed, the winter precipitation that penetrates deep soil layers 
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and bedrock cracks could be a substantial water source for trees in Mediterranean forests during 

summer droughts (Eliades et al., 2018). As the bedrock water is not subjected to evaporation 

(Ehleringer & Dawson, 1992), we used the precipitation collected at our site as a proxy, similar to 

Grossiord et al., (2017). The cumulative rainwater collected during the winter of 2021 (i.e., January-

April) and 2022 (i.e., October-April) was considered bedrock water source for the May campaigns 

of 2021 and 2022, respectively. During the remaining growing season, the stable isotope 

composition of the precipitation until the sampling date was added to the winter precipitation (e.g., 

winter, May, and June for the campaigns in July). 

4.2.5 Water source partitioning 

 To estimate the plot-level vertical water source distribution in the mixed forest plots, we 

calculated the belowground water source partitioning at the community level (PW, unitless) from the 

sum of the differences in either the natural abundance of δ2H or δ 18O in plant water between all 

interacting species in every four-species mixtures for each sampling date. As different water uptake 

depths between trees correspond to greater differences in the xylem water stable isotope within a 

tree cluster, higher PW indicates that the trees are taking up water from more distant water sources 

from each other. Therefore, to calculate PW based on δ2H, we used the following equation 

developed by Grossiord et al. (2018): 

PW = |δ2HPN - δ2HPS| + |δ2HPN - δ2HQF| + |δ2HPN - δ2HQI| + 

|δ2HPS - δ2HQF| + |δ2HPS - δ2HQI| + |δ2HQF - δ2HQI|   (Equ. 1) 

where δ2HPN, δ2HPS, δ2HQF, and δ2HQI correspond to δ2H of P. nigra, P. sylvestris, Q. faginea, and 

Q. ilex, respectively. As the PW resulted from δ18O and δ2H weighted similarly, only the PW based 

on δ2H was further used in this paper (Fig. S4.4).  

4.2.6 Statistical analyses 

 The effects of tree species diversity on Ψpd, Ψmd, ΔΨ, Anet, gs, xylem δ2H and δ18O were 

determined through linear mixed-effects models for each species using the package lmer. The 

effect of the season (i.e., spring, summer, fall), year (i.e., 2021, 2022), and species diversity (i.e., 

monospecific/monofunctional/multifunctional/four-species mixtures) were used as fixed effects, 

and the individual plot was treated as a random effect. Similar models were used to determine 

differences in soil water δ2H and δ18O. Sampling dates, species diversity, species, and soil depth 

were used as explanatory factors in the fixed part of the model. Significant differences between 

depths for each species' diversity and sampling dates were found, allowing us to use the Bayesian 

isotope mixing model to determine the water source contribution of trees as described above (Fig. 

S4.3). The output of this model was analyzed similarly with linear mixed-effects models for each 
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species. First, the effect of soil depth (i.e., shallow, deep, bedrock), season, year, and species 

diversity (i.e., monospecific and four-species mixture) were set as fixed effects, and the individual 

plot as a random effect.  Then, we ran similar models for each soil depth and species where the 

season, year, and species diversity were used as fixed effects and the plots as random effects. To 

reveal significant differences between species richness for each measurement at each sampling 

date and each species, post hoc analyses were performed with Tukey's HSD test, with FDR 

correction for multiple testing. Linear regressions were used to test the relationships between ΔΨ, 

Ψpd, gs, xylem δ18O, P/PET, and PW. All analyses were performed using the R v.4.2.2 statistical 

software (R Development Core Team, Vienna, Austria, 2022). Before performing each model, the 

homogeneity of variances and the normality of residuals were assessed, and data were log-

transformed if necessary.   
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4.3 Results 

4.3.1 Leaf-level gas exchange and water potential 

 In both years, as drought stress increased during the summer, predawn leaf water potential 

(Ψpd), net photosynthesis (Anet), and stomatal conductance (gs) significantly decreased for all 

species (Fig. 4.2, Table S4.2). As precipitation increased soil water content in the early fall, Ψpd, 

Anet, and gs recovered to similar values as in spring for all species in 2021. In contrast, Ψpd for all 

species and Anet and gs for pines did not recover following the extreme summer drought in 2022 

(Fig. 4.2). As Ψpd decreased, the difference between predawn and midday water potentials (ΔΨ) 

significantly decreased for all species (P<0.001), with oaks reaching lower Ψpd while maintaining 

higher ΔΨ than pines (Fig. 4.3).  

  

Figure 4.2: Mean (±SE) leaf water potential at predawn (Ψpd), light-saturated net photosynthesis (Anet), and stomatal 

conductance (gs) for each sampling date in 2021 and 2022 for P. nigra, P. sylvestris, Q. faginea, and Q. ilex in 

monospecific (red), monofunctional (orange), multifunctional (light blue) and four-species mixture plots (dark blue). 

The stars indicate significant differences between mixed and monospecific plots at each sampling date 

(*0.05≥P>0.01; **0.01≥P>0.001; ***P≥0.001). 
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 Throughout all seasons, we found lower Ψpd, Anet, and gs in the four-species mixtures 

compared to the monospecific plots for P. sylvestris (Fig. 4.2 & Table S4.2). Similarly, in the two-

species mixtures (i.e., monofunctional and multifunctional), significant reductions in Ψpd, Anet, and 

gs compared to the monospecific plots were observed in the fall of 2021 and throughout 2022 for 

P. sylvestris. A similar pattern was found for P. nigra but with less significant diversity effects (Fig. 

4.2 & Table S4.2). Indeed, for P. nigra, while Ψpd values were lower in the diverse plots compared 

to the monospecific ones in the summer and fall of 2022, Anet and gs rates were only reduced in the 

four-species and monofunctional mixtures in the summer and fall of 2021. For oaks, the effect of 

species diversity was less consistent, with lower recovery of Ψpd, Anet, and gs in the four-species 

mixtures compared to the monospecific plots following the summer of 2021. Further, in the fall of 

2022, Ψpd was higher in multifunctional and four-species mixtures for Q. ilex and Q. faginea, 

respectively, compared to the monospecific plots. Similarly, Anet and gs were higher for the 

multifunctional mixtures than the monospecific plots for both oak species (Fig. 4.2). 

 Figure 4.3: Relationships between the difference in predawn and midday leaf water potential (ΔΨ) and the predawn 

leaf water potential (Ψpd) for P. nigra, P. sylvestris, Q. faginea, and Q. ilex in monospecific (red), monofunctional 

(orange), multifunctional (light blue) and four-species mixture plots (dark blue). Lines represent linear regressions 

with significant relationships across all species diversity levels. 
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4.3.2 Water source contribution and partitioning 

 As the soil dried out in the summer, all species, regardless of the diversity (i.e., 

monospecific and four-species mixtures), shifted their water uptake depth from shallow (i.e., 0-20 

cm) in spring to deeper (i.e., >20 cm) layers in the summer (Fig. 4.4). In 2021, this trend was 

followed by a recovery to shallower layers in the fall. In contrast, the water uptake depth did not 

return to shallower sources in the fall of 2022 (Fig. 4.4 & Table S4.3), probably due to the reduced 

precipitation in fall 2022 (Fig. 4.1). The uptake of the water from the bedrock was consistently low 

for all species throughout the growing season (19±0.5%), except in the summer of 2021, where it 

increased by up to 23% compared to the springtime for the oaks in monospecific plots (Fig. 4.4).  

 However, we found no significant effect of species diversity on the water uptake depth for 

all species except for Q. faginea. In 2021, Q. faginea trees took up more water from the shallower 

layers in the spring and the deep layers in the summer in the four-species mixtures compared to 

monospecific plots (Fig. 4.4 & Table S4.3). We further observed a clear distinction in the seasonal 

variability between functional types (i.e., oaks and pines). Under wetter conditions (i.e., spring and 

fall), oaks took up a similar proportion of water from the shallowest layers as pines (44±11% and 

39±6%, respectively). In the summer, oaks more sharply shifted towards deeper sources than pines 

(Fig. 4.4). This pattern resulted in less water extracted from the shallowest layers in summer than 

in spring, independently of the year (reduction of about 28% and 17% for oaks and pines, 

respectively).  

Figure 4.4: Proportional contribution to xylem water (mean ±SE) of the water in the fractured bedrock (bedrock; 

dark blue), deep (20-40 cm; medium blue), and shallow soil layers (0-20 cm; light blue) resulting from the mixing 

model, for P. nigra, P. sylvestris, Q. faginea, and Q. ilex in monospecific (dashed bars) and four-species mixtures 

(empty bars) for each sampling date. Asterisks denote significant differences between diversity levels for a given 

soil layers and date (*0.05≥P>0.01; **0.01≥P>0.001; ***P≥0.001). 
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 We observed a significant negative relationship between water source partitioning (PW), 

i.e., the average difference between water-uptake depths, and the soil aridity index (P/PET) 

(P<0.001; Fig. 4.5b). When the soil moisture decreased in the summer (i.e., decreasing P/PET), 

PW consistently increased, indicating stronger water source partitioning. After the first rain 

replenished the soil in the fall of 2021, PW decreased. In contrast, the intense 2022 drought delayed 

the recovery of PW in the fall (Fig. 4.5a).  

 

Figure 4.5: (a) Belowground community-level water source partitioning (mean ± SE, unitless) in the four-species 

mixtures for each sampling date. Letters denote significant differences between dates. (b) Relationship between 

the belowground community-level water source partitioning and the aridity index (P/PET) in the four-species 

mixtures. Colors represent the aridity index with a gradient from the driest (light blue) to the wettest (dark blue). The 

line represents the significant linear regression between water source partitioning and P/PET. 

 

4.3.3 Relationship between leaf hydraulic traits and xylem water stable isotope 

 With increasingly dry conditions in the summer, the xylem δ18O and δ2H decreased for oaks 

and increased for pines in the four-species mixtures, leading to contrasting relationships between 

xylem δ18O and the leaf hydraulic traits (Figs. 4.6 & S4.4; Table S4.2). With decreasing xylem δ18O, 

Ψpd, ΔΨ, and gs significantly increased for pines, suggesting that deeper water uptake resulted in 

lower water stress and higher gas exchange. For oaks, decreasing xylem δ18O led to lower Ψpd, 

ΔΨ, and gs (P<0.001; Fig. 4.6), indicating lower gas exchange despite deeper water sources. These 

relationships were only significant in the four-species mixtures and not in the monospecific plots 

(Fig. 4.6). 
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Figure 4.6: Relationships between the predawn leaf water potential (Ψpredawn), the light-saturated stomatal 

conductance (gs), the difference in predawn and midday leaf water potential (Δ Ψpredawn-Ψmidday), and the xylem water 

oxygen isotopic composition (δ18O) for P. nigra, P. sylvestris, Q. faginea and Q. ilex in monospecific (empty circles), 

and four-species mixtures (plain circles). Colors represent the aridity index of all the measurement months with a 

gradient from the driest (light blue) to the wettest (dark blue) in 2021 and 2022. Lines represent significant linear 

regressions with dotted and solid lines standing for monospecific and four-species plots. 

  

 We found variable effects of PW on the leaf hydraulic traits. For all species, we observed a 

decrease of Ψpd and gs with increasing PW (P<0.001), indicating reduced gas exchange with 

increased water source partitioning (mainly during the summer; Fig. 4.5). In addition, ΔΨ decreased 

with increasing PW for pines but not oaks, highlighting the differential stomatal regulation strategies 

in the two functional groups (Fig. 4.7).  
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Figure 4.7: Relationships between the predawn leaf water potential (Ψpd), the difference in predawn and midday 

leaf water potential (ΔΨ), the light-saturated stomatal conductance (gs), and the belowground community-level water 

source partitioning for P. nigra (brown), P. sylvestris (beige), Q. faginea (light green) and Q. ilex (dark green) in the 

four-species mixtures (mean ± SE per plot and date). Lines represent significant linear regressions for each species.  
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4.4 Discussion  

 Understanding the environmental factors influencing drought vulnerability is crucial for 

effective forest management and conservation strategies. Our study indicates that while increasing 

tree diversity can promote water source partitioning and improve plant water availability to some 

extent, this mechanism alone is insufficient to overcome the adverse impacts of intense 

Mediterranean summer droughts. Indeed, we showed that the leaf hydraulic traits followed, as 

expected, the well-known seasonal variability in Mediterranean forests (Fotelli et al., 2019; Gulías 

et al., 2009). This trend is defined by increasing water stress (i.e., as shown by reduced Ψpd, Anet, 

and gs) when soil moisture decreases in the summer. Gas exchange then recovered in all species 

after the first rain replenished the soil in the fall of 2021 (Table S4.1 & Fig. 4.2). Interestingly, we 

observed lower or no recovery of gas exchange and hydraulic status in the fall of 2022 due to late 

precipitation events that kept soil moisture low at the end of the growing season (Fig. 4.1). However, 

tree species diversity modulated the magnitude of this seasonal variation with contrasting impacts 

on oaks and pines. Decreasing Ψpd, Anet, and gs in pines in mixed plots compared to the 

monospecific ones indicates higher water stress during the summer. In contrast, oaks showed 

either no effect or a positive diversity effect (i.e., lower reduction in Ψpd, Anet, gs in mixtures) (Fig. 

4.2). Previous work conducted in the same area also found that tree diversity enhanced or reduced 

tree transpiration of Q. faginea and P.sylvestris, respectively (Grossiord et al., 2015). However, our 

work highlights the predominance of functional diversity effects rather than species richness per 

se, as similar seasonal variations in carbon and water dynamics were observed in monospecific 

and monofunctional mixtures for both functional groups (Díaz & Cabido, 2001). Hence, despite the 

general consensus and our initial hypothesis that diversity enhances drought resistance and 

resilience (e.g., Anderegg et al., 2018; Liu et al., 2022), we found that increasing functional diversity 

could benefit some species but also exacerbate the water stress for others. Aboveground, this 

response could be driven by the water–saving strategy of the more isohydric pines that maintain 

high water potential (i.e., low ΔΨ) by closing their stomata earlier than the more anisohydric oaks 

(Fig. 4.3). As previously observed for Q. ilex and P. sylvestris in montane Mediterranean forests 

(Aguadé et al., 2015), contrasting stomatal regulations can result in faster exhaustion of soil 

moisture by oaks at the expense of pines.  

 Despite the essentially adverse impacts of drought on the aboveground carbon and water 

dynamics, all species shifted their water uptake depth from shallow to deep soil layers (>20cm) 

during the summer before going back to more superficial layers (0-20 cm) in the fall (Fig. 4.4). This 

finding supports the widely observed vertical plasticity of water sources in Mediterranean forests 

(e.g., Barbeta et al., 2015; David et al., 2013; Eliades et al., 2018; Grossiord et al., 2017). We 

further observed a constant contribution of water from the fractured bedrock (around 19%) (Fig. 

4.4), supporting numerous studies that highlight the importance of such reservoirs in Mediterranean 
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regions (e.g., Barbeta et al., 2015; Eliades et al., 2018; Hanson et al., 2007). Contrary to our 

expectations, species diversity did not modify the water sources of the studied species in the four-

species mixtures (Table S4.3). Nevertheless, contrasting water uptake depths in pines and oaks 

discriminated tree water sources along a vertical niche axis during drier periods (Rodríguez-Robles 

et al., 2020). Hence, increasing water source partitioning with reduced soil moisture was observed 

(Fig. 4.5), as previously found in various forests during drought (e.g., Bello et al., 2019; Grossiord 

et al., 2018; Meiner et al., 2012; Rodríguez-Robles et al., 2020; Schwendenmann et al., 2015). As 

expected, shallow-rooted pines took preferentially water from the more superficial soil layers 

throughout the year (Čermák et al., 2008). In contrast, oaks' deep and dual root systems facilitated 

access to significantly deeper water sources in the summer (Moreno et al., 2005). Whether the 

observed belowground niche partitioning could result from root growth competition remains 

unknown (del Castillo et al., 2016). Still, niche overlapping occurred when water was abundant, 

while niche partitioning ensued under dry conditions (e.g., Barbeta et al., 2015; Guo et al., 2018; 

Rodríguez-Robles et al., 2020; Rodríguez‐Robles et al., 2015).  

 Belowground moisture partitioning (PW; Figs. 4.4 & 4.5) had a limited beneficial impact on 

the aboveground carbon and water use dynamics. On the one hand, the shift to deeper sources in 

mixtures during the summer led to more negative xylem δ18O (i.e., reduced P/PET leading to 

deeper water sources) that still resulted in lower Ψpd, gs, and ΔΨ (Fig. 4.6) for oak. Thus, even if 

oaks maintained their water flux in mixed plots (i.e., no relationship between ΔΨ and PW; Fig. 4.7), 

access to deeper water reservoirs was insufficient to fully overcome the water stress induced by 

drought. This finding contradicts previous work in Quercus suber L. trees in central Portugal, 

suggesting that shifts in water sources could maintain high transpiration rates during summer 

droughts (David et al., 2007). The discrepancy between these findings could stem from the lower 

groundwater contributions observed at our plots (19% vs. 30%) associated with shallower soils, 

high stoniness, and the lesser importance of hydraulic redistribution, representing up to 37% of 

transpired water in this work. Although we cannot exclude that hydraulic redistribution occurred in 

our study, the very low gas exchange observed during the summer (Fig. 4.2) suggests that it played 

a limited role. On the other hand, for pines, the continuous reliance on the shallowest soil layers 

(as shown by the more positive xylem δ18O; Fig. S4.3) lowered Ψpd, gs, and ΔΨ during drought (Fig. 

4.6). Hence, although water source partitioning increased as the soil dried out (mainly because of 

oak’s deeper water uptake), it still resulted in decreased Ψpd and gs in all species (Fig. 4.7). These 

findings contrast with previous studies highlighting the importance of belowground complementarity 

and water redistribution (e.g., David et al., 2007; Rodríguez-Robles et al., 2020). Overall, our 

findings feature the complex and multifaceted nature of forest responses to climate change by 

emphasizing that diversity-driven shifts in water sources can overcome water stress only up to a 

certain drought intensity (Figs. 4.2 & 4.6). Moreover, as species diversity effect on drought 

resistance depends on the environmental conditions (Grossiord et al., 2014; Liu et al., 2022), the 
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conclusions of this study could change in different forest ecosystems. Further research in multiple 

ecosystems is warranted to elucidate if other diversity-driven mechanisms (e.g., hydraulic lift, 

canopy packing, microclimate feedback) could play a pivotal role in these ecosystems and identify 

strategies to enhance forest tolerance to climate change.  

4.5 Conclusion 

 Our results show that diversity-driven water source partitioning did not overcome the 

intense drought stress trees can experience in Mediterranean forests. When soil moisture 

decreases in the summer, oak species could shift their water sources to deeper soil layers. In 

contrast, the shallower-rooted pines were constrained to more superficial layers, leading to 

increasing water source partitioning. As a result, oaks mixed with pines could sustain slightly higher 

gas exchange rates than those in monospecific plots, probably because of the lower competition 

in deeper layers. On the contrary, pines' shallow root system and water-saving strategy induced 

earlier stomatal closure as the drought progressed, resulting in low gas exchange, especially in 

mixtures with oak. Thus, the combination of species with contrasting stomatal regulation strategies 

and root systems only benefited the most drought-tolerant species at the expense of drought-

sensitive ones, highlighting that diversity could end up in a general decline of less competitive Pinus 

species (Gea-Izquierdo et al., 2021). While diversity may promote a range of services, promoting 

diverse forests may not prevent pine decline due to the worsening of droughts in Mediterranean 

areas. Over the long term, interactions between species could be further disrupted within mixed 

oak-pine forests, potentially leading to cascading effects on the entire ecosystem, including shifts 

in species composition and reduced biodiversity. Continued research is necessary to inform 

evidence-based management practices to foster the adaptability of those climate change hotspots. 
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4.7 Supporting information 

4.7.1 Supporting figures 

 

Figure S4.1: Map of the Alto Tajo natural park (Central Spain) with the localization of the studied plots of 

monospecific (red), monofunctional (orange), multifunctional (green) and four-species mixture plots (dark blue), the 

rain samplers (yellow triangle) and the weather station (pink triangle) (map lines delineate study areas and do not 

necessarily depict accepted national boundaries). 
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Figure S4.2: Relationship between the mean air daytime temperature and the mean air temperature inside the 

chamber of the gas exchange system (±sd) at each sampling date (n = 6 campaigns in total). 



113 
 
 

 

 

 

Figure S4.3: Soil water δ2H and δ18O (mean ± SD) at each depth (0-10 cm, 10-20 cm, 20-30 cm, >30 cm) and 

sampling date in 2021 and 2022 for the monospecific plots (red) of each species (P. nigra, P. sylvestris, Q. faginea, 

and Q. ilex), and the four-species mixtures (blue). The stars indicate significant differences between depths at each 

sampling date (*0.05≥P>0.01; **0.01≥P>0.001; ***P≥0.001). 
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Figure S4.4: Relationship between the water source contribution (Pw, unitless) calculated based on the δ2H (grey) 

or based on the δ18O (black) and the soil aridity (P/PET). No significant interaction between the two relationships 

was found.  
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Figure S4.5: Xylem water δ2H and δ18O (mean ± SE) at each sampling date in 2021 and 2022 for P. nigra, P. 

sylvestris, Q. faginea, and Q. ilex in monospecific (red) and four-species mixtures (blue). The stars indicate 

significant differences between diversity levels (*0.05≥P>0.01; **0.01≥P>0.001; ***P≥0.001). 
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4.7.2 Supporting table 

 

Table S4.1: Description of the 30 selected plots, including the plot-level leaf area index (LAI), the diameter at breast height (DBH), and tree height (mean ±SD). 

Plot Latitude Longitude Altitude (m) Exposition Soil depth (cm) LAI (m²/m²) Species richness Species composition DBH (cm) Height (m) 

9 40.66814851 -2.292657672 1211 S 20 1.33 Monospecific Q. faginea 61.4 ± 14 12.1 ± 1.3 

10 40.66707271 -2.292521806 1270 SE/S 70 0.938 Monospecific Q. faginea 56.4 ± 5.4 8.4 ± 1.6 

11 40.66589427 -2.293874762 1187 SE 20 1.4 Monospecific Q. faginea 66.1 ± 9.5 10.1 ± 1.9 

12 40.7659242 -2.32553588 1073 NE NA  1.57 Monospecific P. nigra 91.6 ± 28.1 14.5 ± 4.5 

15 40.77979254 -2.330305941 980 W 20 1.39 Monospecific P. nigra 77.8 ± 16.6 11.5 ± 1.5 

17 40.78267786 -2.331021184 960 NA 20 1.93 Monospecific P. nigra 91.0 ± 20.7 12.8 ± 1 

18 40.68204502 -2.164579218 1403 NA 70 1.55 Monospecific P. sylvestris 134.8 ± 15 16.8 ± 0.8 

19 40.69764993 -2.138101195 1310 NA 50 1.31 Monospecific P. sylvestris 108.8 ± 15.8 13.7 ± 1.2 

20 40.69874911 -2.132025477 1311 NA 20 1.07 Monospecific P. sylvestris 120.4 ± 30.9 13.5 ± 2 

32 40.81556405 -2.213577194 1236 SW 30 0.686 Monospecific Q. ilex 52.4 ± 13.9 6.3 ± 2.2 

33 40.81397399 -2.212467962 1251 SW 20 1.48 Monospecific Q. ilex 50.6 ± 16.7 5.8 ± 1.8 

34 40.81408609 -2.208205077 1250 SW 20 2.42 Monospecific Q. ilex 60.8 ± 8.6 6.9 ± 1.5 

28 40.67163045 -1.931317871 1360 SE 30 1.51 Monofunctional 
Q. faginea 41.6 ± 5.7 5.5 ± 0.5 

Q. ilex 57.2 ± 17.6 5.5 ± 0.7 

30 40.67314834 -1.927862642 1350 SW 20 1.59 Monofunctional 
Q. faginea 52.2 ± 8.9 7.3 ± 0.9 

Q. ilex 48.2 ± 19.1 6.3 ± 1 

31 40.67396249 -1.91878851 1342 SW 30 2.22 Monofunctional 
Q. faginea 59.8 ± 12.5 8.4 ± 1.3 

Q. ilex 48.8 ± 27.6 6.3 ± 1.7 

21 40.71238926 -2.123322685 1404 N 70 1.21 Monofunctional 
P. nigra 107.8 ± 25.3 15.0 ± 1.7 

P. sylvestris 90.3 ± 12.3 13.5 ± 2.5 

22 40.72197039 -2.113274124 1325 NA 20 1.79 Monofunctional 
P. nigra 112.8 ± 34.8 18.6 ± 2.2 

P. sylvestris 106.7 ± 31.6 17.3 ± 1.9 

23 40.72421507 -2.120796695 1388 NE 50 1.73 Monofunctional 
P. nigra 104.6 ± 21.8 13.7 ± 1.8 

P. sylvestris 105.8 ± 22.5 14.6 ± 2.1 

1 40.65918475 -2.270218954 1224 NE 20 2.1 Multifunctional 
P. sylvestris 97.6 ± 11.5 16.0 ± 1.6 

Q. faginea 67.6 ± 13.9 13.6 ± 2.3 

4 40.6639185 -2.27621676 1286 NA 50 1.56 Multifunctional 
P. sylvestris 119.2 ± 34.9 15.3 ± 2.4 

Q. faginea 88.6 ± 18.8 13.7 ± 4.6 

5 40.66450616 -2.277687348 1283 NW 70 1.3 Multifunctional 
P. sylvestris 88.6 ± 20.7 11.0 ± 1.4 

Q. faginea 56.8 ± 9.8 8.9 ± 2.5 
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3 40.66330164 -2.278531408 1228 SW 20 1.02 Multifunctional 
P. nigra 118.0 ± 12.4 12.4 ± 1.4 

Q. faginea 79.2 ± 11.3 12.0 ± 2.6 

6 40.66365811 -2.280742957 1306 NE 30 1.13 Multifunctional 
P. nigra 113.2 ± 10.2 12.9 ± 1.9 

Q. faginea 79.2 ± 7.5 10.9 ± 2.7 

8 40.66742444 -2.288461666 1207 SW 20 1.08 Multifunctional 
P. nigra 119.2 ± 16.1 14.4 ± 3.4 

Q. faginea 49.4 ± 15.5 10.0 ± 1.4 

14 40.77777338 -2.329420901 999 W 20 2.27 Multifunctional 
P. nigra 103.2 ± 56 12.0 ± 4.7 

Q. ilex 48.4 ± 16.3 5.8 ± 1 

16 40.78227813 -2.330269832 1032 NW 30 1.85 Multifunctional 
P. nigra 91.6 ± 27.1 13.2 ± 3.3 

Q. ilex 48.4 ± 19.1 6.7 ± 1 

36 40.81397776 -2.217555655 1211 S 30 1.46 Multifunctional 
P. nigra 77.4 ± 37.1 8.7 ± 2.2 

Q. ilex 45.4 ± 7.8 5.8 ± 1.1 

24 40.67891682 -1.949361418 1377 SW 50 1.72 Mixture-4 

P. nigra 105.8 ± 29.6 13.6 ± 2.2 

P. sylvestris 127.6 ± 24.1 14.7 ± 1.7 

Q. faginea 60.8 ± 13.3 10.1 ± 1.5 

Q. ilex 76.6 ± 13.1 9.0 ± 0.9 

26 40.677634 -1.949266987 1387 N 30 1.88 Mixture-4 

P. nigra 130.0 ± 42.3 14.2 ± 2.5 

P. sylvestris 128.2 ± 26 16.8 ± 1.6 

Q. faginea 59.6 ± 15.2 10.8 ± 1.4 

Q. ilex 87.2 ± 16.7 9.1 ± 1.8 

29 40.67299394 -1.929263151 1354 SE 30 2.1 Mixture-4 

P. nigra 124.4 ± 24 13.8 ± 1.8 

P. sylvestris 126.5 ± 38.9 14.9 ± 0.4 

Q. faginea 44.6 ± 16.8 6.3 ± 0.9 

Q. ilex 61.4 ± 21.8 6.7 ± 1.7 
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Table S4.2: Statistical output of the mixed linear models where season (i.e., Spring, Summer, Fall), year (i.e., 2021 

and 2022) and species diversity referred as the factor Mixture (i.e., monospecific, monofunctional, multifunctional, 

and four-species mixture) were used as fixed effects, and plots were used as random effects for P. nigra, P. 

sylvestris, Q. faginea, and Q. ilex (*0.05≥P>0.01; **0.01≥P>0.001; ***P≥0.001). 

  P. nigra P. sylvestris Q. faginea Q. ilex 

Ψpd 

Season < 0,001 *** < 0,001 *** < 0,001 *** < 0,001 *** 

Year < 0,001 *** < 0,001 *** < 0,001 *** < 0,001 *** 

Mixture 0,0124 * <0,001 *** 0,0191 * 0,0205 * 

Season:Year <0,001 *** <0,001 *** <0,001 *** <0,001 *** 

Season:Mixture 0,004 ** 0,0013 ** <0,001 *** <0,001 *** 

Year:Mixture <0,001 *** <0,001 *** <0,001 *** <0,001 *** 

Ψmd  

Season < 0,001 *** < 0,001 *** < 0,001 *** < 0,001 *** 

Year < 0,001 *** < 0,001 *** < 0,001 *** < 0,001 *** 

Mixture 0,0266 * 0,0027 ** 0,0012 ** 0,0317 * 

Season:Year <0,001 *** <0,001 *** <0,001 *** <0,001 *** 

Season:Mixture <0,001 *** <0,001 *** <0,001 *** <0,001 *** 

Year:Mixture <0,001 *** <0,001 *** <0,001 *** <0,001 *** 

ΔΨ 

Season <0,001 *** <0,001 *** <0,001 *** <0,001 *** 

Year 0,0023 ** <0,001 *** 0,7819  <0,001 *** 

Mixture 0,007 ** 0,0126 * 0,0268 * 0,2127  

Season:Year <0,001 *** <0,001 *** <0,001 *** <0,001 *** 

Season:Mixture <0,001 *** <0,001 *** <0,001 *** <0,001 *** 

Year:Mixture <0,001 *** 0,0331 * 0,0213 * <0,001 *** 

gs 

Season <0,001 *** <0,001 *** <0,001 *** <0,001 *** 

Year <0,001 *** <0,001 *** 0,0059 ** 0,5155  

Mixture 0,0685  <0,001 *** 0,0175 * 0,0188 * 

Season:Year <0,001 *** <0,001 *** 0,5941  <0,001 *** 

Season:Mixture 0,0533  0,8269  <0,001 *** 0,0056 ** 

Year:Mixture 0,0888  <0,001 *** 0,0247 * 0,004 ** 

Anet 

Season <0,001 *** <0,001 *** <0,001 *** <0,001 *** 

Year <0,001 *** <0,001 *** 0,0101 * 0,9499  

Mixture 0,0169 * <0,001 *** 0,0053 ** 0,0196 * 

Season:Year <0,001 *** <0,001 *** <0,001 *** <0,001 *** 

Season:Mixture 0,0067 ** 0,8486  <0,001 *** <0,001 *** 

Year:Mixture 0,001 ** <0,001 *** 0,007 ** 0,1566  

δ18O 

Season <0,001 *** 0,0128 * <0,001 *** <0,001 *** 

Year 0,0353 * <0,001 *** <0,001 *** <0,001 *** 

Mixture 0,3081  0,003 ** 0,2593  0,7649  

Season:Year 0,0039 ** <0,001 *** 0,0415 * 0,1226  

Season:Mixture <0,001 *** <0,001 *** <0,001 *** <0,001 *** 

Year:Mixture 0,2179  0,7428  0,0024 ** <0,001 *** 

δ2H 

Season <0,001 *** <0,001 *** <0,001 *** <0,001 *** 

Year <0,001 *** <0,001 *** <0,001 *** <0,001 *** 

Mixture 0,768  0,0587  0,0135 * 0,46  

Season:Year <0,001 *** <0,001 *** <0,001 *** <0,001 *** 

Season:Mixture <0,001 *** <0,001 *** <0,001 *** <0,001 *** 

Year:Mixture 0,2232  0,3971  0,2027  <0,001 *** 
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Table S4.3: Statistical output of the mixed linear models where season (i.e., Spring, Summer, Fall), year (i.e., 2021 

and 2022) and species diversity referred as the factor Mixture (i.e., monospecific, and four-species mixture) were 

used as fixed effects, and plots were used as random effects for the contribution to xylem water of each water 

source: shallow (i.e., 0-20 cm), deep (i.e., 20-40 cm) and water stored in the fractured bedrock (i.e., bedrock) for P. 

nigra, P. sylvestris, Q. faginea, and Q. ilex (*0.05≥P>0.01; **0.01≥P>0.001; ***P≥0.001). 

  P. nigra P. sylvestris Q. faginea Q. ilex 

Shallow 

Season 0,0015 ** 0,001 ** < 0,001 *** < 0,001 *** 

Year 0,086  0,0379 * 0,1452  < 0,001 *** 

Mixture 0,3541  0,6684  0,0273 * 0,6352  

Season:Year 0,0296 * 0,1629  <0,001 *** <0,001 *** 

Season:Mixture 0,5856  0,3972  0,2357  0,3430  

Year:Mixture 0,0805  0,6096  0,4338  0,1985  

Deep 

Season 0,1309  0,0265 * 0,0379 * 0,0746  

Year 0,0497 * 0,0066 ** < 0,001 *** 0,0023 ** 

Mixture 0,7155  0,9159  0,3258  0,2654  

Season:Year 0,2276  0,3619  0,5931  0,3976  

Season:Mixture 0,4867  0,865  0,0113 * 0,6509  

Year:Mixture 0,2998  0,9125  0,1079  0,4826  

Bedrock 

Season 0,4334  0,9316  <0,001 *** 0,0188 * 

Year 0,2113  0,032 * 0,0011 ** 0,1196  

Mixture 0,4635  0,3943  0,1026  0,5215  

Season:Year 0,9496  0,8134  0,1867  0,0614  

Season:Mixture 0,1017  0,1797  0,0171 * 0,5784  

Year:Mixture 0,979  0,7395  0,0031 ** 0,6117  
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Chapter 5 

General discussion 

 Mixing functionally contrasting tree species has the potential to mitigate the adverse effect 

of drought on tree water relations and water dynamics, which could ultimately delay the onset of 

hydraulic failure and reduce the global tree mortality phenomenon. Throughout my work, I 

investigated the effect of tree species diversity on tree hydraulic acclimation to drought and heat at 

the leaf (Chapter 2 & Chapter 4), stem (Chapter 3), and in belowground (Chapter 4) 

compartments under chronic drought in open-top chambers and during summer droughts in natural 

dry forests. I compared the physiological responses to drought and heat in monospecific and 

mixtures of two or four functionally contrasting tree species from European forests. Overall, I 

investigated six tree species from different functional groups (conifer and broadleaves) ranked from 

drought-sensitive to drought-tolerant in the following order (using their isohydricity): Pinus 

sylvestris, Pinus nigra, Fagus sylvatica, Quercus pubescens, Quercus faginea, and Quercus ilex. 

These tree species are widespread in Europe and the Mediterranean basin with for instance P. 

sylvestris covering a range from Spain to Russia, making them prime targets for forest management 

and conservation options (San-Miguel-Ayanz et al.,  2016). In the following parts, I will first discuss 

the functional diversity of hydraulic traits that I observed in European forests. Then, I will discuss 

how mixing these functionally contrasting tree species affects their water dynamics under drier and 

warmer conditions.  

5.1 Functional diversity in water relations and responses to 

drought and heat  

 Each tree species is characterized by a unique set of functional traits that classify them into 

functional groups and induce specific responses to drier and warmer conditions. The combination 

of functionally contrasting species drives the community structure and dynamic during extreme 

events as numerous studies highlighted the predominance of functional diversity over species 

richness per se on ecosystem functioning (Díaz & Cabido, 2001). Hence, before discussing the 

effect of species diversity and interactions on forest drought vulnerability, I will describe the diversity 

of water-related functional traits and responses to heat and drought found in European tree species.  

 

 European tree species display a large variety of hydraulic traits driving whole-tree water 

dynamics under drier and warmer conditions from root water uptake to leaf evaporation. 

Belowground, the maximum water uptake depth depend on a combination of the soil structure, 

depth, and the species-specific rooting system (Canadell et al., 1996; Dawson et al., 2020; Schenk 

& Jackson, 2005). In my work, I observed that water uptake was highly variable between interacting 
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species in natural forests, ranging from 10 cm to more than 40 cm during the driest conditions 

(Chapter 4), suggesting important diversity in water sources. Moreover, I observed that while pines 

(P. nigra & P. sylvestris) and oaks (Q. faginea & Q. ilex) shifted their water uptake depth as the soil 

dried out during the summer, the pines’ shallow rooting system more strongly limited the 

accessibility to deep soil layers compared to deep-rooted oaks (Chapter 4), leading to a clearer 

belowground water source partitioning during drought.  

 However, shallower roots also suggests higher drought vulnerability in pines. Indeed, 

Kahmen et al. (2022) confirmed that a shallower rooting system in temperate European forests was 

directly linked to higher drought vulnerability, resulting in stronger stomatal regulation to avoid 

excessive water loss as drought stress increased (i.e., low water potential at predawn; Ψpd). Hence, 

pines close their stomata as soon as drought intensity increases (i.e., isohydric behaviors), leading 

to limited water loss at the expense of reduced carbon assimilation (Lévesque et al., 2014; 

Martínez-Sancho et al., 2017). In contrast, beech (not accessed in this work but shown in Meier et 

al., 2018) and oak trees that potentially access more abundant and deeper water sources  maintain 

their water uptake and use for a longer time during drought (i.e., anisohydric), resulting in higher 

water consumption (Leuschner et al., 2019; Yi et al., 2017, Fig. 5.1). Such disparity in stomatal 

behaviors between conifers and broadleaves appeared during the summer drought in natural dry 

forests where P. sylvestris did not reach water potential at midday (Ψmd) lower than -2.5 MPa, 

whereas Q. ilex exhibited Ψmd at -4 MPa at the driest time point (Chapter 4). However, while pines 

(i.e., P. nigra and P. sylvestris) and oaks (i.e., Q. pubescens, Q. ilex, Q. faginea) presented clear 

iso vs. anisohydric stomatal behaviors, as widely observed previously in temperate and  

Mediterranean forests (e.g., Aguadé et al., 2015; Backes & Leuschner, 2000; Roman et al., 2015), 

F. sylvatica experienced higher reduction in stomatal conductance (gs) compared to oaks species 

(Chapter 2, Fig. 5.1). Indeed, Leuschner et al. (2022) described F. sylvatica as strictly anisohydric 

but still less drought tolerant than oak species (Meyer et al., 2020), pointing out the wide range of 

drought tolerance and water use strategies between conifers and broadleaves, but also within 

broadleaves, in European forests (Klein, 2014; Martínez-Vilalta et al., 2014). 

Moreover, European trees species differed largely in their leaf allometry depending of the 

functional group (needle vs. leaves) with specific leaf area (SLA) 75% smaller for P. nigra compared 

to F. sylvatica. In addition, I observed a strong correlation between SLA and drought tolerance for 

broadleaves across all my studies. Overall, SLA varied between 176 cm² g-1 and 53 cm² g-1 for F. 

sylvatica and Q. ilex, respectively, highlighting the large variability in leaf structure between the 

studied broadleaved species (Fig. 5.1). As previously observed in response to drier conditions (e.g., 

Martin-Stpaul et al., 2013; Valladares & Sánchez-Gómez, 2006), I found consistently smaller and 

thicker leaves for tree species from more arid climates (Chapters 2 & 3; Fig. 5.1). This large 

diversity in leaf structure can help characterize species tolerance to drought and point out species 

that may be at higher risk of mortality. For instance, the large and thin leaves of F. sylvatica with 



123 
 

high stomatal sensitivity to drought and high minimum stomatal conductance (gmin) (Chapter 2) 

could lead to higher risk of drought-induced mortality, especially on shallow soils with limited water 

retention capacity (Klesse et al., 2022; Leuschner, 2020). Similarly, oak species with their 

anisohydric behaviors (Forner et al., 2018) and large canopy (Chapter 2) maintained larger 

hydraulic conductivity during summer droughts at the risk of accumulating cavitation events leading 

to higher mortality risk (i.e., narrower hydraulic safety margin; HSM) (Chapter 3, Choat et al., 2012; 

Greenwood et al., 2017). On the contrary, by limiting the water loss through the needles during 

drought via reduced gs and SLA, pines have a smaller stem hydraulic conductivity but also a smaller 

risk of wood cavitation (i.e., large HSM) (Chapter 3).  

 

 

 

 

 

Figure 5.1: Relationships between the light-saturated stomatal conductance (gs) and the leaf water potential at 

predawn (Ψpd) for P. nigra (PN; dark blue), P. sylvestris (PS; medium blue), F. sylvatica (FS; light blue), Q. pubescent 

(QP; orange), Q. faginea (QF; red), and Q. ilex (QI; dark red). Lines represent the exponential regressions with solid 

lines standing for significant relationships within given species and across all species richness and climatic 

treatments. The captions in the upper left corners represent the mean specific leaf area (SLA) for each species for 

all species richness and years (i.e., 2020, 2021, 2022, mean ± sd). Letters denote significant differences between 

species. 
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In addition, trees can acclimate their traits to better tolerate changing environmental 

conditions, thereby potentially broadening the diversity of functional strategies found in forests 

during extreme events. For instance, tree species can modulate their water potential at turgor loss 

point (ΨTLP) over the growing season (e.g., Bartlett et al., 2014; Serrano et al., 2005) or during 

chronic drought exposure (e.g., Chapter 2, Binks et al., 2016; Deligoz & Gur, 2015). In my work, I 

also found large variability in ΨTLP varying from control and hot drought conditions by 27% and 30% 

for F. sylvatica and Q. pubescens, respectively (Chapter 2). However, while most of the previous 

studies observed consistently low ΨTLP in arid conditions (e.g., Kunert et al., 2021; Zhu et al., 2018), 

I measured for oak and beech higher ΨTLP, suggesting a shift to more conservative behaviors that 

could extend the stomatal safety margin, protect the xylem from cavitation, and potentially delay 

hydraulic failure (Martin-StPaul et al., 2017). Moreover, I also observed a strong acclimation in 

canopy size with a reduction by 59% and 74% for F. sylvatica and Q. pubescens in response to hot 

drought, in addition to decreased stomatal conductance (and hence total water use), which further 

broadened the range of water use strategies during drier conditions (Chapter 2). 

 Overall, these findings place the leaf water relations as key elements that modulate species 

drought resistance. Although I did not measure the vulnerability to xylem cavitation, i.e., defined as 

the water potential at 50% hydraulic conductance loss (P50), in my studies, I observed low variability 

in P50 between species in the database extracted from Choat et al. (2012) with values ranking from 

-2.8 MPa for P. nigra to -3.9 MPa for Q. faginea. This highlights that even if leaf-level traits varied 

largely among the studied species, vulnerability to cavitation did not. Hence, even if P50 is a key 

hydraulic trait, widely used to describe tree drought vulnerability and diversity (Choat et al., 2012; 

Delzon & Cochard, 2014), it seems to be less relevant than the leaf water-relations such as LA and 

ΨTLP. Indeed, Rowland et al., (2023) concluded from a global data analysis that P50 shifted from a 

maximum of 1 MPa in response to drought, which could potentially not be enough to protect against 

severe hydraulic impairments. Rosas et al. (2019) further found that tree adjustments to drier 

conditions relied more on leaf adjustments through lower ΨTLP than the xylem safety with lower P50. 

Furthermore, increasing air temperature enhances the evaporative demand due to higher VPD, 

which could ultimately cause numerous hydraulic impairments at the leaf and stem levels. Although, 

during my experiment, I didn’t observe the direct effect of heat acting alone on the measured water-

related traits (gs, gmin, ΨTLP), probably due to the limited increase in mean VPD by 1KPa, Schönbeck 

et al. (2022) observed reduction of gmin and higher cavitation events due to increased VPD by 2.5 

KPa on the same species. Hence, future work should focus especially on the diversity in leaf 

hydraulic traits, and how they may be driving the vulnerability of species to a worsening of drought 

events with global warming. 
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Key finding: European tree species have a large spectrum of water-related physiological traits, 

leading to a gradient of vulnerability to drought. In addition, I showed that acclimation to drought 

and heat can broaden this functional diversity even further. Furthermore, leaf hydraulic traits are 

also important indicators of the drought tolerance and mortality risks of species. My work showed 

that the leaf area and stomatal behavior are main drivers of drought-induced hydraulic impairments 

in European forests and may provide stronger indicators of mortality risks than P50. This is 

particularly important for future work as the increasing VPD resulting from higher temperatures 

could exacerbate canopy water loss and tree mortality risk during drought. Hence, my work 

suggests that the warming-induced worsening of drought could potentially lead to the decline of the 

widely distributed European tree species such as F. sylvatica or P. sylvestris, which showed not 

only low drought tolerance but also limited acclimation potential.  
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5.2 Species diversity effect on tree water dynamics and tree 

tolerance to drier and warmer conditions 

 The combination of diverse tree species with contrasting functional traits has the potential 

to affect forest ecosystem dynamics due to positive but also negative species interactions. 

Numerous studies, mainly on grasslands, observed strong beneficial effects of increasing 

functional diversity on ecosystem functions and services, including multifunctionality (Hong et al., 

2022; Manning et al., 2018), revealing that biodiversity is a key factor for ecosystem conservation 

and stability (Ampoorter et al., 2020). Hence, mixing functionally contrasting tree species has been 

widely advocated as a climate-smart forest management practice that could help alleviate the 

adverse effects of extreme droughts in forests. In the following section, I will discuss how mixing 

European tree species could modulate their in-situ water dynamics and tolerance to drier and 

warmer conditions. 

 In my work, I found mainly adverse effects of mixing tree species (on leaf and xylem 

functions) during chronic drought exposure and natural seasonal summer droughts. This 

observation contradicts the breath of work pointing to positive effects of functional diversity on forest 

drought resistance (e.g., Liu et al., 2022; Pretzsch et al., 2013). However, contrary to my work, 

most studies have focused largely on wood production and stem hydraulic traits until now (e.g., 

productivity, P50, wood density) when assessing diversity effects (e.g., Anderegg et al., 2018; Liang 

et al., 2016). Indeed, I observed that when rather drought-sensitive pines (P. nigra and P. sylvestris) 

and F. sylvatica interacted with more drought-tolerant oaks (Q. ilex, Q. faginea, and Q. pubescens) 

under drier soil conditions, they experienced stronger drought stress (i.e., lower Ψpd) and tighter 

stomatal regulation (i.e., lower reduction in gs) compared to their monocultures (Chapters 2 & 4, 

Fig. 5.2). However, these responses were not necessarily accompanied by lesser drought impacts 

for the other interacting species. Following the increasing xylem tension in more diverse stands, 

the xylem-specific hydraulic conductance (KS) decreased more strongly in mixed compared to 

monospecific stands due to more frequent cavitation events for all species. Among other adverse 

consequences, this could lead to increasing mortality risk in mixed stands during drought 

(Chapters 2 & 3). Indeed, I observed advanced hydraulic failure for F. sylvatica mixed with oak 

when drought-induced mortality was simulated with the SurEau model (Chapter 2). The same 

pattern was observed by Searle et al. (2022) who found higher mortality risk in diverse temperate 

forests due to higher stem density and productivity. However, it is important to point out that in arid 

climates, none of the Mediterranean tree species, except Q. faginea in monospecific stands, were 

close to their critical mortality thresholds all along the growing season (i.e., positive HSM), revealing 

a large operational range of coping with water stress regardless of species strategy (i.e., iso-

anisohydric) or species interactions (Chapter 3, Forner et al., 2018).  
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 Nevertheless, my work highlighted still the occurrence of positive belowground species 

interactions mechanisms in more diverse forests. Indeed, I observed a strong belowground water 

source partitioning as the soil dried out in summer in mixed forests due to pines taking up water 

from shallower water sources than oaks. This reduction in water competition resulted in a slight 

increase in gs for the oaks in mixtures of two species under dry conditions (Fig. 5.2). However, the 

apparent positive species interaction mechanism was not enough to overcome the adverse effects 

of drought on aboveground tree water relations for the more drought-sensitive species (Chapter 4, 

Fig. 5.2). Similarly, del Castillo et al. (2016) explained higher drought stress for pines compared to 

oaks in Mediterranean pine-oak mixed forests because of pine roots being limited to the upper soil 

layers that evaporate faster during drought. These findings highlight that belowground niche 

partitioning, although it may play an essential role in temperate forest drought tolerance (e.g., 

Weides et al., 2023), is insignificant when soil drought becomes too intense, probably due to niche 

Figure 5.2: Mean (±SE) leaf water potential at predawn (Ψpd) and light-saturated stomatal conductance (gs) for 

each species richness levels (i.e., 1, 2, 4) for P. nigra (dark blue), P. sylvestris (medium blue), F. sylvatica (light 

blue), Q. pubescens (orange), Q. faginea (red), and Q. ilex (dark red) in well-watered conditions (i.e., control and 

heating treatments in the open-chamber experiment, and Spring for natural forests) and dry conditions (i.e., drought 

and hot drought treatments, and Summer) for all years (i.e., 2020, 2021, 2022). Letters denote significant 

differences with the monospecific stands (i.e., species richness 1) for each species. 
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overlapping caused by a shift in water sources to deeper soils (Rodríguez-Robles et al., 2020). 

This is why in the same Mediterranean forests, Jucker et al. (2014) found larger crowns for pines 

due to improved water accessibility when mixed with oaks under well-watered conditions. However, 

during very dry years, pine’s productivity declined more strongly in mixed than monospecific stands, 

confirming the limitation of niche partitioning to overcome drought stress. This shift in species 

diversity effect depending on the environmental conditions is following the “stress-gradient 

hypothesis” that states that under mild stress, facilitation and niche partitioning processes should 

increase plant tolerance but when conditions get too extreme, positive interactions between 

species may change to increasing competition for resources (Haberstroh & Werner, 2022; Michalet 

et al., 2014; Ratcliffe et al., 2017). 

 Overall, while I observed mainly adverse effects of species diversity on leaf and wood 

hydraulic traits for all species, those were consistently exacerbated for the most drought-sensitive 

species (i.e., P. nigra, P. sylvestris, and F. sylvatica) in European forests (Fig. 5.2). These results 

were confirmed by previous studies in Mediterranean and temperate forests that observed negative 

or neutral diversity effects on drought resistance or productivity, especially for the most drought-

sensitive species (e.g., Aguadé et al., 2015; Bonal et al., 2017; Grossiord et al., 2014). The potential 

drivers of these diversity effects could be related to the differences in canopy size, isohydric 

strategy (i.e., iso vs. anisohydric behaviors), and maximum rooting depth, highlighting the 

importance of considering the physiological characteristics of the interacting species rather than 

the species richness per se (Forrester et al., 2016; Gillerot et al., 2021). Aboveground, trees with 

larger canopy and more tolerant to soil moisture reductions would exhaust faster the belowground 

water resources, even if the different rooting systems between species lead to water source 

partitioning. As a result, the unbalanced consumption of water and limitation to shallow soil layers 

more prone to evaporation lead to a general impairment of the most drought-sensitive species in 

mixed forests. These findings support the general shift from drought-sensitive to more drought-

tolerant tree species in forest communities as observed in European dry forests where pines are 

slowly replaced by oaks in the understory (Wohlgemuth et al., 2018) or in temperate forests where 

oaks overtake beech (Rubio-Cuadrado et al., 2018). Hence, species at their dry limit of distribution 

like P. sylvestris in Spain (Durrant et al., 2016) are more sensitive to soil water deficit (Lévesque et 

al., 2013) and could be slowly replaced by more drought-adapted species, resulting in a general 

decline of the local maladapted species, and potentially of tree species diversity.  
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Key findings: Overall, tree species diversity has mainly a negative effect on individual tree water 

dynamics and tolerance during drought for all interacting species. However, these adverse effects 

were exacerbated for the most drought-sensitive tree species, resulting in their potential decline 

over the long-term. In my work, I further observed that the local environment but also the species-

specific leaf area, water use rates, stomatal behaviors, and maximum rooting depths are the 

principal drivers of tree competitiveness and species interactions in forests subjected to drought. 

Indeed, tree species with higher leaf areas, transpiration rates, and deeper roots, exhaust water 

resources more rapidly in mixtures, thereby enhancing drought stress for the other species but not 

necessarily at their own benefit. Hence, although mixing contrasting tree species bring numerous 

positive effects for forest ecosystems, the warming-induced worsening of drought will not be offset 

by only favoring more diverse forests in Europe. 
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General conclusions & Perspectives 

 Improving the tolerance of European forests to climate-change is necessary to maintain all 

the vital functions and services they provide (Manning et al., 2018). Mixing tree species with 

contrasting functional traits was often described as an ideal solution to improve forest drought 

resistance (e.g., Grossiord, 2020). With my thesis, I improved our knowledge on the importance of 

tree species diversity in forests, and the underlying mechanisms driving diversity effects.  

 European trees exhibited a large range of leaf-, stem- and root-level strategies to cope with 

drier and warmer conditions from rather drought-sensitive species (i.e., P. nigra, P. sylvestris, and 

F. sylvatica) to more drought-tolerant ones (i.e., Q. pubescens, Q. ilex, and Q. faginea). This wide 

range of drought tolerance and physiological traits suggested a high potential for beneficial diversity 

effects during extreme events. Yet, under natural seasonal droughts and chronic experimental 

drought, I observed that mixing functionally contrasting species tended to enhance the drought 

stress for all species, especially for the most drought-sensitive tree species. Hence, the species-

specific drought vulnerability and species diversity effects seem intrinsically related and could result 

in a potential decline of the most drought-sensitive species in mixed forests. Moreover, I observed 

that the drought vulnerability and diversity effects were mainly driven by specific traits of the 

interacting species, including species-specific evaporative surface and total leaf area, the water 

use strategy that is determined by species-specific stomatal behaviors, the maximum rooting depth, 

and the local environmental conditions (dry vs. wet conditions). Variability in these functional traits 

further highlighted the vulnerability to climate change and higher mortality risk of widely distributed 

and iconic European tree species such as P. sylvestris and F. sylvatica, inducing potential future 

massive changes in forest structure, composition, and diversity. 

 Nevertheless, although this work demonstrated that mixing contrasting tree species will not 

always improve forest drought resistance, it is important to point out that biodiversity can support 

multiple ecosystem services (Ampoorter et al., 2020; Messier et al., 2022). Moreover, the 

importance of diversity should highly depend on ontogeny, species characteristics, and other 

environmental conditions not assessed in this work (Kambach et al., 2019). Further investigations 

in different climates, species richness levels, and species compositions are necessary to improve 

predictions on forest dynamics under future climate. This includes assessing also other potential 

mechanisms of diversity effects such as the facilitation processes that may arise in more diverse 

forests and affect the canopy microclimate by mitigating effects of high VPD. Multiple studies have 

pointed out the rising role of VPD and high temperature in driving future forest dynamics (e.g., De 

Frenne et al., 2021; Zhang et al., 2022). Hence, mitigating these impacts will likely be dependent 

on environmental conditions in forests canopies. 
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Abstract 

 Temperature (T) and vapour pressure deficit (VPD) are important drivers of plant hydraulic 

conductivity, growth, mortality, and ecosystem productivity, indepen- dently of soil water availability. Our 

goal was to disentangle the effects of T and VPD on plant hydraulic responses. Young trees of Fagus sylvatica 

L., Quercus pubescens Willd. and Quercus ilex L. were exposed to a cross‐combination of a T and VPD 

manipulation under unlimited soil water availability. Stem hydraulic conductivity and leaf‐level hydraulic traits 

(e.g., gas exchange and osmotic adjustment) were tracked over a full growing season. Significant loss of xylem 

conductive area (PLA) was found in F. sylvatica and Q. pubescens due to rising VPD and T, but not in Q. ilex. 

Increasing T aggravated the effects of high VPD in F. sylvatica only. PLA was driven by maximum 

hydraulic conductivity and minimum leaf conductance, suggesting that high transpiration and water loss 

after stomatal closure contributed to plant hydraulic stress. This study shows for the first time that rising 

VPD and T lead to losses of stem conductivity even when soil water is not limiting, highlighting their rising 

importance in plant mortality mechanisms in the future. 

Keywords: Fagus sylvatica, hydraulic conductivity, PLA, PLC, Quercus ilex, Quercus pubescens, X‐ray 

micro‐CT 
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A1.1 Introduction 

 

 Rising temperatures (T) have caused exponential increases in atmospheric evaporative 

demand (i.e., vapour pressure deficit [VPD]) in many parts of the world (Dai, 2006; Grossiord, 

Buckley, et al., 2020), as the air humidity is not increasing at the same speed as the exponentially 

rising saturation vapour pressure of the atmosphere. As a result, T and VPD have been identified 

as increasingly important drivers of plant hydraulic conductivity losses (Olson et al., 2020), growth 

reduction (Trotsiuk et al., 2021), plant mortality (Adams et al., 2009; Allen et al., 2015) and reduced 

ecosystem productivity (Ciais et al., 2005). Many studies focus on plant responses to a combination 

of soil drought and either high T (‘hot droughts') (Allen et al., 2015; Cochard, 2019; Grossiord et 

al., 2018; Rehschuh et al., 2021), or high VPD (Anderegg & Meinzer, 2015; Eamus et al., 2013; 

Fontes et al., 2018). For example, high VPD combined with soil drought leads to extreme xylem 

tensions and embolisms (Tardieu & Simonneau, 1998). VPD and soil water dynamics are generally 

closely coupled on timescales from months to seasons (Liu et al., 2020; Novick et al., 2016), but 

their individual contributions to plant hydraulics on the timescale from days to weeks are not well 

established. Disentangling T and VPD under field conditions is challenging because higher T 

inherently increases VPD (Urban et al., 2017). As a result, few studies have isolated the 

physiological effects of rising VPD versus T on plants without soil moisture stress, limiting our ability 

to anticipate future impacts on terrestrial ecosystems. 

 Higher VPD enhances the driving force for water loss from the leaves. When the water 

demand exceeds the supply, the water potential in the leaves and stems becomes more negative, 

which below a given threshold, can lead to embolisms in the xylem vessels, in turn causing a loss 

of hydraulic conductivity (K). Due to species differences in vessel pit structure and width, some 

species are more vulnerable to embolisms than others (Lens et al., 2011; Tixier et al., 2014). To 

prevent expensive and sometimes irreparable damages, leaves regulate water loss under high 

evaporative demand and/or low soil moisture by controlling stomatal opening, thereby regulating 

leaf and stem water potentials (Martínez‐Vilalta et al., 2014). With increasing VPD, leaf stomata 

close gradually (Jarvis & McNaughton, 1986; Monteith, 1995). Although the exact sensing 

mechanism involved in stomatal closure to rising VPD is unclear, it is thought to involve changes 

in the water status in stomatal guard cells mediated by hormonal signals like abscisic acid (Buckley, 

2005; McAdam & Brodribb, 2016). While it is generally thought that stomata close to prevent 

embolisms, the relationship between the two is still under discussion, and it is unknown whether 

and to what extent embolisms may occur before stomata are fully closed (Hochberg et al., 2017). 

 The rate at which stomatal closure occurs, that is, the stomatal sensitivity to VPD (m), differs 

per species and along climatic gradients, with plants adapted to more xeric biomes having lower 

stomatal sensitivity to changes in VPD (i.e., stomata close more slowly) than those adapted to 

mesic ones (Martínez‐Vilalta et al., 2014; Novick et al., 2016). Yet, how stomatal sensitivity variation 
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between xeric and mesic species alters hydraulic damages without soil moisture limitation remains 

unclear. Moreover, stomatal sensitivity can be adjusted in response to enduring environmental 

stress. For instance, Cardoso et al. (2020) showed that stomatal closure in response to VPD was 

delayed in plants with lowered leaf osmotic potential. This reduction in osmotic potential is 

achieved, among others, by accumulating soluble sugars in the cells, which lowers the turgor loss 

point (ψTLP), that is, the leaf water potential below which the cells lose turgor and start to wilt. Such 

a response would allow extended stomatal opening and higher water losses before risking hydraulic 

failure under high VPD, thereby benefiting carbon assimilation. However, while adjustment of 

osmotic potential has been documented in roots and leaves in response to soil drought (Schönbeck 

et al., 2018), it is unknown whether similar mechanisms occur in response to high VPD and/or T 

under ample water supply. 

 Even after stomatal closure, water loss continues through incompletely closed stomata and 

the cuticle (i.e., minimum leaf conductance, gmin) (Duursma et al., 2019), representing a significant 

risk for plants, particularly in the context of rising VPD. The cuticle, meant to serve as a protective 

leaf shield against water loss, pathogens and UV damage (Kerstiens, 1996; Schuster et al., 2017), 

still provides a significant alternative pathway for water to exit the leaf, with its conductance even 

exceeding that of leaky stomata (Gardingen & Grace, 1992). The mechanisms behind gmin and the 

role of the cuticle are still poorly understood, as are the responses of gmin to environmental changes. 

A reduction in gmin was observed in response to soil drought and increasing VPD (Bengtson et al., 

1978; Drake et al., 2018; Gardingen & Grace, 1992). In response to high T, both steep increases 

of gmin (Schuster et al., 2016) and reduction due to long‐term heat stress have been demonstrated 

(Duursma et al., 2019). Nevertheless, the possible prominent role of gmin in total water loss indicates 

that the mechanism must be considered a final step to plant desiccation under plant stress 

conditions. 

 In addition to leaf hydraulic properties, leaf T control is essential to maintain photosynthetic 

capacity under high T because bio- chemical processes like photosynthesis and respiration have 

a certain T optimum, below and above which these enzymatic processes slow down (Berry & 

Bjorkman, 1980). Higher T can induce stomatal opening to provide leaf cooling by evaporation 

(Urban et al., 2017), and may thus induce opposite effects to high VPD. Thermal tolerance, that is, 

the ability to photosynthesise under a specific high T (Seemann et al., 1984), might be strongly 

connected to plant hydraulics and drought tolerance (Gimeno et al., 2009; Knight & Ackerly, 2002), 

with low thermal tolerance requiring more leaf cooling and resulting in a high water demand under 

warm conditions. Xeric species adapted to dry conditions may thus have the possibility for stronger 

leaf cooling without risking hydraulic failure compared to mesic species (Urban et al., 2017). Higher 

T also decreases water viscosity, allowing higher leaf transpiration rates and possibly exerting more 

substantial reductions in leaf and stem water potential in addition to high VPD (Cochard, Martin, et 

al., 2000; Yang et al., 2020). 
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 In this study, our goal was to disentangle the effects of T and VPD on plant hydraulic 

responses. We exposed well‐watered young trees from Fagus sylvatica L., Quercus pubescens 

Willd. and Quercus ilex, three species differing in hydraulic safety strategies (Supporting 

Information: Table SA1.1 and Figure SA1.1), to a cross‐combination of a T and VPD manipulation 

under unlimited soil water availability. We tracked the response of stem hydraulic conductivity and 

the leaf‐ level mechanisms that may drive the loss of conductivity (gs, m, gmin, ψleaf, ψTLP, leaf sugar 

concentrations). Specifically, we investigated whether increasing T and VPD would induce 

hydraulic stress in the form of a higher percentage loss of conductive area (PLA, %) of the stem 

xylem. We used microcomputed tomography (µCT) to deter- mine PLA and confirmed the method 

with pressure‐flow techniques to assess loss of hydraulic conductance (PLC, %) (Sperry et al., 

1988). We compared PLA responses with a range of plant traits (gs, gmin, Ks leaf sugar 

concentrations, and ψTLP) to find potential drivers of PLA among all three species. We hypothesised 

that (1) increasing VPD, independent of T changes and in the absence of soil drought, causes 

tension on the hydraulic transport system as long as stomata remain open by reducing leaf water 

potential and inducing loss of xylem conductivity (PLC and PLA) with mesic species being more 

strongly affected than xeric ones; (2) higher T alone leads to higher foliar transpiration (and little to 

no stomatal regulation) thereby supporting leaf cooling but causing an aggravating effect on the 

loss of conductivity in combination with increasing VPD, especially in mesic species with a lower T 

optimum. 
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A1.2 Materials and Methods 

A1.2.1 Species and experimental setup 

 

 Three ecologically and hydraulically contrasting tree species relevant to a wide range of 

European forest ecosystems were selected for the experiment. On a gradient from mesic to xeric 

species, these are: the maritime‐temperate European beech (Fagus sylvatica L., provenance 

Biberist, Switzerland, 440–490 m asl), the sub‐Mediterranean pubes- cent oak (Quercus 

pubescens Willd., provenance Leuk, Switzerland, 720–750 m asl), and the Mediterranean holm 

oak (Quercus ilex, provenance Veneto region, Italy, 0–50 m asl) (Supporting Information: Figure 

SA1.1, Table SA1.1 for ψTLP, Kmax and ψP50). In March 2020, 108 even‐sized 3‐year‐old trees per 

species were planted from quick‐pots into 3 L pots filled with water‐retaining soil (40% clay, 25% 

bark compost, 20% broken puffed clay, 15% peat replacement from wood fibres; 

Kübelpflanzenerde, RICOTER Erdaufbereitung AG, Aarberg, Switzerland). Quick‐pots are tree 

propagation trays (650 cm3) which allow the roots to stay connected to the soil and not to be 

disturbed during transplanting. This study used six climate chambers (PGV36, Conviron) at the 

Phytotron facility of ETH, Zürich, Switzerland, to manipulate air T and VPD using a factorial design, 

each housing 18 individuals per species. The light roofs of the climate chambers were adjusted in 

height so that light intensity at canopy height was in all chambers ~390 µmol m−2 s−1. At this light 

intensity, all three species are at, or approach their light saturation point (Čater & Kobler, 2017; 

Pena‐Rojas et al., 2004; Petersson et al., 2020; Staudt et al., 2003). All plants were regularly (i.e., 

every 2–3 days) watered by hand to ensure complete soil hydration, and soil volumetric water 

content (VWC) was manually measured bi‐weekly to ensure no soil drought occurred (Supporting 

Information: Figure SA1.2). 

 Due to a lockdown during the global pandemic of 2020, the plants were kept in a cool 

climate chamber (4°C) with 6 h of day length during March and April 2020 to delay bud break until 

access to the climate chambers was possible in May 2020. The plants were first exposed to an 

acclimation period of 5 weeks to recover from the transport and leaf flush inside the climate 

chambers. During this period, all chambers were set to 16 daylight hours, T of 25°C, and relative 

humidity (RH) of 50%. Nighttime was 6h long with a T of 15°C and RH of 50%. One‐hour dawn and 

dusk occurred between day and night. Air T and humidity were continuously (10 min resolution) 

measured at canopy height in each chamber with Onset HOBO MX T and RH loggers (Onset 

computer corporation). 

 After the acclimation period, three chambers were set to daytime T of 25°C and three to 

30°C. Nighttime T was set to 10°C lower than during the day in all chambers (i.e., 15°C and 20°C). 

Within every T group, chambers were given a low (1 kPa ± 0.3), medium (1.6 kPa ± 0.3), or high 

(2.2 kPa ± 0.3) daytime VPD treatment by setting RH to reach the desired VPD levels. The highest 
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VPD level was selected based on the physical limitations of the climate chambers to reach a 

maximum temperature of 30°C and the minimum RH that could be reached with the addition of a 

dehumidifier. While a VPD of 2.2 kPa is not excessive compared to what the xeric species in this 

study experience during the dry season in their natural habitat (Tognetti, Longobucco, et al., 1998), 

we do believe the range of VPD was sufficient to induce plant hydraulic changes. Because of 

difficulties in regulating humidity levels in the chambers, RH was kept similar during day and night, 

even though such conditions are unlikely in real‐world conditions. The goal RH was calculated by 

solving the equation for VPD using the Tetens formula (Monteith & Unsworth 2013). VPD was 

calculated as the difference between saturated and actual VPD: 

𝑎𝑐𝑡𝑢𝑎𝑙 𝑉𝑃𝐷 =
(𝑅𝐻∗𝑉𝑃𝐷𝑠𝑎𝑡)

100
 (1), 

𝑉𝑃𝐷𝑠𝑎𝑡 = 0.6108 ∗ 𝑒
17.27∗𝑇

𝑇+237.3  (2), 

where VPsat is saturated VP at a given T in °C. 

 A humidifier was added to the chamber with 30°C + low VPD (to reach 78% RH), and 

dehumidifiers were used to increase VPD as high as possible in the 25°C and 30°C chambers + 

high VPD. While all chambers maintained stable T throughout the experiment, the difficulty in 

manipulating air humidity in the chambers led to slight VPD variation over time (Supporting 

Information: Figure SA1.2). Despite this, VPD levels were consistently within the set range (0.7–

1.3 kPa for low, 1.3–1.9 kPa for medium, and 1.9–2.5 kPa for high VPD) (Figure A1.1 and 

Supporting Information: Figure SA1.2). 

 Six plants per chamber and species were randomly selected for repeated physiological 

measurements. The physiological measure- ments were carried out during four campaigns that 

were held at a ~5‐ week interval, with the first campaign just before the start of the treatments: 1–

10 June (campaign 1, pretreatment); 13–23 July (campaign 2, +5 weeks); 26 August–4 September 

(campaign 3, +10 weeks); and 19–31 October (campaign 4, +15 weeks). Across all campaigns, 

physiological measurements were performed on the same leaf of each individual, unless the leaf 

wilted or dropped. During each campaign (apart from campaign 3), six randomly selected 

individuals per chamber and species were harvested for destructive measurements as described 

below (Supporting Information: Figure SA1.2). The individuals used for physiological 

measurements were harvested during the last campaign. 
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Figure A1.1: Average temperature and vapour pressure deficit (VPD) in the six climate chambers. Plants were 

exposed to two temperature treatments (25°C and 30°C) and three VPD levels that are defined by low (L), middle 

(M) and high (H) VPD. Symbols indicate the average (±SD) over the total treatment period (June 1st – November 

8th, 2020). 

 

A1.2.2 Stomatal conductance and VPD response 

 

 Stomatal conductance (gs, mmol m−2 s−1) and transpiration (E, mmol m−2 s−1) were 

measured on each tree selected for repeated physiological measurements (six replicates per 

species) during each campaign using four LiCor LI‐6800 (LiCor Inc.). One leaf was clipped in the 

cuvette, set to ambient chamber T and RH, with a light intensity of 1500 µmol m−2 s−1 PAR and 

flow at 500 µmol s−1. While 1500 µmol m−2 s−1 is well above the ambient light conditions in the 

chambers, using this standard light value during gas exchange measurements ensures cross‐

comparison with other studies and light‐saturation of the trees. The leaf was left acclimating for 20 

min or longer if needed to reach stable gs. The gs at 400 ppm CO2 was extracted from 

photosynthesis over CO2 (A/Ci) measurements, including three log entries at 400 ppm CO2. The 

three measurements were then averaged. 

 Response curves of gs to VPD variation were measured on five replicates per species by 

measuring gs at 75, 60, 45, 30, 15 and 5% RH, with similar light, CO2, T, and flow as described 

above. RH was chosen to vary instead of VPD to ensure that the VPD would be solely controlled 

by RH in the LiCor instrument. Each step included a minimum waiting time of 15 min for F. sylvatica 

and 20 min for both Quercus species to allow for gs stabilisation between each RH step. F. sylvatica 

reached stable gs faster than the two Quercus species. In the chambers with the highest VPD (i.e., 

lowest humidity), the LiCor devices did not always reach 75% RH. Nonetheless, all gs to VPD 

curves started at VPD values <1.1 kPa. The reference gs at 1 kPa VPD (gs, ref, mmol m−2 s−1) and 
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the stomatal sensitivity (m, mmol m−2 s−1 kPa−1) of each tree and each campaign was extracted 

by fitting logarithmic curves to the data (for detailed curve fitting methods, see Supporting 

Information: Methods SA1.1, Figures SA1.4 and SA1.5): 

𝑔𝑠 = −𝑚 × log(VPD) + 𝑔𝑠,𝑟𝑒𝑓   (3) 

 The curve fits resulted in an m to gs, ref ratio of 0.46, which is slightly lower but close to the 

suggested ratio of 0.5–0.6 suggested by Oren et al. (1999) (Supporting Information: Figure SA1.5). 

The gs to VPD response curves differ from the point measurements in the climate chambers at the 

ambient VPD levels. The VPD response curves represent the response to rapid changes in VPD 

(over 2 h), while the point measurements represent the long‐term acclimation of gs to different VPD 

levels. In addition, the VPD response curves were done over a more extensive range of VPD levels 

(0.8–3.5 kPa) than the chambers could reach (1–2.2 kPa) (see also Supporting Information: 

Methods SA1.1). 

A1.2.3 Minimum leaf conductance (gmin) 

 

 Minimum leaf conductance (Kerstiens, 1996) was measured as described in Pearcy and 

Zimmermann (2000). One leaf per individual was cut before dawn when stomata were assumed to 

be still closed. The cut petiole was immediately sealed with melted candle wax, and the leaf area 

was scanned using a flatbed scanner, followed by analysis using Pixstat (Schleppi, 2021). The 

leaves were stuck to a lab tape run between two lab stands, standing in a small dark climate 

chamber with stable T (26°C) and humidity (60%) and the ventilation on. Every 15–20 min, the 

leaves were taken from the climate chamber and weighed in a dark room using a fine‐precision 

scale (Mettler‐Toledo). This procedure was repeated eight times. gmin (mmol m−2 s−1) was 

calculated as cuticular transpiration per mole fraction VPD, assuming the leaf internal air to be fully 

saturated (Pearcy & Zimmermann, 2000). 

A1.2.4 Pressure volume curves and leaf water potential at predawn and midday 

 

 Pressure‐volume curves were determined using the bench‐ dehydration method (Koide et 

al., 2000). Before dawn, a leaf from the top of the crown was cut off and immediately sealed in a 

plastic bag (Whirlpak) that was previously exhaled. Predawn water potential (kPa) was measured 

directly using a Scholander‐type pressure chamber (PMS Instrument Company, Model 1505D). 

The same leaf was immediately weighed using a fine‐precision scale (Mettler‐ Toledo), placed in a 

plastic bag, and allowed to dry progressively in the open plastic bag on a lab bench. The procedure 

of measuring water potential, weighing, and drying was repeated with increasing drying time 

intervals (from 10 s to 1 h) for the two Quercus species until achieving water potentials of about −4 

MPa or until water potential reached a plateau. For Fagus sylvatica, the procedure was repeated 

continuously without letting the leaves dry on the bench due to the rapid water loss and a 



160 
 

corresponding drop in leaf water potential. Subsequently, the leaves were individually put in a paper 

bag and dried in an oven at 60°C for 24 h to determine the dry mass. Leaf water potential at turgor 

loss point (ΨTLP, MPa) was calculated after Koide et al. (2000). At midday, another leaf was cut off 

from the same individuals, and midday water potential (Ψmd) was measured. 

A1.2.5 Percent loss of conductive area (PLA) 

 

 On the three harvest dates (June, July and October), six trees per chamber and species 

were transported to the Interdisciplinary Platform for X‐ray microcomputed tomography (µCT) 

(PIXE, EPFL) and stored in a cool room in the absence of direct light (to avoid transpirational water 

loss), until they were scanned. For the µCT scanning, the tree was fixed in a custom‐built plant 

holder, and its branches were wrapped in cling film to prevent movements during the 

measurements that could alter the quality of the images. A 1 cm part of the stem to be scanned at 

approximately 40 cm height was marked with tape before starting the measurements. The tree was 

then moved onto the scanning platform and scanned at 80 keV and 87 µA in the RX‐Solutions 

Ultratom X‐ray scanner using a Hama- matsu 230 kV X‐ray tube in reflection mode. The sapling 

rotated in0.22° increments during the scan, yielding between 1400 and 1600 two‐dimensional 

projections with a ~5–7 mm pixel resolution. The acquired longitudinal projections were 

reconstructed (Filtered back- projection) into a ‘stack’ of multiple transverses TIF images using Xact 

(RX‐Solutions, version 2.0 R9901). After scanning, the scanned part of the stem was cut and 

flushed with 1 bar air pressure for 1.5 min and subsequently scanned again to obtain a fully 

embolized stem cross‐section as a reference that allowed us to visualise all vessels in the sapwood 

(Figure A1.2).Image analysis was done with the Avizo software (2019.4). The assessment was 

done on one image located in the middle of the scanned volume, as we found no significant 

differences between the bottom, top and middle of the 1 cm stem portion during preliminary tests. 

The area of interest was selected by excluding bark and phloem (Figure A1.2). Segmentation was 

performed by defining a selection threshold such that most of the air around the stem was chosen 

as a reference, without including any material on the bark and making sure that the concurrently 

selected void vessels did not merge due to a wide selection range. A visual assessment of each 

scan followed the automated threshold tool segmentation to assess scan quality, artifacts and white 

level. PLA (%) was calculated as the total embolized area in the intact stem divided by the total 

vessel area in the flushed stem (x100%). Due to flushing, some stem samples had shrunk. A 

correction factor was used to control the stem area of the shrunk sample. To estimate the impact 

of the treatments over time, we used the average PLA per species and chamber from the first 

harvest (i.e., to account for potential cavitation present before the treatments started) and deducted 

these values from the results of the second and third harvest (dPLA, %). 



161 
 

Figure A1.2: Microcomputed tomography images of stem sections of Fagus sylvatica (a, b), Quercus pubescens 

(c, d) and Quercus ilex (e, f) on the intact stems (a, c, e) and after flushing the stem segments with air at high 

pressure (b, d, f). Black areas indicate air‐filled vessels. Grey areas indicate wood and water‐filled sections. The 

red circles indicate the area of interest, including only the xylem and excluding bark and phloem. Percent loss of 

conductive area (PLA) was calculated as embolized vessel area/total vessel area × 100%. [Color figure can be 

viewed at wileyonlinelibrary.com] 

A1.2.6 Percent loss of conductivity (PLC) 

 

 On the last harvest, after the trees were scanned by the µCT, the stem was cut immediately 

above the scanned part to measure the hydraulic conductivity. These measurements were done to 

confirm the methodology and results of the µCT scans. Hydraulic conductiv- ity (K, kg m s−1 

MPa−1) was measured using a commercial XYL'EM Plus apparatus (Bronkhorst) according to the 

method described by Sperry et al. (1988). The branch was recut underwater and left in the water 

for at least 30 min to relax xylem tension in the branch segment. The segment was then cut to its 

final size. Its proximal end was connected to the tubing system of the XYL'EM, which was filled with 

deionized filtered and degassed water with 10 mM KCl and 1 mM CaCl2, flowing from an elevated 
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source. Initial hydraulic conductivity (Ki, kg m s−1 MPa−1) was recorded. The stem segment was 

then flushed with water at 1.5 bar for 1 min to remove emboli, and its maximum hydraulic 

conductivity (Kmax, kg m s−1 MPa−1) was measured. A second flush at 1.5 bar for 30 s followed by 

a measurement was done to confirm the maximum hydraulic conductivity value. Percentage loss 

of conductivity (PLC, %), a direct estimate of the percentage of embolized vessels (Cochard, Bodet, 

et al., 2000), was calculated as 

𝑃𝐿𝐶(%) =
𝐾𝑚−𝐾𝑖

𝐾𝑚
 × 100%  (4) 

A1.2.7 Leaf sugar concentrations 

 

 At each destructive sampling campaign (i.e., first, second and last campaign), four leaves 

per individual were dried in an oven at 60°C until reaching stable weight. The leaf material was 

homogenised with a ball mill. Sugar concentrations were determined with an enzymatic extraction 

method described by Wong (1990) and adapted according to Hoch et al. (2002). The sugars 

measured using this method are defined as low molecular weight sugars (glucose, fructose and 

sucrose). 10–12 mg of ground material was boiled in 2 ml distilled water for 30 min. After 

centrifugation, an aliquot of 200 µl was treated with Invertase and Isomerase from baker's yeast 

(Sigma‐ Aldrich) to degrade sucrose and convert fructose into glucose. The total amount of glucose 

(sugars) was determined photometrically at 340 nm in a 96‐well microplate photometer (HR 7000, 

Hamilton) after enzymatic conversion to gluconate‐6‐phosphate (hexokinase reaction, hexokinase 

from Sigma Diagnostics). Pure glucose‐, fructose‐ and sucrose‐ solutions were used as standards, 

and standard plant powder (Orchard leaves, Leco) was included to control the reproducibility of the 

extraction. Sugar concentrations are expressed on a percent dry matter basis. Because all samples 

were run in a single laboratory with no change in protocol during the processing, issues with 

comparing results across methods or labs were obviated (Quentin et al., 2015). 

A1.2.8 Statistical analysis 

 

 The similarities between PLA and PLC measurements were tested by fitting a linear model 

to the data with PLA explaining PLC. If the confidence interval of the slope includes 1, a 1:1 

relationship between PLA and PLC is assumed. 

Treatment differences 

 Data were analyzed for each species separately. A mixed-effect model was carried out for 

each parameter (excl. dPLA and PLC, see below) with T, VPD, and campaign (only the three 

measurement campaigns after the start of treatment) as fixed factors, including all interactions while 

controlling for repeated measures on the tree individual (included as a random factor). The model 

was then analyzed using a type-3 ANOVA using Satterthwaite’s estimation. The timepoint did not 
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show any significant interactions with the treatments. Thus, it was decided to pool all data of the 

three campaigns. A two-way ANOVA without mixed effects (no repeated measurements) was used 

for dPLA and PLC, with T and VPD, including their interaction, as explanatory variables. 

Correlations between plant physiological parameters 

 To relate PLA to different leaf-level hydraulic characteristics that may drive the loss of 

conductivity, correlation analyses were carried out for PLA paired with all other parameters: E, gs, 

gmin, m, ψTLP, ψmd, Ks,max, and sugar concentration in the leaves. Data for all species were pooled. 

For significant correlations (p < 0.05), the parameters were plotted, and a regression line was added 

to illustrate the relationship between the two. 
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A1.3 Results 

A1.3.1 Correlation between PLA and PLC 

 

 The percent loss of conductivity (PLC, %) measured with the pressure-flow technique and 

the percent loss of conductive area (PLA, %) measured using µCT were strongly correlated (Fig. 

A1.3). The regression line did not significantly deviate from the 1:1 line, indicating the µCT method 

is reliable and comparable to the pressure-flow technique (Nolf et al. 2017). We will focus mainly 

on the PLA results in the following sections because PLC was only measured in the last campaign, 

while PLA was measured during three campaigns. 

 

Figure A1.3: Relationship between the percentage loss of conductive area (PLA, %), measured using micro-

computed tomography, and the percentage loss of conductivity (PLC, %), calculated using hydraulic conductivity 

measurements. Symbols indicate species and colors indicate temperature and VPD treatments. The dashed grey 

line indicates the 1:1 ratio. The black line indicates the fitted regression line. Confidence interval of the slope was 

0.65 – 1.05, indicating no significant deviation from the 1:1 line. 

 

A1.3.2 VPD and T effects on plant hydraulics 

F. sylvatica: Increased VPD and T significantly raised the loss of hydraulic conductance (dPLA, 

the difference between pre-treatment and during-treatment PLA, and PLC) in F. sylvatica (Fig. 

A1.4, Table SA1.2). High VPD caused a decrease in ψleaf,pd, ψleaf,md, and gmin (Figs. A1.4 & A1.5, 

Table SA1.2 & SA1.3), but the latter only in the 30°C chambers. Higher T reduced ψleaf,md, and 

interacted with VPD, causing even stronger reductions of ψleaf,md with higher VPD. Transpiration (E) 

increased with rising VPD, but no effect of T was observed. T but not VPD was found to affect 
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stomatal sensitivity (m), where m was higher at 30°C than at 25°C. No impact of T or VPD was 

seen on ψTLP and gs, although a decreasing trend with higher VPD was visible for the latter. 

Q. pubescens: dPLA increased with rising VPD in Q. pubescens and was lower at 30°C than 25°C 

(Fig. A1.4, Table S2). No treatment effects were found for PLC. Higher VPD caused an increase in 

E and a reduction in ψleaf,md, and ψTLP. An interaction between T and VPD affected ψTLP, where ψTLP 

decreased with higher VPD only in the 30°C chambers (Fig. A1.5, Table SA1.3). m was higher and 

ψleaf,pd was lower at 30°C than at 25°C (Figs. A1.4 & A1.5). No VPD or T effects were found for gs, 

or gmin (Fig. A1.5). 

Q. ilex: VPD did not affect either dPLA or PLC (Fig. A1.4, Table SA1.2), nor E, m, gs, or gmin (Fig. 

A1.5, Table SA1.3). gmin and ψleaf,pd were slightly lower in the 30°C than the 25°C chambers. As for 

Q. pubescens, ψTLP decreased with increasing VPD but only in the 30°C chambers (Fig. A1.5, 

Table SA1.3).  

 

Figure A1.4: Percentage loss of conductive area, calculated as the change in PLA from the start of the experiment 

(dPLA, %total 2dembolized - %embolized at campaign 1), percentage loss of conductivity (PLC) and predawn and 

midday leaf water potential (ψleaf,pd & ψleaf,md) in Fagus sylvatica, Quercus pubescens and Quercus ilex in the two 

temperature and three VPD treatments. Data are shown in relation to the average VPD in the chambers during the 

treatment period. Symbols indicate the mean ± SE of the three measurement campaigns (n = 18), except for PLC 

which was measured once at the end of the experiment (n = 6). Dashed lines indicate significant VPD effects without 

temperature effects. Colored lines – blue for 25°C and red for 30°C –  indicate an additive (T x VPD: ns) or interacting 

(T x VPD: p < 0.05) temperature effect in addition to VPD. 
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Figure A1.5: Transpiration (E), stomatal conductance (gs), minimum leaf conductance (gmin), sensitivity of gs to 

VPD (m) and turgor loss point (ψTLP) in Fagus sylvatica, Quercus pubescens and Quercus Ilex in the two 

temperature and three VPD treatments. Data are shown in relation to the average VPD in the chambers during the 

treatment period. Symbols indicate the mean ± SE of three measurement campaigns (n = 18). Dashed lines indicate 

significant VPD effects without temperature effects. Colored lines – blue for 25°C and red for 30°C – indicate the 

VPD effects in the separate temperature treatments in case of a T x VPD interaction. In case of absence of a VPD 

effect, temperature effects are indicated with asterisks (*: p < 0.05; **: p < 0.01; ***: p < 0.001). 
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A1.3.3 Correlation between PLA and leaf traits 

 Across all species, PLA was positively correlated with gmin, Kmax, and sugar concentrations 

in the leaves, indicating that higher water transport rates, evaporative water loss, and osmotic 

potential were related to higher embolism rates (Fig. A1.6). However, the correlations between PLA 

and Kmax or sugar concentrations were only found in the 30°C treatments, suggesting that 

enhanced water transport (potentially leading to higher E) and osmotic potential (potentially 

delaying stomatal closure) only drive increased PLA when the temperature is high. In addition, 

more negative ψleaf,md were correlated to higher PLA, but only in the 30°C chambers, indicating that 

higher tension within the conductive leaf tissues (because of sustained stomatal opening) 

translated to higher levels of stem xylem embolism (Fig. A1.6). No correlation was found between 

PLA and gs, m and ψTLP 

 

Figure A1.6: Correlation analysis of PLA with stomatal conductance (gs), minimum leaf conductance (gmin), 

maximum hydraulic conductance of the stem (Kmax), water potential of the leaf at midday (ψleaf,md) and sugar 

concentrations in the leaves. Colored lines indicate significant correlations within the corresponding temperature 

treatment (blue for 25°C and red for 30°C). Analyses were done with all species pooled. 
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A1.4 Discussion 

A1.4.1 Effects of increasing VPD and temperature on the plant hydraulic system in the absence 

of soil drought  

 For the first time, we disentangled the effects of temperature (T), vapor pressure deficit 

(VPD), and their interactions in the absence of soil drought on plant hydraulic traits. Doing so is 

rare due to the tight relationship between T and VPD in nature. We show that rising T and VPD can 

cause major hydraulic dysfunctions in trees without soil drought. This was demonstrated by the 

significant loss of xylem conductive area and conductivity (PLA and PLC, respectively) in F. 

sylvatica and Q. pubescens and the increasingly negative leaf water potential (ψleaf,md) in all species 

with increasing VPD and T (Fig. A1.4). Considering that this study covered only one growing 

season and that VPD and T levels were moderate compared to the extreme conditions that occur 

in nature (e.g., the 2018 hot drought in Europe) (Fu et al. 2020; Senf & Seidl 2021), these results 

highlight the severe threat that chronic VPD and T rise pose on mesic trees, even without any 

changes in precipitation. Given the high reliability of T predictions in climate models, compared to 

the uncertainties associated with precipitation (IPCC 2021), these results are particularly relevant 

for modeling forest ecosystem functioning. While understanding how VPD and T affect plant 

function is fundamental, it is important to note that our experimental design limits our ability to 

extend these results to real-world implications. In the field, elevated VPD for several weeks would 

most likely lead to reduced soil moisture. 

 We expected to see an increasing gradient in PLA from xeric towards mesic species in 

response to rising T and VPD, due to differing hydraulic strategies and adaptations (Meyer, Buras, 

Rammig & Zang 2020), with more extensive T and VPD effects on mesic F. sylvatica than the rather 

xeric Q. pubescens and Q. ilex. Indeed, 30°C and high VPD (2.2 kPa) exposed F. sylvatica to ψleaf 

close to its turgor loss point (-2 MPa, Figs. A1.4 & A1.5, Table SA1.1). Combined with barely 

declining gs and no change in sugar concentration, the absence of stomatal closure and osmotic 

adjustments increased PLA and PLC. Our results correspond to earlier findings where VPD levels 

as low as 1.4 kPa caused biomass and ψleaf -reduction in F. sylvatica (Lendzion & Leuschner 2008). 

Moreover, the lack of leaf-level acclimation (e.g., stomatal closure or adjustment of turgor loss 

point) was previously observed in F. sylvatica during soil drought (Backes & Leuschner 2000; 

Thomas 2000; Schipka, Heimann & Leuschner 2005; Pflug et al. 2018). Our observations that 

transpiration (E) continues even at high levels of embolism (Fig. A1.5) were confirmed in adult F. 

sylvatica trees in Switzerland (Walthert et al. 2021). In this study, the authors further suggested 

that F. sylvatica does not prevent water loss and embolism by leaf physiological acclimation or 

shedding but sheds its leaves only after embolism has occurred (Walthert et al. 2021). Recently, 

Zhu et al. (2022) showed how F. sylvatica leaf traits were driven by previous years’ VPD over a 

record of 25 years, suggesting a strategy of leaf shedding and regrowth rather than acclimation 

during the current year. Overall, our work indicates that the strategy of F. sylvatica results in a high 

risk for hydraulic failure under moderate atmospheric stress (Burkhardt & Pariyar 2016). Together 
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with the slow recovery capability of this species after stress exposure (Hacke & Sauter 1996), these 

findings highlight its high sensitivity to projected climate (Dittmar, Zech & Elling 2003; Geßler, 

Keitel, Nahm & Rennenberg 2004).  

 For Q. pubescens, PLA increased with rising VPD, although it was generally lower than in 

F. sylvatica. ψleaf,md did not reach values lower than -1 MPa, indicating a reduced T and VPD impact 

on the hydraulic system compared to F. sylvatica. In contrast to F. sylvatica, where no physiological 

adjustment to rising VPD and T was found, Q. pubescens lowered its ψTLP to withstand more 

negative leaf water potentials and sustain high gs and E under rising T and VPD. These results 

indicate a more conservative water use strategy than F. sylvatica. Q. pubescens is one of the most 

widespread species in southern Europe and is known for its high thermal tolerance and drought 

resistance (Wellstein & Spada 2015). Previous studies showed that this species is well protected 

against heat-induced perturbations (Haldimann & Feller 2004). Yet, our work suggests that rising 

T and VPD levels, even moderate ones that this species is frequently exposed to in nature, could, 

to some extent, negatively impact the efficiency of the hydraulic system. Here we wanted to expose 

different tree species to comparable T and VPD levels to assess species sensitivities. Still, to better 

understand VPD and T effects in real-world conditions, future work should focus on extreme 

conditions that southern tree populations are more likely to experience.  

 Variation between the two xeric Quercus species was expected due to their contrasting leaf 

habit (deciduous vs. evergreen) and xylem conduit size (ring-porous vs. diffuse-porous) (Tognetti, 

Longobucco & Raschi 1998b). PLA and PLC of Q. ilex were, in contrast to Q. pubescens, not 

affected by VPD and T, confirming the low sensitivity of this species to VPD and T, partially due to 

its smaller, diffuse-porous vessels. This Mediterranean species is highly adapted to dry 

environments (Barbero, Loisel & Quézel 1992), and the T and VPD levels it was exposed to are 

likely far from its thermal and hydraulic limits (Fig. SA1.1, Table SA1.1). Moreover, with its tough, 

evergreen leaves, it reaches photosynthetic efficiency both in cool winter T and dry summers, 

demonstrating adaptation of the species to a range of extreme conditions far from our experiment 

(Garcıá-Plazaola, Artetxe & Becerril 1999). Its physiological plasticity was shown by reducing gmin 

and ψTLP in response to increasing T and VPD, respectively, even if these had no impact on PLA. 

The strong response to these relatively minor changes confirms the rather drought-avoiding 

behavior of the species (Gullo & Salleo 1990).  

A1.4.2 Mechanisms driving PLA 

 We expected significant leaf-level adjustments in response to VPD and T and a correlation 

between the leaf-level responses and PLA. These relationships would help identify underlying 

drivers of hydraulic conductivity changes. Increasing VPD led to higher leaf-level transpiration (E, 

Fig. A1.5). Still, against our expectations, stomatal conductance and the stomatal sensitivity to VPD 

(m) showed the most negligible response to T and VPD, neither were they, nor E correlated with 

PLA (Fig. A1.6). A reason for the absence of stomatal response (gs and m) to VPD and T in all 



170 
 

species might be a combination of the choice of species and the level of evaporative demand in 

the climate chambers. In the case of F. sylvatica, a moderate increase in VPD in the absence of 

soil drought didn’t lead to stomatal closure but enhanced E, thereby creating tensions within the 

xylem that sustained embolism formation. The strategies discussed for F. sylvatica point to a risk-

taking strategy where leaf shedding due to stress would be more likely than stomatal closure to 

prevent embolisms (Walthert et al. 2021). In contrast, Q. pubescens and Q. ilex kept their stomates 

open at the VPD levels in our chambers, but ψleaf was not sufficiently low to induce embolism. 

These findings shed new insights into the sequence of hydraulic shutdown in plants. The sequence 

of stomatal closure, turgor loss, and loss of xylem conductivity have been studied thoroughly in 

relation to soil drought, where the ψleaf is a leading indicator for the occurrence of leaf and wood 

hydraulic pathway failures (Bartlett, Klein, Jansen, Choat & Sack 2016). These findings suggest 

that 50% PLC approximately coincides with the point where gs decreases by 95% (ψgs95), indicating 

a strong correlation between gs and PLC. In our study, we could not confirm the strong correlation 

between hydraulic conductance and gs, suggesting different pathways in response to atmospheric 

drought compared to soil drought. 

 Minimum leaf conductance (gmin) was positively correlated with PLA across all species (Fig. 

A1.6), indicating that plants or species with higher evaporative water loss would have a higher risk 

for embolisms under rising VPD and T. Interestingly, with increasing T, this correlation was even 

steeper. gmin has long been considered an insignificant factor in crop drought resistance (Kerstiens 

1996). However, recent studies provide evidence that gmin may be the last hurdle before 

dehydration, thereby playing a much more important role than previously thought (Duursma et al. 

2019). Here we show that gmin might be responsible for increased cavitation risk under high VPD, 

T, and non-limiting soil moisture conditions. The PLA effect of gmin might have been exacerbated 

by the relatively high nighttime VPD levels in our experiment (Fig. SA1.2), compared to natural 

conditions where relative humidity often approaches 100% during the night. The relatively high 

VPD and residual water loss from the leaves caused lowered predawn water potentials in F. 

sylvatica even though the soil was fully hydrated (Fig. A1.4). In F. sylvatica and Q. pubescens, gmin 

rates were approximately 10% of the gs values (Fig. A1.5), indicating a significant water loss at 

night or when stomata close. The capability to adjust gmin in response to a changing environment 

could be advantageous for protecting valuable xylem vessels. gmin reduction was indeed observed 

in F. sylvatica and Q. ilex in response to increasing T and VPD, or T only, respectively (Fig. A1.5), 

suggesting lower residual water loss in warmer and drier conditions. These results correspond with 

other studies that have shown a decrease in gmin in response to higher evaporative demand 

(Fanourakis, Heuvelink & Carvalho 2013). It is unknown whether gmin changes are caused by the 

altered chemical composition of the cuticle, increased cuticle deposition, or changing stomatal 

anatomy in the longer term (Duursma et al. 2019). The relationship between gmin and T turns out 

to be even more complex: rapid increases of gmin were observed in response to increasing T 

(Schuster et al. 2016; Drake et al. 2018), but a negative relationship was found between thermal 
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tolerance and gmin (Schuster 2016), indicating that acclimation to increasing T leads to lower gmin. 

However, gmin adjustments in F. sylvatica were insufficient in our study to prevent plant dehydration 

and increase PLA under moderately rising VPD. 

 Higher PLA was also associated with higher maximum stem hydraulic conductance (Kmax) 

across species, supporting previous work that reported increased risk for embolisms with higher 

water transport capacity (Tognetti et al. 1998b). There was a gradient in Kmax between F. sylvatica, 

Q. pubescens, and Q. ilex (0.014, 0.013, 0.007 kg m s-1 MPa-1 resp.), in line with the degree of 

PLA over those three species (Table SA1, Fig. SA1.6). These results correspond to the safety-

efficiency trade-off (Grossiord, Ulrich & Vilagrosa 2020b), whereby high Kmax provides fast and 

efficient water transport but with an increased risk of embolism even in the absence of soil moisture 

stress. The strongest correlation between PLA and Kmax in the 30°C chambers could be explained 

by the lower water viscosity at warmer T, as higher water transport rates could lead to faster 

dehydration and increased PLA (Cochard et al. 2000b).  

 Interestingly, leaf sugar concentration was also positively correlated with PLA. VPD and T 

effects were only found on sugar concentrations of Q. pubescens (Fig. SA1.6). Increasing T 

resulted in higher leaf sugar concentrations, probably due to rising assimilation rates as T optima 

for temperate European Quercus species can reach up to ~30-35°C (Daas, Montpied, Hanchi & 

Dreyer 2008). In contrast, higher VPD resulted in a minor but significant reduction of sugar 

concentration in the leaves of Q. pubescens, thereby reducing the osmotic potential. Trees tend to 

accumulate sugars in leaves and roots, lower the turgor loss point, and increase the water holding 

capacity in response to soil drought (Schönbeck et al. 2018). Although for Quercus species, an 

adjustment of ψTLP was observed, the reduced sugar concentrations suggest that other chemical 

compounds might be responsible for the reduction in ψTLP. 

A1.4.3 The individual role of T and VPD on plant hydraulics 

 

 The aggravating effect of T in interaction with VPD, mainly in F. sylvatica, suggests that T 

and VPD play independent roles in affecting plant hydraulics. However, VPD seems to be the 

stronger driver of plant hydraulics. PLA, PLC, ψleaf, E, gmin, and ψTLP were all affected by VPD in 

one or more species. On the other hand, T appears to aggravate VPD effects (for ψleaf, gmin, ψTLP) 

while only acting independently towards PLA and m (Figs. A1.4 & A1.5). Earlier studies confirm 

that higher T can aggravate the adverse effects of increasing VPD (Barron-Gafford, Grieve & 

Murthy 2007), as physiological controls for water transport become less effective at higher T 

(Sermons, Seversike, Sinclair, Fiscus & Rufty 2012). The relationship between T and plant 

hydraulics is complex and partly indirect: T increases E (Urban et al. 2017), thereby providing leaf 

cooling in warmer climates. However, against expectation, we did not find an individual role for T 

in affecting E (Fig. A1.5). This finding indicates that 30°C was insufficient to induce active leaf 

cooling.  
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A1.5 Conclusion 

 

 For the first time, we show that rising VPD and T can lead to stem conductivity losses even 

when soil water is not limiting. Although VPD and soil water are often correlated on a monthly to 

seasonal time scale, our results show the possible outcomes in the case of a heatwave occurring 

after or during a period of sustained precipitation. Disentangling the effects of VPD and T on plant 

hydraulics is of the utmost importance, as future T scenarios are well developed. Still, much more 

uncertainty exists on the air relative humidity. Therefore, predicting the effects of rising atmospheric 

evaporative demand on plants is challenging. Our findings highlight that VPD and T affect different 

hydraulic functions, hence having differential consequences that are species-dependent. A 

prolonged but moderate increase in VPD and, to a certain extent, T led to hydraulic dysfunctions 

for F. sylvatica and Q. pubescens because of limited stomatal closure, higher transpiration, and 

more negative leaf water potentials. Whether these mechanisms are universal across a broad 

range of species remains to be tested as the relatively mild conditions used in this experiment were 

insufficient to induce significant xylem tensions for the xeric Q. ilex species. Although rising CO2 

levels are thought to possibly compensate for the adverse rising VPD effects by increasing the 

water use efficiency (Eamus 1991), uncertainties are significant, and further investigation into the 

interaction between VPD and CO2 is needed. Nevertheless, our work emphasizes the importance 

of recognizing VPD and T as dominant drivers of plant functioning, both independently from each 

other and in interaction, to anticipate future impacts on ecosystems.  
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A1.8 Supporting information 

A1.8.1 Supporting figures 

 

 

Figure SA1.1: Distribution throughout Europe and the climatic envelopes of Fagus sylvatica L. (a, b), Quercus 

pubescens Wildd (c, d), and Quercus ilex L. (e, f) (Distribution maps from EUFORGEN, euforgen.org). 
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Figure SA1.2: a & b) Example of diurnal patterns over the course of 3 days of VPD (a) and temperature (b) in the 

six climate chambers; c) Weekly means of daytime VPD throughout the experiment. The black line indicates the 

average VPD in all six chambers during the acclimation period, with the standard error indicated by the grey lines.; 

d) Soil volumetric water content, measured using a TDR 100 Soil Moisture Probe. Line types indicate the three 

species. In all panels, colors indicate the different T and VPD treatments in the six climate chambers. 
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Figure SA1.3: Schematic overview of the experimental setup. a) Climate settings of the six climate chambers, with 

three chambers set to daytime temperatures of 25°C and three chambers to 30°C. Within each temperature level, 

chambers were set to low (0.7-1.3 kPa), medium (1.3-1.9 kPa) or high (1.9-2.5 kPa) VPD. b) Timeline of the 

experiment. All trees were left for acclimation over five weeks at the start of the experiment. The week before the 

treatments started, physiological measurements were carried out, and six trees per species were harvested and 

scanned using µCT (campaign 1). After 5, 10, and 15 weeks of treatment, similar physiological measurements were 

carried out (campaigns 2- 4). After 5 and 15 weeks, another six individuals per species were harvested and scanned 

using µCT.c) Pictures of an individual of each species F. sylvatica (l), Q. pubescens (m), and Q. ilex (r) before the 

final harvest. 
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Figure SA1.4: Gs vs. VPD curves for each species during all measurement campaigns in the six climate chambers: 

Low, middle, and high VPD at 25°C and 30°C. Blue lines indicate the fitted model of one curve (black dots) to 

highlight the method used (see Methods S1). Model fitting started at the VPD level where gs was the highest, in 

some cases thereby eliminating the first point of a curve, indicated here by red dots. 
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Figure SA1.5: Stomatal sensitivity (m, the slope of the logarithmic curve of gs to VPD, see Fig. S5) as a function 

of the reference stomatal conductance (gs,ref). The universal ratio of 0.6 suggested by Oren et al. (1999) is indicated 

by a grey line. The black line indicates the ratio measured in this study (slope = 0.46, R2 = 0.83). 
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Figure SA1.6. Sugar concentration in the leaves and maximum xylem hydraulic conductance (Kmax) in Fagus 

sylvatica, Quercus pubescens, and Quercus ilex in the two temperature and three VPD treatments. Data are shown 

in relation to the average VPD in the chambers during the treatment period. Symbols indicate the mean ± SE of 

three measurement campaigns (n = 18). Colored lines – blue for 25°C and red for 30°C – indicate the VPD effects 

in the different temperature treatments in case of a T and VPD effect or interaction. 
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A1.8.2 Supporting tables and notes 

 

Methods SA1.1 

First, apparent outliers of gs were cleaned with visual inspection and by removing gs values below 

0 and above 1.5 mol m-2 s-1 (Ely et al., 2021). Different fitting curves were tested to calculate the 

sensitivity of gs to VPD. The Oren model (Oren et al., 1999) was used in the first instance, assuming 

a logarithmic decrease in gs with increasing VPD, but many response curves seemed to follow 

different patterns. For example, we sometimes observed an initial increase of gs with increasing 

VPD followed by a logarithmic decrease. Accordingly, polynomial (2nd and 3rd degree), logarithmic 

curves, and a logarithmic curve starting from the maximum measured gs, independent of the VPD 

where it was measured, were tried, and the goodness of fit was compared. Fitting the logarithm from 

the maximum gs resulted in the best fit that was comparable between all species, treatments, and 

campaigns. 

 

 

Table SA1.1: Average values of stomatal closure (Pclose), minimum and maximum values of turgor loss point 

(ψTLP) and P50 found in the literature for the three studied species. Kmax values come from direct measurements 

in this study. 
 

Species Pclose ψTLP (MPa) P50 
(stem, MPa) 

Kmax (kg 
m-2 s-1 

MPa-1) 

Reference 

F. sylvatica -2.50 -2.04 – -2.50 -3.15 0.014 (Aranda et al., 2001; Choat et al., 2012) 
Q. pubescens -2.75 -2.24 – -2.80 -3.3 – -4.81 0.013 (Choat et al., 2012; Nardini et al., 2012) 

Q. ilex -3.18 -2.84 – -3.15 -3.3 – -6.9 0.007 (Nardini et al., 2012; Martin-StPaul et al., 2014) 
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Table SA1.2: Results from the ANOVA analysis for midday water potential (ψmd, MPa), loss of conductive area 

(PLA, %), and conductivity (PLC, %). The interaction is shown when significant (p<0.05). Otherwise, only the results 

from the additive model are shown. Bold numbers indicate significant treatment effects. 

 
  Ψmd  PLC  PLA  

F. sylvatica df F p F p F p 

Temperature 1 4.27 0.041 4.07 0.053 10.12 0.002 
VPD 2 29.28 <0.001 21.29 <0.001 10.39 0.002 

Temp*VPD 2  13.25  <0.001      

Q. pubescens 
       

Temperature 1 7.57 0.007 2.47 0.128 6.82 0.011 
VPD 2 3.95 0.022 5.76 0.024 4.05 0.049 

Temp*VPD 2 6.86 0.001     

 
Q. ilex 

       

Temperature 1 0.60 0.443 0.40 0.534 0.17 0.685 
VPD 2 9.03 0.005 0.16 0.690 1.27 0.265 

Temp*VPD 2       

 

 

 

 

Table SA1.3: Results from the ANOVA analysis for leaf water evaporation (E, mmol m-2 s-1), stomatal conductance 

(gs, mmol m-2 s-1), stomatal sensitivity to VPD (m, mmol m-2 s-1 kPa-1), minimum conductance (gmin, mmol m-2 s-1), 

and turgor loss point (ψTLP, MPa). The interaction is shown when significant (p<0.05). Otherwise, only the results 

from the additive model are shown. Bold numbers indicate significant treatment effects. 

 

 

  

  E   gs  m  gmin ΨTLP Sugar 

F. sylvatica df F p F p F p F p F p F p 
T 1 0.78 0.387 0.24 0.632 5.08 0.033 3.87 0.058 0.45 0.451 0.31 0.580 

VPD 2 8.05 0.008 3.97 0.058 0.89 0.354 0.09 0.925 1.34 0.255 0.16 0.686 
T*VPD 2       5.25 0.029     

 

Q. pubescens 
             

T 1 2.08 0.005 1.37 0.251 8.31 0.005 0.40 0.529 5.34 0.023 5.66 0.020 
VPD 2 9.11 0.161 0.18 0.677 0.22 0.638 1.68 0.204 7.36 0.008 7.09 0.010 

T*VPD 2         7.75 0.006   

 

Q. ilex 
             

T 1 4.04 0.055 2.83 0.105 0.72 0.407 6.28 0.017 7.44 0.010 0.33 0.566 
VPD 2 3.81 0.061 0.84 0.369 1.27 0.271 0.74 0.396 10.41 0.003 0.12 0.727 

T*VPD 2         6.85 0.013   
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Abstract 

1. Warming and drought alter plant phenology, photosynthesis and growth with important 

consequences for the global carbon cycle and the earth’s climate. Yet, few studies have attempted 

to tease apart their effects on tree phenology, particularly leaf senescence, and on source and sink 

activity.  

2. We experimentally assessed the single and combined effects of warming and reduced soil 

moisture on the phenology (leaf-out and senescence date, growing season length) and 

aboveground sink (height and diameter growth, leaf area and Huber values) and source activity 

(net photosynthesis, photosynthetic efficiency, chlorophyll concentration and total carbon (C) 

uptake) of two tree species with distinct strategies to deal with drought: European beech and 

pubescent oak.  

3. Warming advanced leaf-out, irrespective of soil moisture levels, particularly in oak and to a lower 

extent in beech, leading to a prolonged growing season in oak but not beech. No impacts of 

warming on senescence timing were found for both species. Reduced moisture had little impact on 

the phenology of both species. Warming-induced advances in phenology and higher photosynthetic 

efficiency increased the annual C uptake for oak and compensated for the reduced photosynthetic 

activity in the presence of reduced moisture. Conversely, for beech, source activity, including yearly 

C uptake, was lower in all treatments than the control, indicating no compensation of the C budget 

by phenological shifts.  

4. Synthesis. Our results demonstrate that a warming-driven earlier activity and higher 

photosynthetic efficiency compensates for reduced photosynthesis during hot and dry periods, but 

only for pubescent oak, which is a rather drought tolerant species. Current predictions of warming-

induced mitigation effects through extended C uptake seem incorrect for beech. 

Keywords: Fagus sylvatica L., growth, Quercus pubescens Willd., photosynthesis, Vcmax, Jmax, 

senescence, SPAC model, warming. 
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A2.1 Introduction 

 

 Reduced precipitation and rising temperature are among the most critical environmental 

stresses for vegetation because of their impacts on plant sink and source activity (i.e., growth and 

photosynthesis, respectively) and phenology. For instance, warmer climate and hotter droughts 

have led to important phenological shifts (e.g., Piao et al., 2019; Geng et al., 2020), a widespread 

reduction in plant carbon assimilation (e.g., Santos et al., 2018; Rödenbeck et al., 2020) and forest 

productivity (e.g., Ciais et al., 2005; Fu et al., 2020). Yet, although high temperature and reduced 

precipitation tend to co-occur in nature and few studies have attempted to tease apart their effects, 

they are thought to have very different impacts on tree’ phenology (Fatichi et al., 2014).  

 In broadleaved trees, the timing of leaf-out and senescence are important phenological 

events that arbitrate the length of the growing season, the duration of sink/source activity and 

consequently affect the global carbon (C) cycle (Richardson et al., 2013; Keenan et al., 2014). It is 

widely recognized that global warming has generally advanced the leaf-out of temperate trees (Piao 

et al., 2019). However, temperature impacts on leaf senescence timing, and thus on the growing 

season length, are less consistent (e.g., Estiarte & Peñuelas, 2015; Xie et al., 2018; Chen et al., 

2020) and may depend on moisture availability (Xie et al., 2015). For instance, while drought can 

lead to premature leaf fall in deciduous species (Bigler & Vitasse, 2021; Dallstream & Piper, 2021), 

for some species such as F. sylvatica, soil moisture stress can be compensated by delayed 

senescence and higher photosynthesis later in the season (Leuschner, 2020). High temperature 

and drought may also cause embolism in the vascular system, leading to the desiccation of 

branches and earlier leaf fall (e.g., Cochard et al., 2020; Schuldt et al., 2020). Contrary to leaf-out 

timing, the exact underlying processes driving senescence remain unclear, but temperature and 

drought impacts on autumn phenology have been linked to sink/source activity. For instance, a 

recent study showed that increasing photosynthetic productivity in spring and early summer due to 

warming drives earlier autumn leaf senescence (Zani et al., 2020, but see Norby, 2021). Indeed, 

during periods of limited growth demand, photosynthesis can be downregulated by an excess of 

accumulated carbohydrates (Paul & Foyer, 2001), which can induce degradation of chlorophyll and 

photosystems and lead to the acceleration of leaf senescence (e.g., Juvany et al., 2013). However, 

it is unclear whether high carbon supply during periods of low growth demand accelerates the 

initiation of senescence, the velocity of the senescence process, or both. Hence, the link between 

warming- and drought-induced changes in C assimilation, growth, and phenological events remains 

to be tested experimentally to understand better how global warming will alter carbon sequestration.  

 Source activity is known to reach a maximum efficiency within a given temperature range 

and declines after that. For instance, photosynthetic electron transport of F. sylvatica peaks at 

around 34ºC (Dreyer et al., 2001; Leuschner, 2020), and net C uptake reaches a temperature 

optimum at 15–28ºC (Schulze, 1970). However, above a given threshold (>40 ºC), hot spells may 
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impact the integrity of the photosynthetic apparatus (Qu et al., 2013). Contrary to temperature, soil 

moisture stress is commonly thought to impair source activity because of CO2 diffusion limitation 

through the stomata (Chaves et al., 2009). Water stress results in decreasing leaf water content 

and leaf water potential, leading to stomatal closure and a reduction of intercellular CO2 

concentrations (Flexas et al., 2004). Furthermore, temperature and soil moisture impacts are not 

entirely independent: reduced stomatal conductance during drought leads to lower leaf evaporative 

cooling (e.g., Muller et al., 2021), thereby enhancing thermal stress and restricting carbon C uptake. 

Contrary to photosynthetic properties, far less is known on temperature impacts on sink activity. 

We can expect cell expansion and tissue growth to cease before C uptake decreases when 

temperatures rise, resulting in an increase in non-structural carbohydrates (NSC) concentration 

with higher temperatures. However, higher maintenance respiration under warming (Teskey et al., 

2015) might reduce NSC reserves under these conditions. Similarly, drought inhibits sink activity 

at less negative water potentials than photosynthesis (Tardieu et al., 2011). Plants would thus first 

stop growth before photosynthesis and accumulate NSC (Körner, 2003; Woodruff & Meinzer, 2011; 

Weber et al., 2019). The differential sensibility of the sink and source activity to warming and 

moisture stress could lead to an imbalance between C supply and C demand, which should 

influence NSC dynamics and could feedback to plant phenology (Estiarte & Peñuelas, 2015).  

 Moreover, temperature and drought impacts on phenology, and sink/source responses will 

likely differ between co-existing species. Some species tend to close their stomata at more positive 

water potentials than others (Tardieu & Simonneau, 1998), leading to lower photosynthesis, 

reduced growth, and NSC storage during drought and/or heat stress (Dickman et al., 2015; 

Manrique-Alba et al., 2018). Furthermore, the temperature optimum for photosynthesis is highly 

variable between species because of adaptation to their climate of origin (Fryer & Ledig, 1972; 

Berry & Bjorkman, 1980) and rapid acclimation to changes in temperature (Gunderson et al., 2010; 

Kumarathunge et al., 2019). For instance, many studies have shown that the photosynthetic 

thermal optima can shift by 0.3-0.5°C per degree change in daytime temperature (e.g., Way & 

Yamori 2014; Gunderson et al., 2010). Plants can also acclimate to soil moisture to optimize their 

C uptake efficiency under more restrictive moisture conditions. These processes involve cellular 

adjustments to maintain leaf turgor to whole-plant allometry adjustments to reduce water loss 

(reviewed in Bréda et al., 2006; Niinemets, 2010). In addition to addressing species differences, 

we further need to explore heat and drought impacts independently and combined under controlled 

conditions (e.g., Grossiord et al., 2016, 2017). Such experiments have shown that high temperature 

and soil moisture limitation reduce photosynthesis and growth in semi-arid systems, thereby 

reducing foliar NSC concentrations and delaying leaf out timing in the following spring (Adams et 

al., 2015). Whether a similar response can be expected in temperate systems is unclear as no 

study has experimentally investigated the relative and combined impacts of warming and drought 

on the phenology of temperate trees, including their link to sink/source activities. 
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 We used an open-top chamber facility where European beech (Fagus sylvatica L.) and 

pubescent oak (Quercus pubescens Willd.) seedlings were exposed for multiple years to warming 

and soil moisture reduction acting alone or together. Beech and oak present essential differences 

in their strategy to deal with drought, with oak being more tolerant to low moisture and heat (e.g.,  

Robson et al., 2009; Nardini et al., 2012; Barigah et al., 2013; Urli et al., 2013). Our objectives are 

to (1) determine how individual and combined effects of warming and soil moisture reduction 

influence phenology and aboveground sink in two temperate trees with contrasting strategies to 

deal with drought, and (2) assess the relationship between source activity, sink activity, and autumn 

phenology under warming and soil moisture reduction. We expect warming to advance leaf-out 

timing, accelerate leaf development time, and delay and/or slow down leaf senescence, resulting 

in longer growing seasons. On the contrary, we expect soil moisture reduction to slow down leaf 

development in spring and advance and accelerate senescence, resulting in a shorter growing 

season than in ambient conditions. These responses should be stronger in oak, which is under 

lower photoperiodic control than beech and has lower chilling requirement to break winter 

dormancy (Baumgarten et al., 2021). Warming may increase the photosynthetic capacity (i.e., net 

photosynthesis, rubisco carboxylation, electron transport rate, chlorophyll concentration) in these 

temperate trees, which could lead to higher C uptake and growth, particularly for the Mediterranean 

pubescent oak, while soil moisture reduction should decrease these same functions but more 

severely in European beech (González de Andrés et al., 2021). We further expect changes in 

autumn phenology, and thus growing season length, to be linked to shifts in the sink/source activity 

with earlier and accelerated senescence under high carbon assimilation but low growth demand, 

independently of the species. Finally, we expect the combination of warming and soil moisture 

reduction to exacerbate the responses observed under moisture reduction-only conditions because 

of enhanced moisture stress (Adams et al., 2015), particularly for the more vulnerable beech trees 

(González de Andrés et al., 2021). 
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A2.2 Material and methods 

A2.2.1 Site description  

 

 The study was conducted at the model ecosystem facility of the Swiss Federal Research 

Institute WSL (47°21'48" N, 8°27'23" E, 545 m a.s.l). The facility comprises 16 hexagonal glass-

walled open-top chambers (3 m height, 6 m2 each, Fig. SA2.1). The roofs were kept closed during 

the entire experiment to exclude natural precipitation. The lower parts of each chamber are divided 

into two lysimeters (1.5 m deep, 2.5 m2 each) that are each divided into 4 compartments using 

PVC shields leading to eight compartments per chamber. The compartments are filled with a 1 m-

deep layer of gravel for fast drainage, covered with a fleece layer that is impermeable for roots (to 

restrict root growth below the soil layers) but permeable for water, and topped by a 50 cm layer of 

sandy soil (pH = 6.3). This artificial soil with high sand content was selected to ensure good 

drainage (Ökohum Gmbh, Herbertingen, Germany). Long-term mean annual and mean summer 

(June, July, August) air temperature are 9.5 and 17.7°C, respectively and the average yearly and 

summer precipitation are 1124 and 377 mm (MeteoSwiss, Station Zurich-Fluntern). 

 In winter 2018, compartments within each chamber were planted with one two-year-old 

individual of common beech and pubescent oak to avoid effects related to competition. In addition, 

some compartments were planted with monocultures (four trees from the same species) and 

mixtures (two trees from each species) of the two species but they were not considered in this 

study. Tree saplings (70.8 cm height ± 12.0 cm and 71.8 cm ± 15.0 cm for beech and oak, 

respectively) were purchased from a local nursery and originate from canton Aargau, northern 

Switzerland (for beech) and canton Valais, southern Switzerland (for oak). Fertilizations were 

conducted yearly in spring using granules (Unikorn I, Hauert, Switzerland). In the open-top 

chambers, the trees were subjected to a fully crossed combination of soil moisture and an air 

temperature treatment since April 2019 (i.e., after leaf emergence). This resulted in four treatment 

combinations: 1) control, where trees were exposed to ambient air temperature, and soil moisture 

was maintained at field capacity (corresponding to approx. 10% relative volumetric water content 

in these sandy soils); 2) warming, where the air temperature inside the chambers was maintained 

at 5.0°C (±0.4°C) above the temperature of the control using heating units; 3) moisture reduction, 

where irrigation was reduced by 70% leading to a reduction in soil moisture of 51.5.0% ± 11.8% 

relative to the control; and 4) warming + moisture reduction, where both treatments were applied 

simultaneously (i.e., +4.8°C ±0.4°C and irrigation reduction of 70% leading to a soil moisture of –

47.8% ± 12.4%, Fig. S2). The trees were irrigated every second day using an automatic irrigation 

system between April and November 2019. The amount of water added to each treatment was 

adapted throughout the year to maintain field capacity in the control and the treatment differences 

(Fig. SA2.2). The irrigation system was removed from December 2019 to March 2020 to prevent 

frost damage to the pipes, and watering was done manually bi-monthly to maintain differences 
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between treatments during the winter. An increase in air temperature of 5°C and a decrease of 

approx. 70% in irrigation was selected at our facility to match values observed during extreme hot 

droughts in this region, such as the one that occurred during summer 2018 (Peters et al., 2020; 

Schuldt et al., 2020). In 2020, the treatments resulted in a mean annual temperature of 11.6°C, 

11.8°C, 16.5°C and 16.3°C in the control, moisture reduction, warming and warming + moisture 

reduction treatments, respectively. During the summer 2020, the maximum daytime temperature 

in the chambers reached 37.0°C, 37.6°C, 43.8°C and 44.4°C in the control, moisture reduction, 

warming and warming + moisture reduction treatments, respectively. Each climatic treatment was 

replicated four times (n=4 chambers per climatic treatment) with six replications per species and 

climatic treatment (n=48 trees in total, i.e., 24 trees per species). Air temperature and relative 

humidity (ATMOS 14, Meter Group Inc, USA) were measured under a white radiation shield inside 

all chambers at two heights (0.5 and 2 m above ground) and used to control the heating units. Soil 

water content and temperature were measured automatically (5TM, Decagon Devices, USA ) every 

minute at 25 cm depth in all chambers (one probe per compartment).  

A2.2.2 Phenology and growth 

 

 In March 2020 (during the second growing season, i.e., approx. 11 months after the 

beginning of the treatments), one observer monitored bud development three times per week until 

early June using a categorical scale from ‘0’ (no bud activity) to ‘4’ (leaves out and flat) (Vitasse et 

al., 2013). At stage 1, buds were swollen, elongating, and became green; at stage 2, buds were 

open, and leaves were partially visible; at stage 3, leaves had fully emerged from the buds but were 

still folded, crinkled, or pendant, depending on the species; at stage 4, at least one leaf was fully 

unfolded. We considered the bulk of the foliage for each tree and assessed the proportion of the 

buds having reached the most advanced phenological stage, allowing for a tree-level estimate of 

leaf unfolding. In addition, each phenological score from ‘1’ to ‘4’ was reached by a given tree when 

at least one bud was at the corresponding stage. We present here only the results of stage 4 (i.e., 

leaf-out date) and the development time (i.e., the number of days needed to pass from stage 1 to 

4) for the analyses. Starting in September, we monitored leaf senescence by estimating the 

percentage of colored and dropped leaves of each tree. We then calculated the date when 50% of 

the leaves were either colored or had fallen using linear interpolations between two monitoring 

dates when necessary. The velocity of the senescence process was estimated as the number of 

days between the stage of 10% and 80% of either colored and dropped leaves. Every individual 

tree's growing season length was calculated as the number of days between leaf-out (i.e., stage 4) 

and leaf senescence date. 

 At 10 cm above the ground (i.e., below the first branches), tree diameter was measured 

twice in 2020 using an electronic digital caliper: in spring before leaf-out and autumn after leaf fall. 

At the same time, tree height was measured on all trees. The difference between the spring and 
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autumn growth measurements was used to calculate yearly height and diameter increment per 

tree. As no destructive measurements could be carried out in this ongoing experiment to estimate 

whole-tree biomass, we cut a 15-cm long branch in September 2020 to estimate the mean branch 

leaf area (cm2) and Huber value (i.e., ratio of sapwood area over leaf area, cm2 m-2) from each tree.  

A2.2.3 Leaf-level photosynthetic capacity, non-structural carbohydrates, leaf water potential and 

percentage loss of conductivity 

 

 We measured leaf-level light-saturated photosynthesis (Asat, μmol m-2 s-1), stomatal 

conductance (gs, mmol m-2 s-1), maximum rate of rubisco carboxylation (Vcmax, μmol m-2 s-1), and 

electron transport rate (Jmax, μmol m-2 s-1) on one leaf from the highest part of the crown of all 48 

trees three times per year in 2020 (i.e., after the trees had been exposed to a full year of treatment 

manipulation). Chlorophyll concentration (µmol m-2) was measured on the same leaves with a 

chlorophyll content meter (MC-100, Apogee Instruments, Inc., USA). Measurements took place 

during three campaigns: once the leaves were fully mature (June), in the middle of the growing 

season (July/August), and before the first sign of leaf senescence (early September). Gas 

exchange measurements were conducted using A/Ci (i.e., intercellular CO2 concentration) curves 

between 9 am and 5 pm (local time) using two LI-6800 infrared gas exchange analyzer systems 

(LICOR Biosciences, Lincoln, USA). We used the Auto program “CO2_response” with relative 

humidity set to 50% to match average daily environmental conditions inside the chambers. Based 

on light response curves conducted on our trees (Fig. SA2.3), we used a photosynthetic photon 

flux density (PPFD) of 1500 μmol m-2 s-1 to ensure saturating light conditions. The air temperature 

inside the cuvette was fixed to 20, 25, or 30°C to fit the mean midday air temperature during the 

measurements (i.e., 20°C in June and September and 25°C in July) with +5°C for the warming and 

hot drought treatments. The A/Ci response curves were measured by stepping down CO2 inside 

the cuvette from 400 ppm to 300, 200, 100, 50, 0 ppm and then returned to 400 ppm. The CO2 

concentration was then stepped up to saturation from 400 ppm to 600, 800, 1000, 1200, 1500, and 

2000 ppm. When the leaves did not fully cover the LI-6800 cuvette, the projected leaf area of the 

measured foliage was determined to correct Asat using a flatbed scanner (EPSON Perfection V800 

Photo, EPSON, Amsterdam) and the Silver Fast 8 software (Laser soft imagine AG, Germany). 

 Asat (A at 400 ppm), gs, Vcmax, and Jmax were extracted from the A/Ci curves using the 

Farquhar, von Caemmerer & Berry model computed in the “plantecophys” R-package (Duursma, 

2015). Several criteria were used to manually clean the A/Ci curves before fitting, following the 

recommendations by Gu et al., (2010). To ensure a saturating plateau, all curves that did not reach 

a Ci of 600 ppm and did not have a minimum of 7 measurement points (because of outlier 

exclusion) were excluded. Using the default method in the “plantecophys” R-package, the model 

used a temperature correction to fit all curves to 25°C (see Duursma, 2015 for more details on the 

modelling procedure). After cleaning the data, 133 out of 144 A/Ci curves were further considered 
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in the analyses. On the same day as gas exchange measurements, one leaf per tree was collected 

at midday (between 11:30 am and 1:30 pm). The leaf was microwaved at 600W for 90s and oven-

dried for at least 48h at 65°C. The leaves were ground to a fine powder and analyzed for non-

structural carbohydrates (NSC) content following the protocol by Hoch et al., (2002). See Hoch et 

al., (2002) and Schönbeck et al., (2020) for more details on the NSC extraction steps. NSC 

concentrations are expressed on a percent dry matter basis. During each campaign, we sampled 

one leaf per tree before sunrise and measured leaf water potential (MPa) with a Scholander-type 

pressure chamber (PMS Instruments, Albany, OR, USA).  

 One 10-15 cm-long stem per tree was cut underwater in the field between 07:00 and 10:00 

am during the last campaign. Branches were transported to the laboratory and kept with their cut 

ends immersed in water and with foliage enclosed in a plastic bag. After at least 30 min of 

immersion, the stem was cut again in its current-year part and connected to a hydraulic apparatus 

(Xyl'Em Plus – Xylem Embolism Meter; Bronkhorst, Montigny-les-Cormeilles, France) and perfused 

with deionized filtered water with 10 mM KCl and 1mM CaCl2 that had been previously degassed. 

After measuring the initial hydraulic conductivity at low pressure, the segment was flushed at 1.5 

bar for 1 min to measure its maximal conductivity. A second flush at 1.5 bar for 30 s was conducted 

to confirm the maximal conductivity value. The initial hydraulic conductivity and the value measured 

after embolism removal were used to estimate the percentage loss of conductivity (PLC). 

A2.2.4 SPAC modeling of leaf-level photosynthesis 

 

 We simulated leaf-level net photosynthesis with a mechanistic soil-plant-atmosphere 

continuum (SPAC) model proposed by García-Tejera et al., (2017), which allows calculating 

photosynthetic CO2 uptake based on plant physiological parameters and environmental drivers. 

The model uses an iterative optimization process to determine the equilibrium between the 

photosynthetic demand (A) for Ci and the supply of extracellular CO2 (Ca) through stomatal 

conductance (gS). First, the potential A under a given photosynthetic photon flux density (PPFD), 

Vcmax and Jmax determines the required gS for sufficient CO2 supply (i.e., CO2 supply that is not 

limiting A by keeping Ci at the concentration of Ca). Second, gs determines the transpirational 

water loss (E), which is used to calculate the leaf water potential (Ψleaf) as a function of T, soil water 

potential (Ψsoil), and the soil, root, and xylem hydraulic resistances. Finally, Ψleaf is used to calculate 

the hydraulic restriction on gS, limiting A due to a restricted supply of intercellular CO2. The iteration 

procedure starts again until the demand and supply for CO2 converge (difference of less than 

0.1%). The initial gs is based on Farquhar's equation for biochemical photosynthesis (Farquhar, 

Caemmerer, & Berry, 1980) and reformulated according to García-Tejera et al., (2017) as:  

𝑔𝑆𝑚𝑎𝑥
=  

𝐵(𝐶𝑖−Γ)−𝑅𝑑(𝑉𝐶𝑖+𝐷)

(𝐸𝐶𝑖+𝐷)(𝐶𝑖−𝐶𝑎)
 eqn.1  
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with B representing the Vcmax or Jmax limited rates of CO2 uptake,  the CO2 compensation point of 

photosynthesis, and D is a combination of Michaelis-Menten coefficients for carboxylation and 

oxygenation rates (KC, KO), or the light compensation point of photosynthesis. V is a constant 

parameter. D is derived from KC, KO and the O2 partial pressure (Oi) as:  

𝐷 = 𝐾𝐶  (1 + 
𝑂𝑖

𝐾𝑂
) eqn. 2 

The actual gS is then calculated with Ψleaf using the equations of Tuzet et al., (2003):  

𝑔𝑆 =  𝑔0 + 
𝑚 𝐴

𝐶𝑖− Γ
 𝑓𝜓𝑙𝑒𝑎𝑓 eqn. 3 

and  

𝑓𝜓𝑙𝑒𝑎𝑓 =  
1+ 𝑒

[𝑆𝑓 Ψ𝑓]

1+ 𝑒
[𝑆𝑓 (Ψ𝑓− Ψ𝑙𝑒𝑎𝑓)] eqn. 4 

with g0 as gS when Anet equals 0, m an empirical proportionality factor between A and gS, and fleaf 

a factor for reducing gS as a function of Ψleaf. Sf is the stomatal sensitivity to Ψleaf and Ψf the leaf 

turgor loss point (measured using pressure-volume curves). Ci and gS are then used to obtain A 

with: 

𝐴 = 𝑔𝑆(𝐶𝑎 − 𝐶𝑖) eqn. 5 

 We used the SPAC model to simulate A based on soil water content, air temperature and 

humidity measured at 10-minute intervals in the chambers, and PPFD recorded at a nearby long-

term forest monitoring site. As the chamber structures intercept part of the incoming radiation, we 

additionally recorded PPFD with quantum sensors (Apogee Instruments Inc., USA) in 8 of the 16 

chambers during one week in June 2021. We calculated the fraction of transmitted light (43%) from 

these measurements, which we used to correct the radiation measured at the nearby forest 

monitoring site. Model parameters were measured if possible at the study site (tree hydraulic traits), 

taken from literature, or calibrated (Table SA2.1). We calibrated the model parameters using a 

Bayesian approach, which allows the inference of parameters from observations via the likelihood 

(Hartig et al., 2012). We used instantaneous and hourly A and gS measurements of beech and oak 

saplings taken during three campaigns in June, July, and September 2020 from sunrise to sunset. 

As prior knowledge for each parameter, we used values inferred from literature (García-Tejera et 

al., 2017) and calculated a truncated normal distribution. For the calibration, we used a joint 

Gaussian likelihood based on A and gS measurements. As A and gS are expected to be 

autocorrelated during the diurnal measurements, we used an autoregressive (AR1) likelihood using 

the function likelihoodAR1 from the R package BayesianTools (Hartig et al., 2018). The parameters 

of the two likelihood components (σ2 and the AR1 term) were included in the calibration. We 

obtained the posterior distributions of the parameters used by the SPAC model with a differential 

evolution (DEzs) Markov chain Monte Carlo (MCMC) sampler (Ter Braak & Vrugt, 2008) using the 

R package BayesianTools (Hartig et al., 2018). 10'000 iterations of three independent chains were 
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run, and convergence after burn-in (50% of the chain) was confirmed with the Gelman-Rubin 

diagnostic (Gelman & Rubin, 1992). The chain was considered to have converged if the potential 

scale reduction factor (psrf) was below 1.1. We then used the maximum a-posteriori values as 

parameters for the SPAC model. The model calibration was evaluated by simulating A for the 

conditions during three diurnal campaigns in June, July, and September 2020, and calculating the 

root mean squared error (RMSE) and percentage of bias for the simulated compared to measured 

A (Figs. SA2.4 & SA2.5). We calculated the yearly assimilated leaf-level carbon Atot (gC) of beech 

and oak trees in all chambers as the cumulative A multiplied with the molar weight of CO2 from leaf 

flushing date to leaf senescence date.  

A2.2.5 Data analysis 

 

 The response of the measured variables (leaf-out date, leaf development time, senescence 

date, senescence development time, growing season length, height increment, diameter 

increment, leaf area, Huber value, Asat, gs, Vcmax, Jmax, chlorophyll content, Atot) to the treatment 

combinations were determined for each species through linear mixed-effects models. The 

temperature (control temperature/warming) and soil moisture treatment (control irrigation/moisture 

reduction) and their interactions were fixed effects, and the individual chamber was considered a 

random effect. The measurement campaign was included as a fixed effect for measurements 

repeated during multiple campaigns (i.e., Asat, gs, Vcmax, Jmax, chlorophyll content). Post-hoc 

analysis was performed with Tukey’s HSD test, with FDR correction for multiple testing. Linear 

regressions were used to test the relationship between senescence date, growing season length, 

source (Atot), and sink activity (height and diameter growth increment). All analyses were performed 

using the software R Studio (3.5.1, R Development Core Team 2018). 
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A2.3 Results 

A2.3.1 Phenology and growth 

 

 In both species, warming advanced leaf-out (Table A2.1), which occurred on average 4.5 

or 15 days earlier than ambient conditions, for beech and oak, respectively (Fig. A2.1). Moisture 

reduction did not affect leaf-out timing in beech but advanced leaf-out in oak by 4.9 days. Warming 

combined with moisture reduction advanced leaf-out by more than 5 days for beech and 12 days 

for oak (Table A2.1 & Fig. A2.1, significant warming x moisture reduction interaction). In spring, 

oak leaf development time (i.e., number of days between stages 1 and 4) was significantly 

prolonged by 3.5 days in response to warming (Table A2.1). No significant impact of the other 

treatments was found for beech and oak leaf development time (Table A2.1). No significant effect 

of the treatments on the senescence date was found for either species (Fig. A2.1 & Table A2.1). 

However, leaf senescence occurred over a more extended period under warmed conditions for oak 

(20 days longer), while no other effects of the treatments were found for both species (Fig. A2.1 & 

Table A2.1). For oak, the growing season length was significantly prolonged by warming (by 27.3 

days), while no changes were observed for beech in response to the treatments (Fig. A2.1 & Table 

A2.1). No impact of the treatments or their interaction was found on diameter and height increment, 

leaf area and Huber values for either species (Fig. SA2.6 & Table A2.1). 

 

Figure A2.1: Mean leaf flushing date, senescence date, growing season length, leaf development time, and 

senescence development time (mean ± s.e.; n = 5–6 trees per treatment and species) for European beech (circles) 

and pubescent oak (triangles) grown under control, warming, moisture reduction and warming + moisture reduction 

conditions. Significant differences between treatments for each species are indicated with capital (pubescent oak) 

and small (European beech) letters (Tukey’s HSD post-hoc test, alpha = 0.05).  
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Table A2.1: Linear mixed model results (F- and P-value) of the effect of warming (W) and moisture reduction (MR) 

and their interactive effect (W  MR) on the leaf-out date, leaf development time, senescence date, senescence 

development time, growing season length, diameter and height increment, leaf area, Huber value and the yearly 

assimilated carbon in beech and oak. Significant effects are highlighted in bold. 

Explained variables Species Treatment 

  

W MR W  MR 

Leaf-out Beech 27.02 (< 0.001) 0.34 (0.572) 2.78 (0.129) 

 

Oak 54.55 (< 0.001) 0.85 (0.519) 5.78 (0.033) 

Leaf development Beech 0.41 (0.528) 0.07 (0.789) 3.61 (0.073) 

 

Oak 5.48 (0.041) 1.92 (0.194) 0.01 (0.990) 

Senescence Beech 0.31 (0.579) 0.82 (0.375) 2.51 (0.131) 

 

Oak 2.67 (0.118) 0.34 (0.561) 0.04 (0.827) 

Senescence development  Beech 2.07 (0.166) 0.49 (0.488) 2.56 (0.126) 

 

Oak 10.19 (0.005) 0.53 (0.472) 0.57 (0.459) 

Growing season length Beech 2.03 (0.171) 1.23 (0.281) 3.69 (0.070) 

 

Oak 12.11 (0.003) 0.13 (0.713) 0.14 (0.706) 

DBH increment Beech 0.17 (0.686) 2.43 (0.145) 3.39 (0.090) 

 

Oak 0.39 (0.541) 0.01 (0.917) 1.64 (0.225) 

Height increment Beech 0.30 (0.589) 0.33 (0.571) 0.01 (0.897) 

 

Oak 1.08 (0.319) 0.55 (0.472) 0.10 (0.753) 

Leaf area Beech 0.19 (0.667) 0.685 (0.370) 0.76 (0.696) 

 Oak 0.24 (0.625) 0.23 (0.631) 0.24 (0.626) 

Huber value Beech 0.31 (0.587) 0.14 (0.710) 0.02 (0.870) 

 Oak 1.49 (0.236) 0.20 (0.652) 1.09 (0.308) 

Yearly assimilated carbon Beech 29.63 (< 0.001) 63.04 (< 0.001) 0.01 (0.915) 

  Oak 70.40 (< 0.001) 85.27 (< 0.001) 16.41 (0.002) 

 

A2.3.2 Leaf-level photosynthetic capacity, NSC, leaf water potential and PLC 

 While moisture reduction significantly reduced Asat and gs compared to ambient conditions, 

warming had no impact on Asat and gs in either species (Fig. A2.2 & Table SA2.2). Treatment 

impacts on Asat and gs did not vary seasonally (i.e., no interaction between treatments and 

campaigns). Asat and gs did not differ between campaigns for oak but were significantly reduced 

during the last campaign compared to previous ones for beech (Fig. A2.2). Vcmax was significantly 

reduced by moisture reduction for oak, whereas warming increased Vcmax in both species. Similarly, 

Jmax was significantly reduced by moisture reduction for oak, but neither warming nor moisture 

reduction affected Jmax for beech (Fig. A2.2 & Table SA2.2). Warming had no impact on oak Jmax. 

Vcmax and Jmax varied during the season for both species, but the treatment effects were not affected 

by seasonality (Table SA2.2). Chlorophyll content varied between campaigns for beech but was 
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not impacted by moisture reduction and warming for both species (Fig. A2.2 & Table SA2.2). For 

oak, we observed higher total NSC and starch concentration in September 2020 in the warming 

treatment compared to the control, while for beech no effect was found (Fig. SA2.7). No effect of 

the treatments was found for PLC for both species (Fig. SA2.7 & SA2.8). Predawn leaf water 

potential was reduced by warming for both species (only in the single warming treatment for beech), 

and by drought for oak with lower values in the warming and moisture reduction treatments acting 

alone and together compared to ambient conditions (Fig. SA2.9).  

 

Figure A2.2: Light-saturated photosynthesis (Asat), stomatal conductance (gS), maximum electron transport rate 

(Jmax), maximum rate of rubisco carboxylation (Vcmax) and leaf chlorophyll content (mean ± s.e.; n = 5–6 trees per 

treatment, species and measurement campaign) for European beech (circles) and pubescent oak (triangles) 

growing under control, warming, moisture reduction and warming + moisture reduction conditions. Measurements 

took place in June, July, and September 2020. Significant differences between treatments for a given campaign 

and species are indicated with capital (pubescent oak) and small (European beech) letters (Tukey’s HSD post-hoc 

test, alpha = 0.05).  
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A2.3.3 Modelled leaf-level carbon uptake during the growing season 

 

 The SPAC model captured diurnal and seasonal changes, as well as treatment effects and 

species differences of A (Figs. SA2.4 & SA2.5). Total root-mean square deviation of the simulated 

A was 2.35 and the bias was -13%, indicating that the model generally underestimated 

photosynthesis. This was mostly due to an underestimation of assimilation peaks of oak trees in 

the ambient and warmed treatment (Fig. SA2.4).  

In oak, while warming led on average to a 14.5% increase in Atot, soil moisture reduction reduced 

total leaf-level C uptake by 12.4% (Table A2.1). The negative moisture reduction effect was to a 

certain degree mitigated by warming (significant warming x moisture reduction interaction, Fig. 

A2.3). Consequently, the warmed oak trees had the highest C uptake (1760 gC m-2 y-1), whereas 

the ones exposed to moisture reduction had the lowest Atot (1359 gC m-2 y-1). In beech, Atot was on 

average 12.5% and 16.4% lower in response to warming and soil moisture reduction, respectively 

(Fig. A2.3 & Table A2.1). The warming and moisture reduction effects were additive, so that the 

highest C uptake was found in beech seedlings from the ambient treatment (637 gC m-2 y-1), 

whereas the lowest C uptake was in the warming + moisture reduction treatment (467 gC m-2 y-1, 

i.e., 26.5% less).  

 In both species, warming (alone and in combination with moisture reduction) advanced leaf 

out, which contributed considerably to their surplus of Atot compared to trees in ambient condition: 

warmed beech and oak gained 3.8% and 8.4%, respectively, of their annual C during the period 

before ambient tree activity started. Similarly, beech and oak in the warming + moisture reduction 

treatment gained 4.4% and 7.9% of their yearly C before ambient trees flushed. Moisture reduction, 

in contrast, increased the annual C uptake by only 0.4% and 3.3% for beech and oak, respectively. 

In both species, warming and moisture reduction slightly delayed senescence compared to ambient 

trees (but not significantly), which contributed to 0.6% and 3.5% of their annual C uptake in warmed 

beech and oak, 0.8% and 1.4% in the moisture reduction treatment, and 1.7% and 4.1% in the 

warming + moisture reduction treatment. During the period where all trees were simultaneously 

active, beech assimilated 19.6%, 18.5%, 31.1% less carbon in the moisture reduction, warming, 

and warming + moisture reduction treatment, respectively, compared to ambient conditions. In 

contrast, oak only reduced their assimilation by 9.8% and 11.8% in the moisture reduction and 

warming + moisture reduction treatment, respectively, and increased their C uptake by 7.9% in the 

warming treatment compared to ambient conditions.  
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Figure A2.3: Mean simulated daily carbon uptake (Aday, n = 4 chambers per treatment and species) of European 

beech and pubescent oak growing under control, warming, moisture reduction and warming + moisture reduction 

conditions during the growing season of 2020 and their respective annual carbon uptake (A tot). The surplus of 

carbon uptake in warming, moisture reduction and warming + moisture reduction treatments before the leaf-out and 

after senescence of ambient trees are shown with right and left dash, respectively. Significant differences between 

treatments are indicated with capital (pubescent oak) and small (European beech) letters (Tukey’s HSD post-hoc 

test, alpha = 0.05). 

A2.3.4 Relationship between autumn phenology and sink/source activity 

 

 In both species, delayed senescence and a longer growing season were related to a higher 

Atot (Fig. A2.4). However, none of the phenological measurements were correlated with sink activity 

(i.e., height and DBH increment). 
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Figure A2.4: Phenology of European beech and pubescent oak growing under control, warming, moisture reduction 

and warming + moisture reduction conditions in relation to the source (modeled annual carbon uptake, A tot) and the 

sink (increments of height and diameter at breast height, DHB). Significant linear relationships of each species 

(alpha = 0.05) are indicated with regression lines.  
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A2.4 Discussion  

A2.4.1 Warming and moisture reduction effects on spring and autumn phenology 

 

 Our results support previous studies showing that global warming induces earlier tree 

activity (e.g., Vitasse et al., 2018; Piao et al., 2019; Beil et al. 2021). In addition, our results 

demonstrate that temperature impacts on spring phenology are independent of soil moisture in 

temperate trees as an advanced leaf unfolding occurred even when warming was combined to a 

substantial irrigation reduction (i.e., warming + soil moisture reduction treatment; Fig. A2.1). These 

impacts were observed only one year after the treatment started, demonstrating the importance of 

winter and spring temperature for spring phenology and explaining the high year-to-year variability 

of this phenological event (Meier et al., 2021). However, the magnitude of the phenological shift 

induced by warming differ widely between the two species with an advance of 15 days for oak and 

only 4.5 days for beech, a difference that remains similar when soil moisture reduction co-occurs 

with warming (Fig. A2.1). These differences, which are consistent with previous work (e.g., Vitasse 

et al., 2009), may be driven by a higher control of the photoperiod in beech trees compared to oak 

(Baumgarten et al., 2021). Our findings contradict, however, some work showing an earlier leaf-out 

in diffuse-porous species compared to ring-porous ones (e.g., Wang et al., 1995), which has been 

attributed to greater embolism in trees with larger vessels by the end of winter thereby impairing 

the supply of water to emerging leaves. As little loss of stem hydraulic conductivity was observed 

in our study (Fig. SA2.8) and leaf water potentials did not go beyond typical P50 (i.e., xylem pressure 

inducing a 50% loss of conductivity) values for those species (Fig. SA2.9) it is not surprising that 

treatment-induced phenological shifts were not associated to xylem vulnerabilities. Overall, our 

findings suggest that pubescent oak could benefit more than European beech from climate warming 

since it may become more competitive for resources such as water, nutrients, and light earlier in 

the growing season, particularly in stands where the two species co-occur. However, this response 

could also expose trees to other climate-associated stressors such as frost and herbivory damages 

(Vitasse et al., 2014; Chamberlain & Wolkovich, 2021). 

 Our results differ strikingly from previous work in semi-arid systems where similar warming 

of 5°C delayed the start of the growing season (Adams et al., 2015). The contrast between the two 

studies highlights the context-dependency of temperature impacts and suggests an essential role 

of the background climate. Indeed, as our results tend to show, temperate ecosystems, which are 

not yet limited by extreme drought and heat, are more likely to take advantage of warming-induced 

phenological shifts (Moritz & Agudo, 2013). Adams et al., (2015) further showed that soil moisture 

reduction exacerbates high temperature impact in semi-arid conditions, which contradicts our 

observations. Contrary to the strong effects found on source activity (Fig. A2.2), we observed no 

impact of soil moisture reduction on spring phenology for European beech, suggesting that 

temperature was solely responsible for shifts in leaf-out timing. Yet, opposite to our expectations, 
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an earlier leaf-out occurred for pubescent oak in response to soil moisture reduction, even if only 

by 4.9 days. Few studies have investigated moisture impacts on spring phenology in temperate 

regions. Using a similar experimental design, Kuster et al., (2014) also observed an earlier 

moisture-induced leaf-out in three oak species, including pubescent oak. However, the underlying 

mechanisms driving this response remains unknown. In Mediterranean ecosystems, Peñuelas et 

al., (2004) showed that precipitation correlates well with the timing of leaf development. 

Nevertheless, even in this dry ecosystem, the effects of moisture on leaf out date were still weaker 

than those associated with temperature (Peñuelas et al., 2002).  

 Despite our expectations and contrary to previous work (Arend et al., 2015), warming and 

soil moisture reduction had no impact on beech autumn phenology, but they prolonged the period 

of senescence in oak. Consequently, a longer growing season was observed for oak but not for 

beech, where temperature impacts on spring phenology were not as strong. This result suggests 

that different underlying processes are driving leaf-out and senescence timing. The initiation of 

senescence may be more controlled by the photoperiod (Keskitalo et al., 2005) even if, as shown 

in our study (Fig. A2.1), the duration of the senescence process can be extended with warming in 

more plastic species such as pubescent oak.  

A2.4.2 Warming and soil moisture reduction effects on sink and source activity 

 

 Warming led to higher total modelled leaf-level C uptake in oak trees, mainly due to an 

extended growing season and earlier source activity. Warming further enhanced oak Vcmax 

throughout the growing season, resulting in higher modelled C uptake when all trees were active. 

We found no changes in chlorophyll content, which indicates that warming-exposed trees increased 

the amount and activity of the Rubisco enzyme but not necessarily the harvesting of the light energy 

(i.e., leaf absorbance), which is largely determined by the chlorophyll pigment concentration 

(Collatz et al., 1991). Hence, both a warming-extended growing season and increased C 

assimilation through warming-enhanced photosynthetic efficiency (i.e., enhanced amount of CO2 

catalyzed by Rubisco) led to a higher annual C uptake in warmed pubescent oaks. These findings 

are in agreement with previous work on pubescent oak from open-top chamber experiments where 

elevated temperature led to higher net photosynthesis (Arend et al., 2013). As we could not obtain 

whole-tree leaf area estimates it is difficult to predict temperature impacts at the whole-tree scale. 

Moreover, care should be taken with modelled results as they are not as reliable as empirical data, 

particularly during periods of high photosynthesis (Fig. SA2.5). Yet, no changes in leaf size and 

Huber values were observed, suggesting that our leaf-level findings could be representative of 

whole-tree C uptake strategy. We also observed substantial reductions in CO2 uptake, stomatal 

conductance, Vcmax, and Jmax in response to reduced soil moisture, supporting many previous 

studies (e.g., Xu & Baldocchi, 2003; Vaz et al., 2010; Arend et al., 2013). Consequently, oaks 

exposed to irrigation reduction had 12% less C uptake during the period when ambient trees were 
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also active. This reduction was entirely compensated in trees exposed to combined warming and 

irrigation reduction because of the extended growing season (Fig. A2.3). These findings are crucial 

as they suggest that advanced spring phenology and a longer growing season driven by higher 

temperature compensate for a drought-induced reduction in C uptake in pubescent oak (Ciais et 

al., 2005). C compensation under warming increased the amount of stored NSC concentrations, 

especially starch levels (Fig. SA2.7), which could play a significant role in the long-term for 

pubescent oak vulnerability to and recovery from climate extremes (Piper & Paula, 2020). Our study 

is the first to show this delicate balance existing between C-fixation limitations under limited soil 

moisture, increased photosynthetic efficiency and growing season length with warming, potentially 

allowing some species to persist under rising temperature by shifting their C uptake to the edge of 

the growing season. If these results can be validated for numerous species and if we could 

determine how it translates into annual carbon fixation, such compensation could substantially 

affect the strength of the carbon-climate feedback.  

 For European beech trees, an earlier photosynthetic activity was insufficient to compensate 

for the substantial reduction in modelled C uptake due to warming and limited soil moisture (Fig. 

A2.3). As strong reduction in stomatal conductance together with no changes in Jmax, Vcmax and 

chlorophyll content was observed, these results indicate that stomatal closure and thus reduced 

intercellular CO2 concentrations must be driving climate impacts on beech C uptake (Flexas et al., 

2004). Large reductions of up to 44% in net photosynthesis and in the allocation of C resources 

belowground were also previously found for beech in response to warming and soil drought in such 

manipulative experiments (Hagedorn et al., 2016). Taken together, these findings suggest that, in 

the coming years, European beech may have to rely more often on an early-season C uptake when 

the air temperature is still low. Our results thus also contradict predictions of a longer growing 

season with global warming and climate mitigation effects through extended C uptake for temperate 

species such as European beech. Still, this finding corroborates many studies reporting that beech 

trees will likely experience population decline with future warming (Hanewinkel et al., 2013; 

Leuschner, 2020), likely because of the absence of warming-induced compensation through 

phenological adjustments. Moreover, as a species known for its low sensitivity to temperature 

compared to photoperiod limitation and chilling requirement (Vitasse & Basler, 2013), European 

beech may not have strong potential to adapt to global warming via phenological shifts. 

Nevertheless, care must be taken when interpreting these findings as beech showed low 

assimilation rates (Fig. A2.2) compared to previous work using the same experimental settings 

(Pflug et al., 2018). Low photosynthesis could be associated to high stress levels already under 

control conditions, which could explain the absence of C compensation found for this species (Fig. 

A2.3). 

 The absence of warming and soil moisture reduction impacts on sink activity (i.e., growth 

increment in height and DBH) is surprising but coherent with the absence of changes in leaf area, 

huber values and non-structural carbohydrates (Fig. SA2.7). Even if a large variability between 
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trees restricts our interpretation and raises uncertainties about sink activity results (Fig. SA2.6), 

these findings could suggest no imbalance or strong compensation between the sink and source 

activity. Previous studies have found reductions, increases, and no changes in productivity in 

response to warming and soil moisture limitation (e.g., Taeger et al., 2015; Liu et al., 2017; 

Manrique-Alba et al., 2018; Vanhellemont et al., 2019). For instance, using a similar experimental 

design, Arend et al., (2011) found that soil moisture stress decreased aboveground growth in 

pubescent oak by approx. 45% while warming enhanced it by 14%. Similarly, several studies 

reported that beech growth was severely reduced by higher vapor pressure deficit and soil moisture 

stress using open-top chamber experiments (e.g., Lendzion & Leuschner, 2008; Liu et al., 2017). 

The divergent findings could be attributed to local environmental factors, measuring approaches, 

or contrasting drought and warming levels. For instance, Arend et al., (2011) used different 

provenances and increased daytime air temperatures by approx. 2 °C while soil moisture was 

reduced by 50% in the warmed and moisture reduction treatments, respectively, compared to the 

control. Moreover, an essential part of the sink activity is taking place belowground, particularly in 

the earlier life stages and under temperature and soil moisture stress (Hertel et al., 2013). A higher 

allocation of assimilates belowground has been demonstrated in many species, including European 

beech (Hagedorn et al., 2016). However, as the actual contribution of the belowground sink activity 

is poorly known, future work should include a whole-tree sink and source activity perspective, as 

well as temperature and soil moisture gradients, to shed more light on the mechanisms driving 

phenological shifts. Further assessments across years would also be needed to confirm our 

observations and provide additional insight into sink/source feedbacks, mainly as warming effects 

in manipulative experiments can sometimes dissipate with time (Wolkovich et al., 2012). 

A2.4.3 Effect of sink and source activity on autumn phenology 

 

 We hypothesized that changes in the source (i.e., net photosynthesis and total C uptake) 

and sink activity (i.e., height and diameter increment) would be associated with shifts in leaf 

senescence and growing season length. Our findings show that higher C uptake was consistently 

related to delayed leaf senescence and longer growing seasons, independently of the treatment, 

as highlighted by the positive relationships observed between variables (Fig. A2.4). Leaf 

senescence responses to warming and soil moisture changes are complex because they are 

determined by the interaction of many internal and external factors, among them hormones, sugar 

concentration, temperature, photoperiod, and water availability. In this context, while the cross-

correlation of all these factors limits interpretation from long-term observations, manipulative 

experiments allow us to decipher more precisely the underlying processes, and our study tends to 

show that leaf senescence occurs later in plants that have assimilated more C. Yet, we urge caution 

in interpreting the significant relationships between senescence, growing season length, and Atot 

observed here as the exact link between the two may be associated with other processes not 

accounted for. Recent work has associated senescence to source and sink activity whereby 
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elevated CO2 and temperature stimulated photosynthesis earlier in the growing season, creating a 

sink limitation that subsequently causes earlier senescence (Zani et al., 2020). These findings are 

contradicting evidence provided by free-air CO2 enrichment (FACE) experiments where, similarly 

as in our work, a warmer (and/or a CO2-richer) environment lead to advanced and enhanced 

sink/source activity in temperate trees but no change or even delayed senescence depending on 

the species and duration of the manipulation (Norby, 2021). These inconsistencies may be related 

to the timing of warming and soil moisture limitation. If warming occurs early in the growing season, 

it should stimulate photosynthesis when growth demand is high and prolong senescence. However, 

warming could accelerate autumn phenology if it occurs towards the end of the growing season 

when growth demand is low (Beil et al., 2021). As our treatments were applied all along the growing 

season, the two effects may have been triggered and compensated for each other. More work on 

the importance of the soil moisture and warming timing would be needed to understand better the 

drivers of leaf senescence and their interactive effects. Overall, senescence drivers have not been 

well studied, and our results highlight the need to further evaluate these drivers in numerous 

species and across broad gradients of temperature and soil moisture.   
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Figure SA2.1: Pictures showing the experimental design implemented at the facility. Sixteen open-top chambers 

are assigned to four treatments (a) (n=4 chambers per treatment): control (no heating and irrigation restriction not 

applied), warming (+5 °C above the air temperature inside the control chambers), moisture reduction (irrigation 

reduced by approx. 70%), and warming + moisture reduction (both treatments applied simultaneously). A simple 

fan (b) (for maintaining similar air circulation in non-warmed chambers) or a heating unit blowing hot air (c) (for 

warmed chambers) is located at the center of each chamber. 

  

(a)

(c)(b)
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Figure SA2.2: Daily and annual mean soil water content (SWC), air temperature, and vapor pressure deficit (VPD) 

measured in the open-top chambers in each treatment. Filled symbols show the annual means ± s.e. (n = 4 

chambers per treatment), open symbols show the hourly minima and maxima. 

Figure SA2.3: Photosynthetic light-response curves in the control treatment measured in June 2019 on three 

trees per species.   
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Figure SA2.4: Photosynthesis (A) measured from sunrise to sunset on beech (green) and oak (orange) seedlings 

growing under ambient, moisture reduction, warming and warming + moisture reduction conditions and measured 

in June, July and September 2020. Locally weighed regression lines are added for the measured A (solid lines) and 

for A simulated with the SPAC model (dashed lines). The root mean squared error (RMSE) and bias are shown for 

each treatment and measurement campaign for beech and oak, respectively.  

 

Figure SA2.5: Simulated photosynthesis (A) compared to values measured from sunrise to sunset on beech 

(circles) and oak (triangles) seedlings growing under control (blue), moisture reduction (grey), warming (orange) 

and warming + moisture reduction (red) conditions and measured in June, July and September 2020. The solid line 

depicts the 1:1 ratio and shows that simulated A was underestimated mostly for oak seedlings grown in control and 

warmed conditions.  
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Figure SA2.6: Seedling height and diameter at breast height (DBH) increments between May and September 2020, 

single leaf area and Huber value for beech and oak growing under control, warming, moisture reduction and 

warming + moisture reduction conditions (mean ± s.e.; n = 5–6 trees per treatment and species). No significant 

differences between treatments were found.  
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Figure SA2.7: Total leaf non-structural carbohydrate (NSC) concentration, starch (St) concentration, and sugar 

(Sg) concentration (mean ± s.e.; n = 6 trees per treatment and species) for beech (circles) and oak (triangles) 

growing under control (blue), moisture reduction (grey), warming (orange) and warming + moisture reduction (red) 

conditions and measured in June, July and September 2020. Significant differences between treatments for a given 

campaign are indicated with letters (Tukey’s HSD post-hoc test, alpha = 0.05).  
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Figure SA2.8: Mean percentage loss of conductivity (PLC, %) for beech and oak growing under control (blue), 

moisture reduction (black), warming (orange) and warming + moisture reduction (red) conditions and measured in 

September 2020. No significant differences between species and treatments were found.  

 

 

Figure SA2.9: Mean predawn leaf water potential (MPa) for beech and oak growing under control (blue), moisture 

reduction (black), warming (orange) and warming + moisture reduction (red) conditions and measured in June, July 

and September 2020. Significant differences between treatments and ambient conditions for a given campaign are 

indicated with stars (*P< 0.05, **P<0.01, ***P<0.001). 
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A2.7.2 Supporting tables 

 

Table SA2.1: Model parameters that were either measured in our field experiment, extracted from the literature, or 

calibrated as indicated.  

Acronym Parameter Units Parameter value Source 

Vcmax carboxylation capacity µmol m-2 s-1 31.5 (beech); 57.7 (oak) calibrated 

Jmax electron transport capacity µmol m-2 s-1 49.8 (beech); 66.7 (oak) calibrated 

Tmax(Jmax) temperature maximum of Jmax ºC 57.05 for both species Williams et al., 1996 

Tmax(Vcmax) temperature maximum of Vcmax ºC 65.03 for both species Williams et al., 1996 

Topt(Jmax) temperature optimum of Jmax ºC 32 (beech); 34 (oak) Medlyn et al., 2002 

Topt(Vcmax) temperature optimum of Vcmax ºC 36 (beech); 39 (oak) Medlyn et al., 2002 

Ψf leaf turgor loss point kPa -354 (beech); -346 (oak) measured 

g0 minimum leaf conductance mmol m-2 s-1 0.010 (beech); 0.0078 (oak) measured 

Sf stomatal sensitivity to Ψleaf  0.0086 (beech); 0.0089 (oak) calibrated 

m proportionality factor between gS and A  1.195 (beech); 1.001 (oak) calibrated 

Rsoil soil resistance to water flow   10'000 Garcia-Tejera et al.,  2017 

Rroot root resistance to water flow  10'000 Garcia-Tejera et al.,  2017 

Rxylem xylem resistance to water flow       0.1 Garcia-Tejera et al.,  2017 
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Table SA2.2: Linear mixed model results (F- and P-value) of the effect of warming (W), moisture reduction (MR), 

campaign (C), and their interactive effects on maximum photosynthesis (Amax), stomatal conductance (gs), rubisco 

carboxylation (Vcmax), electron transport rate (Jmax), and chlorophyll concentration ([Chl]). Significant effects are 

highlighted in bold.  

Explained 

variables Species Treatment 

  
W MR C W x MR W x C MR x C W x MR x C 

Amax Beech 0.01 (0.979) 6.35 (0.028) 5.45 (0.008) 1.49 (0.247) 0.08 (0.914) 2.08 (0.137) 2.62 (0.084) 

 

Oak 0.08 (0.766) 21.03 (< 0.001) 2.10 (0.131) 2.27 (0.137) 0.26 (0.769) 0.10 (0.898) 0.51 (0.598) 

gs Beech 1.05 (0.329) 10.30 (0.009) 13.50 (< 0.001) 0.71 (0.416) 0.13 (0.874) 1.01 (0.369) 0.46 (0.629) 

 Oak 0.01 (0.996) 14.60 (0.003) 1.67 (0.196) 3.96 (0.051) 0.71 (0.494) 1.00 (0.373) 0.32 (0.776) 

Vcmax Beech 5.43 (0.040) 2.50 (0.142) 28.27 (< 0.001) 2.63 (0.133) 2.55 (0.091) 1.78 (0.180) 1.78 (0.181) 

 

Oak 3.90 (0.076) 16.29 (0.002) 7.33 (0.002) 1.87 (0.200) 0.31 (0.729) 0.09 (0.907) 0.48 (0.622) 

Jmax Beech 1.36 (0.268) 1.47 (0.250) 4.25 (0.021) 2.96 (0.113) 1.67 (0.201) 0.91 (0.410) 1.06 (0.356) 

  Oak 0.04 (0.834) 21.23 (< 0.001) 0.08 (0.917) 3.98 (0.051) 0.37 (0.693) 0.58 (0.562) 0.29 (0.743) 

[Chl] Beech 0.04 (0.843) 1.65 (0.227) 5.09 (0.010) 0.01 (0.921) 0.45 (0.637) 0.14 (0.869) 0.37 (0.691) 

 Oak 1.81 (0.217) 5.07 (0.056) 0.17 (0.840) 0.51 (0.496) 0.41 (0.663) 0.47 (0.624) 0.48 (0.620) 
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Absence of canopy temperature variation despite 

stomatal adjustment in Pinus sylvestris under 
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Abstract 

● Global warming and droughts push forests closer to their thermal limits, altering tree carbon 

uptake and growth. To prevent critical overheating, trees can adjust their thermotolerance 

(Tcrit), temperature and photosynthetic optima (Topt and Aopt) and canopy temperature (Tcan) 

to stay below damaging thresholds. However, we lack understanding of how soil droughts 

affect photosynthetic thermal plasticity and Tcan regulation. 

● In this study, we measured the effect of soil moisture on the seasonal and diurnal dynamics 

of net photosynthesis (A), stomatal conductance (gs), and Tcan, as well as the thermal 

plasticity of photosynthesis (Tcrit, Topt, and Aopt), over the course of one year using a long-

term irrigation experiment in a drought-prone Pinus sylvestris forest in Switzerland. 

● Irrigation resulted in higher needle-level A, gs, Topt, and Aopt compared to naturally drought-

exposed trees. No daily or seasonal differences in Tcan were observed between treatments. 

Trees operated below their thermal thresholds (Tcrit), independently of soil moisture content. 

● Despite strong Tcan and Tair coupling, we provide evidence that drought reduces trees’ 

temperature optimum due to a substantial reduction of gs during warm and dry periods of 

the year. These findings provide important insights regarding the effects of soil drought on 

the thermal tolerance of Pinus Sylvestris. 

 

Keywords: drought, irrigation, photosynthesis, Pinus sylvestris, plasticity, temperature response, 

thermoregulation  
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A3.1 Introduction 

 Heatwaves and droughts are expected to increase in magnitude, frequency, and duration 

throughout the 21st century (Pachauri et al., 2015). Heat drives higher vapour pressure deficit 

(VPD), which increases the effects of soil drought, leading to reduced photosynthesis and altered 

global carbon cycling (Grossiord et al., 2020). While leaves can operate within a broad range of air 

temperatures (Tair), they must stay under a species-specific temperature threshold to sustain their 

function. With increasing heatwaves and droughts, temperatures exceeding these thresholds might 

become common and negatively impact photosynthesis, carbon gain, and the growth of forests 

(O’sullivan et al., 2017).  

 While species from hotter and drier climates can typically withstand higher temperatures 

than those from mesic environments (Zhu et al., 2018), individuals may acclimate to global warming 

and reduced precipitation by increasing their heat tolerance. Thermotolerance is an important 

parameter for measuring thermal safety margins in plants. Thermotolerance is often assessed by 

measuring the critical temperature that induced a steep rise in chlorophyll fluorescence (Tcrit, 

Schreiber & Berry, 1977; Kitudom et al., 2022) or the temperature causing a 50% reduction of the 

maximum quantum yield of the photosystem II (PSII) (T50, Marias et al., 2017). The two parameters 

indicate different damage levels to the PSII associated with high temperature, and, as such, they 

are both essential for understanding plant heat-tolerance mechanisms (Marias et al., 2017). 

Previous work has shown a broad variability in thermotolerance with T50 in conifers typically 

exceeding the maximum air and leaf temperatures experienced during heat stress (Tair and 

leaf>40°C, e.g., Kunert et al., 2021). Interspecific variation in thermotolerance seems to be driven 

by extreme leaf temperatures experienced by species, with species experiencing higher leaf 

temperatures typically having stronger heat tolerances (Perez & Feeley, 2020). Moreover, trees 

can adjust their thermal thresholds to drier and warmer conditions (Knight & Ackerly, 2002). For 

instance, Marchin et al., (2022) found an increase in Tcrit of +1.3°C across a broad range of 

evergreen species exposed to an artificial hot drought in a greenhouse experiment. Similarly, higher 

T50 was found in water-stressed desert species than well-watered ones (Cook et al., 2021) and 

plants exposed to a heatwave (Drake et al., 2018). Shifts in thermotolerance could result from an 

accumulation of heat shock proteins, osmolytes, and secondary metabolites (Wahid et al., 2007) 

and depend on the species acclimation potential (Zhu et al., 2018). Yet, whether significant shifts 

in thermotolerance in response to drier conditions take place in long-lived foliage of coniferous 

trees remains unclear. 

 In addition to thermotolerance acclimation, adjustment of the optimum photosynthetic 

temperature (Topt) may allow plants to reach maximum CO2 uptake (Aopt) under higher leaf 

temperatures. Adjustments of Topt are mostly dependent on biochemical processes such as 

carboxylation capacity (Vcmax), electron transport capacity (Jmax), and leaf respiration, as well as 

adjustments in stomatal conductance (gs) (Hikosaka et al., 2006; Smith & Dukes, 2017). Plants 
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exposed to hot or dry conditions can quickly adjust their Topt (within a few days), indicating that 

photosynthetic acclimation to temperature is a dynamic mechanism that will play an increasingly 

important role in forest trajectories under global warming (Yamori et al., 2014; Sperlich et al., 2019; 

Kumarathunge et al., 2020). For example, during drought, it was shown that Topt decreases (in 

seedlings of Eucalyptus tereticornis, Kumarathunge et al., 2020; in wheat, Fang et al., 2023) 

because of stomatal closure. In warming experiments, Topt has been shown to increase by 0.4°C 

per 1°C of warming in a broad range of boreal and temperate species (Sendall et al., 2015) or by 

more than 1°C per 1°C of warming in tropical species (Wittemann et al., 2022). Globally, it was 

found that Topt increases on average by 0.34°c per 1°C of warming in a broad scope of evergreen 

species ranging from boreal to tropical biomes (Crous et al., 2022). During droughts, trees can also 

shift their timing of optimum photosynthesis (Aopt) to spring and autumn because of tighter stomatal 

control to avoid summertime periods of extreme soil moisture shortage and high VPD, as was found 

in evergreen Juniperus thurifera L. (Gimeno et al., 2012). However, photosynthetic plasticity under 

drought is not always observed (Limousin et al., 2010; Gagne et al., 2020), and Aopt is usually 

optimised under maximum daytime temperatures (Slot & Winter, 2017; Tan et al., 2017). Yet, as 

most of the work investigating acclimation of thermotolerance and thermal plasticity was 

undertaken in controlled conditions on young plants exposed to short-term temperature or soil 

moisture variations, it is difficult to translate these findings to in-situ conditions in mature forests. 

To date, few studies have investigated how long-term changes in soil moisture alter the 

photosynthetic optima and thermotolerance in natural forests (Sastry et al., 2018; Docherty et al., 

2023). 

 Acclimation strategies such as increased Tcrit, T50, and Topt should be directly associated 

with higher temperature ranges experienced by tree canopies during droughts (Gunderson et al., 

2010). Regulation of leaf temperature (Tleaf) is an important mechanism to control plant physiology 

such as respiration, transpiration, and photosynthesis, but also biochemical processes such as 

enzymatic inactivation or chlorophyll degradation (Ribeiro et al., 2004; Wahid et al., 2007; Teskey 

et al., 2015; Still et al., 2021; Tarvainen et al., 2022). Tleaf depends directly on leaf traits, canopy 

structure, and the local environmental conditions that determine the leaf energy balance (Balota et 

al., 2008; Blonder & Michaletz, 2018). The absorbed energy from short and longwave radiation 

(i.e., net radiation) is partially offset by latent (LE) heat flux (evapotranspiration) and sensible (H) 

heat flux, which is positively related to air turbulence (Still et al., 2021). Tleaf is therefore affected 

by several leaf traits such as leaf size, thickness, roughness, structure, and angle, which all 

influence the interception of radiation and latent and sensible heat fluxes (Monteith & Unsworth, 

2013; Wright et al., 2017). For instance, larger leaf area and width are related to higher leaf 

temperature and extended temperature range during hot periods (Leigh et al., 2017), while thicker 

leaves can considerably reduce damage from high temperatures (Leigh et al., 2012).  

 Under water-limited conditions, leaf cooling through evapotranspiration is reduced due to 

stomatal closure to prevent excessive water loss. This reduction of latent heat fluxes can cause 
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large deviations of Tleaf above Tair (Fauset et al., 2018; Cook et al., 2021), bringing leaves closer to 

their thermal thresholds (Marchin et al., 2022). Alternatively, heat can be dissipated through 

sensible heat fluxes via air turbulence, which can be the main heat dissipation pathway when latent 

heat fluxes are reduced or suppressed under dry conditions and high VPD (Muller et al., 2021). 

This ‘canopy convector effect’ happens particularly efficiently in dry conifer forests with low tree 

density and open canopies, where the coupling between the canopy and atmosphere is high, and 

the aerodynamic resistance is low (Rotenberg & Yakir, 2010). Most work investigating drought 

impacts on leaf temperature regulation has been conducted on broadleaf species in experimental 

conditions and has shown that drought-exposed potted trees can heat up to +4°C compared to 

well-watered plants (Buddenbaum et al., 2015; Peguero-Pina et al., 2020; Marchin et al., 2022). In 

coniferous forests, needle-like leaves are much thinner and smaller than broadleaved ones, 

resulting in a higher air-to-leaf heat transfer due to a close coupling of canopy temperature (Tcan) 

and Tair (Still et al., 2022). For instance, in a very dry pine forest, Muller et al., (2021) found little 

variation in Tcan between drought-exposed vs. irrigated trees despite a 10-fold higher transpiration 

rate of the latter. These findings suggest that moisture-limited coniferous forests are less likely to 

experience large leaf temperature variations during severe droughts because of the predominant 

role of non-evaporative cooling in such sparse canopies. However, whether these observations 

can be transferred to more humid regions with forests that have higher needle areas remains to be 

tested. Further, whether a more limited Tcan variability also translates into lower photosynthetic 

thermal acclimation remains unknown. Very little work has investigated how long-term soil moisture 

changes affect the diurnal and seasonal dynamics of photosynthesis and its thermal plasticity in 

relation to Tcan in natural ecosystems. Nevertheless, understanding the interactions between heat 

stress and water limitation is essential to accurately parameterize climate-vegetation models and 

predict the effects of global warming on vegetation dynamics (Kunert et al., 2022). 

 In this study, we investigated how long-term plasticity to contrasting soil moisture affects 

the diurnal and seasonal patterns of net photosynthesis (A), stomatal conductance (gs), 

transpiration (E), the thermal tolerance of photosynthesis (Topt, Aopt, Tcrit, and T50), and canopy 

temperature (Tcan). The work was conducted in a Scots pine forest in a drought-prone region, where 

part of the forest has been irrigated since 2003. Despite results from Muller et al. (2021), we 

expected to see higher Tcan in trees growing under seasonally water-limited conditions (i.e., control, 

non-irrigated trees) because of reduced latent heat flux compared to trees growing in higher soil 

moisture (i.e., irrigated trees), especially during the warmest and driest period of the day (i.e., after 

midday) and the year (in mid-summer). Moreover, increasing Tcan in control trees should lead to 

higher Topt, T50, and Tcrit compared to irrigated trees, potentially resulting in less severe 

downregulation of photosynthesis during the warmest period of the year. We also expected to see 

a strong response of gas exchange to water availability, with irrigated trees having higher A, gs, 

and E than control trees throughout the day in mid-summer when soil moisture significantly drops 

in non-irrigated conditions. 
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A3.2 Materials and methods 

A3.2.1 Study site and experimental design 

 

 Our study site is a naturally regenerated 120-year-old forest (Pfynwald) situated in the 

Rhone valley, a dry inner-alpine region in south-western Switzerland (615 m a.s.l., 46°18’N, 

7°37’E), whose forest cover is dominated by Scots pine (Pinus sylvestris). The average canopy 

height is approximately 12 m with a stand density of 730 stems ha-1 and a basal area of 27.3 m2 

ha-1. This site's mean annual temperature and cumulative precipitation are 10.7°C (maximum 

temperature of 37.2°C in July) and 575 mm (lowest values of 34 mm in July), respectively, for the 

period 1995-2014  (from the closest meteorological station in Sion; Herzog et al., 2014). The terrain 

is flat, and the soil is composed of an alluvial fan made of limestone, marble, quartzite, and gneiss, 

allowing the water to penetrate the bedrock easily. 

 In 2003, an experimental site was set up in an area of 1.2 ha (~800 trees) divided into eight 

plots of 25 x 40 m each, separated by a 5 m buffer zone (Dobbertin et al., 2010). Half of the plots 

are watered each night (~600 mm year-1, between May and October) with sprinklers at 1 m height 

using a nearby channel fed by the Rhone river (irrigated treatment), while the other half is exposed 

to natural dry conditions (control treatment). In 2015, scaffolds were installed in 6 plots (3 controls 

and 3 irrigated) to reach tree crowns and enable in-situ canopy measurements. 

 We carried out five measurement campaigns of two days each in March, May (i.e., before 

the start of the irrigation), June, August (i.e., during irrigation), and October (i.e., after stopping the 

irrigation) of 2022. During each campaign, drone flights for acquiring thermal images of the canopy 

and needle-level gas exchange measurements were conducted simultaneously. For the gas 

exchange measurements, we selected 2 to 5 trees per plot that could be reached from the top of 

the scaffolds, for a total of 19 sampled trees (10 irrigated, 9 control). Gas exchange measurements 

and capture of thermal images (described in detail below) were taken diurnally, between sunrise 

and sunset at 1 h or 2 h intervals (resulting in 9 to 11 measurements per replicate each day). 

Measurements were performed over two consecutive days with similar temperatures, humidity, and 

insolation for each campaign.  

A3.2.2 Environmental measurements 

 

 Air temperature, relative humidity (HydroVUE10 sensors in a RAD10 radiation shield, 

Campbell Scientific, Logan, UT, USA), and precipitation (rain[e]H3, Lambrecht Meteo GmbH, 

Germany) were recorded at 10 min intervals using sensors installed at the top of a 13 m high 

scaffold and jutting 1 m above the tree canopy. Some meteorological data outside the 

measurement periods were missing because of sensor failures. The data were filled with 
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observations extracted from the closest meteorological station 20 km away (Idaweb, MeteoSwiss) 

to complete Fig. A3.1.  

 

Fig. A3.1: Environmental parameters at the Pfynwald forest in 2022. Daily average air temperature (purple) and 

sum of precipitation (dark blue) (top panel). Mean soil water potential measured at 10 cm depth for control (red) 

and irrigated (blue) treatments, and daily average global radiation (yellow) (bottom panel). The dotted lines indicate 

the measurement campaigns. 

 

 Soil water content (SWC) and soil water potential (SWP) were recorded at 10 and 80 cm 

soil depth (at two locations per plot and treatment) with volumetric soil water content probes (10HS, 

Decagon Devices, Pullman, WA) and SWP probes (MPS-2, Decagon Devices), respectively. All 

plots were equipped with sensors at two locations within the plot, recording measurements at 15 

min intervals.  

 

 

0

1 0

2 0

0

2 0

4 0

J a n A p r J u l O c t

t im e

rr
e

1
5

0
h

0
/2

p
re

c

S
o

il 
w

a
te

r 
p

o
te

n
ti
a

l 
(k

P
a

)
T

e
m

p
e

ra
tu

re
 (
°C

)
P

re
c
ip

ita
tio

n
 (m

m
)

Date

20

10

0

0

0

20

40

-300

-600

-900

0

100

200

300

March May October

G
lo

b
a

l ra
d

ia
tio

n
 (W

 m
2)

Irrigated
Control

June August



227 
 

A3.2.3 Canopy temperature 

 

 Thermal images were obtained using an uncooled infrared sensor (model DJI Zenmuse 

XT2) measuring between 7.5 - 13.5 μm with a 640x512 pixel resolution mounted on a DJI M210 

RTK V2 drone platform (DJI Technology Co, Ltd., Shenzhen, China). During each campaign, 9 to 

12 drone flights (depending on the season) were executed from 8h to 19h at 60 m aboveground 

with 90% side and frontal frame overlaps, resulting in a ground sampling distance (GSD) of 

approximately 17 cm/pixel. Drone flights took approximately 20 to 30 minutes and were conducted 

simultaneously with the physiological measurements (see next section). We operated drone flights 

under a clear sky and low wind speed to minimise variations in acquisition geometry and associated 

noise. Thermal radiometric images were first converted to TIFF (32-bit) using FLIR Research Studio 

V 2.0 software (FLIR Systems Inc., North Billerica, MA, USA) using an emissivity of 0.98.  

 A custom-built black painted (PNM400, Electrolube Ltd, UK) ventilated reference aluminium 

plate (500 x 500 x 10mm) was installed at the field site in June and allowed comparing surface 

temperatures extracted from drone imagery (Tplate-drone) with temperatures measured with a PT100 

1/10 DIM resistance temperature sensor (GD-7124, Gräff GmbH, Germany) applied on the 

reference plate (Tplate-sensor).  

 The relationship between Tplate-drone extracted from drone images and Tplate-sensor measured 

directly by the contact sensor over a wide range of Tair (22-32°C) was linear: Tplate-sensor = Tplate-drone 

* 1.07 + 1.07 (R2 = 0.99) (Fig. SA3.1). This equation was applied to correct all data from the drone. 

In addition, we found a strong correlation between corrected Tcan from the drone and Tcan from one 

fixed IR point sensor (emissivity of 0.94, at 5 meters with a narrow field, IR120 radiometer, 

Campbell Scientific, Logan, UT, USA) installed on site prior to our study (R2=0.8) (Fig. SA3.1).  

 Images were georeferenced, geometrically calibrated, and assembled into ortho-mosaics 

using Agisoft PhotoScan (Agisoft LLC, St. Petersburg, Russia). In QGIS (QGIS Development Team 

2022), we masked understory vegetation and bare soil temperature pixels (with the SAGA plugin), 

which had extreme temperature values compared to tree canopies. Individual tree canopies (mostly 

exposed canopy but also parts of the shaded lower canopy) were manually delineated as polygons, 

and the average canopy temperature for each sampled tree (n=19) was calculated using the zonal 

statistics plugin in QGIS (Fig. SA3.2).  

A3.2.4 Diurnal course of gas exchange and temperature response curves 

 

 On each scaffold (n= 3 per treatment), we measured 2 to 5 trees (depending on tree 

accessibility), leading to a total of n=9 and n=10 trees in control and irrigated treatments, 

respectively. One to three branches from each tree were measured. Gas exchange was measured 

on top of the scaffolds on sun-exposed branches using portable infrared gas analysers (LI-6800, 
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LI-COR Inc., Lincoln, NE) equipped with a 6 cm2 leaf cuvette on one-year-old needles. Repeated 

net photosynthesis (A), stomatal conductance (gs), and transpiration (E) measurements were taken 

under ambient temperature and humidity (ambient VPD), measured at the local Pfynwald 

meteorological station and set prior to every round of measurements (lasting approx. 30 min), and 

ambient PAR, measured instantaneously before the measurements either with the LI-6800 or with 

a hand-held PAR sensor (model MQ-200X, Apogee Instruments, Logan, UT, USA). Measurements 

were done on the same set of needles (between 5 and 10 individual needles assembled in fascicles 

per branch) every 1-2 h from sunrise to sunset and after steady-state gas exchange rates had been 

maintained for at least 2 min. The reference CO2 was set to 400 μmol mol-1. At the end of each 

day, the needles were collected, and the needle area was determined using a scanner (model 

CanoScan LiDE 300) and the software ImageJ and it’s descendant Fiji (Schindelin et al., 2012). 

The needle area was used to correct the recorded gas exchange values.     

 After each diurnal gas exchange measurement, we measured the light-saturated 

photosynthesis rates at different air temperatures to build temperature response curves of 

photosynthesis (TRC) on the same needles. TRC measurements were done during the summer 

months (June and August) when the irrigation was active. Specifically, we measured light-saturated 

photosynthesis every 1-2 h from sunrise to the peak of daily temperatures (between 12h and 15h) 

following the daily variation of ambient air temperatures (i.e., the air temperature inside the cuvette 

was set to ambient air temperature). With this method, we tracked ambient air temperature and 

avoided potential artefacts associated with differences between the ambient temperature 

experienced by the trees and the conditions in the cuvette. To avoid potential drivers that would 

confound the interpretation of the temperature curves, chamber VPD was set as close as possible 

to 1.1 kPa, CO2 to ambient 400 μmol mol-1, and saturating light to 1500 μmol m2 s-1 PAR.  

A3.2.5 Thermotolerance fluorescence curves 

 

 In October 2022, we collected one branch from a subset of 5 trees per treatment. We 

followed the protocol established by Marias et al. (2017) by collecting two needles per branch, 

placing them in closed plastic bags and immersing them in a covered preheated water bath for 15 

min at nine temperatures ranging from 25 to 58 °C. We used different needles for each temperature 

and measured chlorophyll fluorescence 15 min and 24 h after exiting the bath. The 24h 

measurement was used to assess the long-term heat damages on thermoregulation parameters, 

The 15 min and 24 h measurements were similar, and thus, we only used data from the 15 min 

round (Fig. SA3.3). During this time, needles were stored in the dark with moist paper. Chlorophyll 

fluorescence was measured on these dark-adapted needles (at least 30 min in the dark) at each 

experimental temperature using the same portable infrared gas analysers Li-COR 6800 described 

previously and including a multiphase flash fluorometer. The ratio of variable to maximum 

fluorescence (Fv/Fm) and the steady state fluorescence (F0) of dark-adapted leaves are considered 
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a good proxy for the maximum quantum efficiency of the PSII photochemistry and initial 

fluorescence, respectively (Genty et al., 1989) and were taken as our temperature response metric 

for thermotolerance. The ratio of variable to maximum fluorescence is calculated as:  

Fv

Fm
=

Fm−Fo

Fm
= 1 −

Fo

Fm
   Equation 1 

Where Fm is the maximum level of fluorescence. Thermotolerance curves were fitted with a third-

order sigmoid function following Marias et al. (2017): 

Fv

Fm
=

a

1+ e
−

(x−x0)
b

  Equation 2 

Where x is the treatment temperature, and a, x0, and b are fitting parameters. The temperature that 

caused a 50% reduction of Fv/Fm (T50) was determined from this fitted curve. Furthermore, the 

tissue temperature inducing a steep rise in chlorophyll fluorescence (Tcrit) was extracted from the 

thermotolerance curve as the intersection point between a regression fitted on the slow and the 

fast-rising part of the Fo temperature curve (Marias et al., 2017). Thermotolerance parameters were 

extracted from plotting Fv/Fm and Fo against bath temperatures. 

A3.2.6 Leaf area index 

 

 The plot-level leaf area index (LAI) was extracted from the DIAS WEkEO platform from 

Copernicus (Copernicus Data and Information Access Service). A 30x30m ROI was delimited from 

the centre of the coordinates of each plot (n=6, 9 pixels each). Only the dates with clear sky were 

taken, and pixels were averaged per plot, for all dates available from 2017 to 2022 (n=118 dates). 

A3.2.7 Statistical analysis 

 

 We tested the effect of irrigation on the diurnal dynamics of net photosynthesis (A), stomatal 

conductance (gs), and transpiration (E) with a linear mixed-effect model (LMM, part of the lme4 

package). The treatment was the fixed effect, and tree identity and hour of measurement were 

incorporated as random effects to account for repeated measurements on a single tree individual. 

The irrigation effect on the diurnal dynamic of canopy temperature (Tcan) was also tested using an 

LMM with treatment as the fixed effect and plot number and hour of measurement as random 

effects. The leaf area index (LAI) was tested using an LMM with treatment as the fixed effect and 

plot number and year and day of measurement as random effects. 

For the TRC, we observed no differences of A and Tcan between June and August (as climatic 

conditions were similar). We, therefore, decided to pool data for these two months to improve the 

model performance. To estimate the optimal photosynthesis (Aopt, the peak of the TRC) and the 

optimum photosynthetic temperature (Topt, temperature corresponding to Aopt), we fitted a nonlinear 

regression to the data following a second-order Gaussian function: 
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A = Aopt × e
 −

(Tair−Topt)2

2 × c2   Equation 3 

Where c is a fitting parameter.  

 The relationship between Tcan and air temperature (Tair) was analysed across all months 

and for the treatments. Linear regressions were fitted and compared with the 1:1 line. 

Thermotolerance parameters (Tcrit and T50) were extracted from fluorescence curves for each 

individual measured and compared between treatments using an LMM with tree identity as a 

random effect. Relationships between Tair, Tcan, A, incident light (Qin), and treatments were 

analysed with regression models and ANOVA. 
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A3.3 Results 

A3.3.1 Diurnal and seasonal variations of gas exchange  

 

 The needle-level daily net assimilation rate (A) of irrigated trees was significantly lower in 

May and October (p=0.02, p=0.033, respectively) and higher for the summer months (June and 

August, p=0.002, p=0.008, respectively) compared to the control. In contrast, there was no 

difference between control and irrigated trees in March (Fig. A3.2). The differences between 

treatments were particularly evident in the mornings of June and August when A was two times 

higher in irrigated than control trees (Fig. A3.2).  

 

Fig. A3.2: Mean diurnal variation of net photosynthesis (top), stomatal conductance (centre) and canopy 

temperature (bottom) over the course of the year, in March, May, June, August and October, for control (red) and 

irrigated (blue) trees. N=30 (for A and gs), N=19 (for Tcan), error bars represent SE. 

 

 Similarly, stomatal conductance (gs) was significantly higher in irrigated trees during the 

summer months (June p=0.002 and August p=0.003). During those months, just before midday, gs 

was five times higher in irrigated trees than in control trees. In contrast, there were no significant 

differences between irrigated and control trees in March, May, or October (p>0.05). 

 The diurnal course of A and gs in the two treatments did not change during the year and 

was the highest in the morning, between 9h and 12h. In summer, A and gs were very low (below 2 

M a rc h M a y J u n e A u g u s t O c to b e r

0 .0

2 .5

5 .0

7 .5

1 0 .0

1 2 .5

A

0 .0

0 .1

0 .2

0 .3

0 .4

g
s

w

0 9 :0 0 1 2 :0 0 1 5 :0 0 1 8 :0 0 0 9 :0 0 1 2 :0 0 1 5 :0 0 1 8 :0 0 0 9 :0 0 1 2 :0 0 1 5 :0 0 1 8 :0 0 0 9 :0 0 1 2 :0 0 1 5 :0 0 1 8 :0 0 0 9 :0 0 1 2 :0 0 1 5 :0 0 1 8 :0 0

0

1 0

2 0

3 0

4 0

T im e

T
c

a
n

_
c

o
rr

e
c

te
d

_
3

S
to

m
a

ta
l 
c
o

n
d

u
c
ta

n
c
e

 

(m
o

l 
m

-2
s

-1
)

C
a

n
o

p
y
 t
e

m
p

e
ra

tu
re

 

(°
C

)

A
s
s
im

ila
ti
o

n
 r

a
te

 

(µ
m

o
l 
m

-2
s

-1
)



232 
 

μmol m-2 s-1 and 0.03 mol m-2 s-1, respectively) for control trees from noon onwards. Seasonal 

variation of A was more accentuated in control trees than in irrigated trees, with an average 

maximum rate ranging from 2.2 to 5.4 μmol m-2 s-1 for control and 3.2 to 5.3 μmol m-2 s-1 for irrigated 

trees. In contrast, seasonal variation of gs was more similar between control and irrigated trees, 

with an average maximum conductance ranging from 0.08 to 1.7 mol m-2 s-1 and from 0.08 to 1.8 

mol m-2 s-1, respectively. 

 Transpiration rate (E) was significantly higher in irrigated trees compared to control trees 

during June (p<0.05) and August (p<0.001), but there were no differences during the rest of the 

year (March, May, and October, p>0.05) (Fig. SA3.4).  

A3.3.2 Canopy temperature 

 Daytime canopy temperature (Tcan) did not differ between treatments throughout the year 

(Fig. 2; p > 0.05). Tcan was higher in the summer months, with a daily average maximum of 37.8°C 

in June, while the lowest temperature recorded (4.8°C) was in March morning. Across all months, 

Tcan had a similar diurnal pattern, which increased from the morning until it peaked in the mid to 

late afternoon (2 pm in March, 5 pm in August). Tcan followed the ambient air temperature closely 

but exhibited lower values in the morning (ΔTleaf-air<0) and rapidly increased over Tair in the 

afternoon (i.e., ΔTleaf-air>0; Figs. A3.3 & SA3.5). The maximum ΔTleaf-air recorded was +9°C in the 

late afternoon of June. 

Fig. A3.3: Relationship between canopy temperature measured with the drone and infrared camera and air 

temperature recorded from a weather station. Colours represent months (dark blue: March, pink: May, yellow: June, 

orange: August, purple: October) and symbols represent treatments (circle: control, triangle: irrigated). The 

regression lines were fitted with a linear model. Thin dotted line is the 1:1 line. N=19 trees. 
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 Both Aopt (3±0.2 and 6±0.3 μmol m-2 s-1, for control and irrigated trees, respectively) and 

Topt (16.8± 0.9 °C and 22.3± 0.6 °C, for control and irrigated trees, respectively) were significantly 

higher in irrigated trees than in control trees (Fig. A3.4). 

Fig. A3.4: Photosynthesis-temperature response curves for the summer months (June and August) for control (red) 

and irrigated (blue) trees. The inserted top and right panels show the mean differences of Aopt and Topt, respectively, 

between treatments. N=30 trees, error bars represent SE. 

 

 Critical temperatures (Tcrit) were not significantly different between treatments (mean of 

45±2.4°C °C of both treatments, p=0.79; Fig. A3.5). T50 was also similar between treatments (mean 

58.2±1.2°C of both treatments, p=1 Fig. A3.5). 

Fig. 4. Temperature response curve (June and August)
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Fig. A3.5: Thermotolerance curves measured with Fv/Fm and Fo as a function of temperature for control (red) and 

irrigated (blue) trees. Mean (± SE) leaf temperature that causes 50% reduction of the maximum fluorescence (T50), 

and critical temperature (Tcrit) are shown in the inserted panels. N=10 trees. 

A3.3.4 Morphological adjustments 

 

The long-term plot-level leaf area index (LAI) was significantly higher in irrigated (1.8 m2 m-2) than 

in control (1.6 m2 m-2) trees (p<0.05) (Fig. A3.6). The LAI of control trees was 14% lower than 

irrigated trees. 

 

Fig. A3.6: Leaf area index for control (red) and irrigated (blue) trees. Asterisks show significant differences between 

treatments. 

2.0

1.8

1.6

1.41 .4

1 .6

1 .8

2 .0

c o n tro l ir r ig a te d

Tre a tm e n t

L
A

I

Tre a tm e n t

c o n tro l

ir r ig a te d

L
e
a
f 

a
re

a
 i
n
d
e

x

*

Treatment

Control            Irrigated

F
o

200

150

100

50

0

0.00

0.25

0.50

0.75

1.00
F

v
/F

m

Temperature (°C)

30 40 50 60

T
c
ri
t
(°

C
)

Treatment

35

45

40

50

T
5

0
(°

C
)

56

58

60

Figure 5: Thermotolerance curves measured with Fv/Fm and Fo as a function of

temperature for control (red) and irrigated (blue) trees. Mean (± SE) temperature

that causes 50% reduction of the maximum fluorescence (T50) and critical

temperature (Tcrit) are shown in the inserted panel. N=10 trees.

55

Treatment

62



235 
 

A3.4 Discussion 

A3.4.1 Thermal response of photosynthesis to long-term changes in soil moisture 

 

 Despite minimal variation in canopy temperature and the limited thermal plasticity of 

photosynthesis between irrigated and control plots, the trees strongly adjusted their photosynthesis 

and stomatal conductance rates when exposed to long-term changes in soil moisture. Control trees 

had a 5.5 ºC lower thermal optimum (Topt) and a 3 μmol m-2 s-1 lower peak photosynthesis (Aopt) 

compared to irrigated trees (Fig. A3.4), which were driven by stomatal closure during summer (Fig. 

A3.2). Although few studies have investigated drought impacts on photosynthetic thermal optima, 

our observations are similar to previous work that found reduced Aopt and Topt in response to 

drought (Kumarathunge et al., 2020; Fang et al., 2023). In our study, the response of Topt (Topt_irrigated 

= 22.3°C while Topt_control = 16.8°C) did not allow trees growing in drier environments to match the 

prevailing air temperature in the middle of the summer (maximum Tair of 33°C in June-August). 

Consequently, while the net photosynthesis (i.e., A; Fig. A3.2) was similar between treatments in 

March, A was severely depressed in June and August for control trees. On the other hand, A was 

higher in the control during non-limiting soil moisture conditions in May and October when 

temperatures were closer to their thermal optimum (Figs. A3.1 & A3.2). The underlying mechanism 

driving lower Aopt and Topt in naturally droughted trees seems associated with stronger stomatal 

regulation during the summer months as gs was significantly reduced in control trees in June and 

August, thereby limiting CO2 uptake for photosynthesis, rather than shifts in photosynthetic capacity 

(Vcmax and Jmax). Moreover, at the same study site, Schönbeck et al., (2022) found no differences 

in Vcmax and Jmax after 16 years of irrigation, while, in accordance with our results, gs was 

significantly reduced in control trees. Morphological adjustments such as smaller needles, lower 

stomatal density, and lower growth rate in control compared to irrigated trees have been found 

within a few years after the irrigation start (Dobbertin et al., 2010). This was also supported by the 

lower LAI found on the control plots, suggesting a sparser canopy in droughted trees (Fig. A3.6). 

These morphological adjustments, combined with tighter stomatal control, may allow for a more 

efficient control of water loss during hot and dry conditions through decreased leaf area.  

 Higher gs, Aopt, and Topt values with irrigation further suggest that trees were able to keep 

stomata open to maintain photosynthesis in higher temperatures and for longer periods during the 

day (Fig. A3.2). However, irrigated trees were also more sensitive to changes in temperature when 

the soil was drying. Upon irrigation stop, trees might have difficulty maintaining their A and gs, and 

the release of long-term soil irrigation can reduce the sensitivity to VPD and temperature 

(Schönbeck et al., 2022). Indeed, we observed a strong impact of soil moisture on the seasonal 

and diurnal gas exchange rates. Under high VPD (e.g., in the summer), A and gs were 

systematically higher in irrigated trees than in control ones, whereas water-limited trees were not 

sustaining high A and gs across the whole day (Figs. A3.2 and SA3.7). Hence, the trees were 
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restricting gas exchange to early morning hours, when air temperatures and VPD were lower, 

confirming previous observations on seedlings of P. sylvestris (Bachofen et al., 2018). Reducing gs 

and, consequently, A, is one of the first responses of plants to high VPD and drying soil. This 

mechanism prevents water loss through stomata and reduces the risk of cavitation inside the xylem. 

These findings agree with the many prior observations of reduced A and gs during drought (e.g., 

Epron et al., 1992; Limousin et al., 2013; Santos et al., 2018). As expected, there was also a strong 

relationship between incident light (PPFD) and A (Fig. SA3.6). In our study, A of control trees 

peaked much earlier during the day than the irrigated trees while temperature and PPFD were still 

increasing (Fig. SA3.6). This suggests that, during the summer months, even though PPFD was 

high and capable of inducing high rates of photosynthesis, soil moisture limited A in control trees, 

while high VPD (>3kPa) may have constrained gs and A in irrigated trees later in the day (Fig. 

SA3.7). Reduced gs and photosynthesis due to high VPD can happen in well-irrigated plants with 

high temperatures impacting enzymatic activity and increasing photorespiration above a specific 

threshold (Zhang et al., 2021). More recently, Schönbeck et al. (2022) also showed that high VPD 

induced loss of xylem conductivity in well-irrigated plants, suggesting that reduced photosynthesis 

as a response to high VPD and temperature could prevent xylem embolism. 

A3.4.2 Response of canopy temperature to long-term soil moisture changes 

 

 Soil moisture did not affect Tcan (Fig. A3.2), and canopy temperature stayed mostly below 

the air temperature in the morning (ΔTcan-air<0) and above Tair in the afternoon in both treatments 

(maximum +9°C in June). Similarly to our findings, Müller et al. (2021) also showed that ΔTcan-air 

was not dependent on soil water availability (and consequently evapotranspiration) in a pine forest 

subjected to long-term irrigation. Instead, they proposed that ΔTcan-air was regulated by leaf and 

canopy sensible heat flux, which is affected by needle morphology and density and the associated 

impacts on the heat transfer resistance. When soil moisture is low, latent heat flux is reduced by 

suppressed transpiration. In dry pine ecosystems, this effect leads the forest to function as a heat 

convector (Rotenberg & Yakir, 2010). The morphological adjustments to drought (i.e., shorter 

needles, lower canopy density) found in the control plots at our site (Fig. A3.6) (Dobbertin et al., 

2010) may increase the surface roughness and the heat convection compared to the irrigated plots. 

Moreover, control plots have more exposed soil, contributing to higher plot-level temperatures due 

to heat radiating off the bare ground and enhancing surface irregularity. Hence, the canopy in 

control plots has a lower aerodynamic surface-to-air resistance, potentially generating higher 

values of sensible heat flux dissipation (Rotenberg & Yakir, 2010). This pattern was shown in 

several coniferous forests, which tended to have high surface resistance to water vapor transport, 

enhancing the Bowen ratio (i.e., the ratio of sensible and latent heat fluxes; Wilson et al., 2002). 

The partitioning between latent and sensible heat fluxes varies among forest types, with higher LE 

in warm and temperate wet forests and higher H in subtropical dry regions (Jung et al., 2011). While 

these mechanisms can be seen globally, our findings suggest that the trees growing in different 
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treatments within the same area could also exhibit different heating and cooling characteristics due 

to morphological adjustments. While irrigated trees can cool their canopy with high 

evapotranspiration (as shown by the higher gs and E, Figs. A3.2 & SA3.4), the similar Tcan recorded 

on control plots could result from higher wind cooling and air turbulence, allowed by the shorter 

needles and sparser canopy. This type of non-evaporative canopy cooling in low-density and 

drought-prone forests could allow trees to avoid operating closer to their thermal limit compared to 

broadleaved ones (Muller et al., 2021).  

A3.4.3 Thermotolerance response to long-term changes in soil moisture 

 

 To our knowledge, our results are one of the few to show the very high tolerance to extreme 

heat in Pinus sylvestris (Tcrit and T50 of 45°C and 58.1°C, respectively, on average) and the low 

plasticity in thermotolerance metrics in response to soil moisture changes (Fig. A3.5). These results 

are slightly higher than the ones measured for the same species at a slightly colder site in Germany 

(T50 of 47.8°C, see Kunert et al., 2022). Although photosynthetic parameters (Aopt and Topt) differed 

between control and irrigated trees, thermotolerance did not change between treatments, and we 

found no variation in Aopt or Topt in response to temperature variation during the summer. While no 

previous work investigated drought impacts on thermotolerance in mature coniferous forests, the 

impact of drought on changes in Tcrit and T50 is not in complete consensus across previous studies. 

The effect of long-term drought has been shown to cause a slight reduction of T50 while not 

impacting the thermal sensitivity (Aopt) of trees in tropical or Mediterranean forests (Gimeno et al., 

2009; Grant et al., 2010; Ogaya et al., 2011; Docherty et al., 2023). In contrast, work conducted 

along broad temperature gradients ranging from coastal to desert environments has shown high 

plasticity in T50 driven by molecular and morphological changes such as the accumulation of heat 

shock proteins or the development of thicker and smaller leaves (Knight & Ackerly, 2003). The lack 

of shift in PSII thermotolerance in our study may stem from its absence of plasticity compared to 

net photosynthesis and gs, which is quickly adjusted in response to soil moisture and VPD. In 

contrast to our results, Marchin et al. (2022) found that drought can increase Tcrit by up to 2°C in 

tropical deciduous trees. Thermotolerance is usually higher in coniferous and evergreen than in 

deciduous species, as the former maintain their canopy throughout the year and possibly for 

several consecutive ones (Sastry & Barua, 2017). Thus, since leaves are exposed to a broader 

range of temperatures throughout their lifespan, they need a higher thermotolerance. Hence, a long 

leaf lifespan could explain why there was no difference in thermotolerance between the trees 

growing under irrigated and control conditions. More work would be needed to understand 

thermotolerance variability in coniferous species and the underlying drivers of thermotolerance 

plasticity, particularly in response to drought. 
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A3.5 Conclusion 

 

 We observed a strong downregulation of photosynthesis, stomatal conductance, and 

transpiration, leading to an apparent shift in photosynthetic optima (Aopt) and temperature optima 

(Topt) of trees experiencing reduced soil moisture. During the hottest months, A, gs, E, Topt, and Aopt 

were higher in irrigated trees. However, there was no measurable difference in canopy temperature 

between treatments, supporting that shifts in photosynthetic and temperature optima were not 

necessarily a result of the canopies experiencing different temperatures but rather stronger 

stomatal regulation. Photosynthetic adjustments can be beneficial in the future as temperatures 

and frequency of heatwaves are predicted to increase, and trees seasonally exposed to drought 

may mitigate some adverse impacts by maximizing photosynthesis during colder and wetter 

periods. Moreover, we showed that canopy temperature was independent of soil moisture and 

evaporative cooling. The overall tight coupling between Tair and Tcan partially allowed Pinus 

sylvestris to avoid critical temperatures (>45°C) that would otherwise degrade photosynthetic 

machinery, suggesting a high tolerance to the exacerbation of drought and heat stress in the future. 

We suggest that, while E decreased in drought-exposed trees, sensible heat fluxes stayed constant 

during the day, stimulating non-evaporative cooling and allowing Tcan to remain well coupled with 

Tair. Nevertheless, large uncertainties remain regarding the impact of drought on the heat tolerance 

of coniferous trees and the feedback on forest carbon budget. Hence, future work should put more 

effort into understanding other components of the carbon balance, especially respiration responses 

to long-term drought (Teskey et al., 2015). Moreover, studies measuring tree thermotolerance 

responses to drought in situ are severely lacking but are needed to increase the accuracy of 

predictions in mature managed and natural forests.   
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A3.8 Supporting figures 

 

 Fig. SA3.1: Relationship between the black reference plate surface temperature recorded with contact 

temperature sensor (Tsurface) and with the drone (Tdrone) at the different time during the day (top panel). 

Relationship between the temperature measures with the fixed IR cameras (Tcan_fixed) and the corrected 

temperature measured with the IR camera from the drone (Tcan_corrected) at the different time during the day 

(bottom panel). The bold line represents the linear regression, and the shaded part are the confidence intervals 

of the regression. The dotted line represents the 1:1 line. For each regression, the equation, and the coefficient 

of determination (R2) is reported on the graph. 
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Fig. SA3.2: Experimental field site of Pfynwald forest showing on the left panel, the irrigated (blue) and control 

(red) plots with the measured trees (polygons). Right panel shows thermal imaging of canopy temperature in 

these plots in August 2022 at 1pm. 
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Fig. SA3.3: Relationship between fluorescence measurements taken on dark-acclimated needles 15min and 

24h after exiting the water bath. 

 

 

Fig. SA3.4: Mean diurnal variation of leaf-level transpiration rate (E, mol m⁻² s⁻¹) over the course of the year, in 

March, May, June, August and October, for control (red) and irrigated (blue) trees. N=30, error bars represent SE. 
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Fig. SA3.5: Difference between canopy and air temperatures (ΔTcan-air) in function of the air temperature 

(Tair), at different months (left) and at different hours of the day (right). 

 

 

Fig. SA3.6: Relationship between photosynthesis and difference of temperatures between leaf and air in irrigated 

and control trees. Each point represents one tree and is colored by the photosynthetic photon flux density at the 

time of measurement. 
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Fig. SA3.7: Relationship between photosynthesis (A) and vapor pressure deficit (VPD) for irrigated (blue) and 

control (red) trees. 
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