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General Summary

Forests are essential sources of tangible and intangible benefits, but global climate change
associated with recurrent extreme drought episodes severely affects forest productivity due to
extensive tree die-back. On that, it appeals to an urgency for large-scale reforestation efforts to
mitigate the impact of climate change worldwide; however, there is a lack of understanding of
drought-effect on sapling growth and survival mechanisms. It is also challenging to anticipate how
long trees can survive and when they succumb to drought. Hence, to ensure success of reforestation
programs and sustainable forest productivity, it is essential to identify drought-resistant saplings.
For that, profound knowledge of hydraulic characteristics is needed. To achieve this, the study was
split into two phases which seek to address (1) how the hydraulic and anatomical traits influence
the sapling’s growth rate under drought stress. (2) how plant water potential regulation and
physiological traits are linked to species’ water use strategies and their drought tolerance.

The dissertation is assembled of two study campaigns carried out on saplings at the Chair
of Botany Il, University of Wirzburg, Germany. The first study involved three ecologically
important temperate broadleaved tree species — saplings of 18-month (Acer pseudoplatanus,
Betula pendula, and Sorbus aucuparia) — grown from seeds in contrasting conditions (inside a
greenhouse and outside), with the latter being subjected to severe natural heat waves. In the second
study, two additional temperate species (Fagus sylvatica and Tilia cordata) were added. The
drying-out event was conducted using a randomised blocked design by monitoring plant water
status in a climate-controlled chamber and a greenhouse.

In campaign |, | present the result based on analysed data of 82 plants of temperate
deciduous species and address the juvenile growth rate trade-off with xylem safety-efficiency. Our
results indicate biomass production varies considerably due to the contrasted growing
environment. High hydraulic efficiency is necessary for increased biomass production, while
safety-efficiency traits are decoupled and species-specific. Furthermore, productivity was linked
considerably to xylem safety without revealing a well-defined pattern among species. Moreover,
plasticity in traits differed between stressed and non-stressed plants. For example, safety-related
characteristics were more static than efficiency-related traits, which had higher intra-specific
variation. Moreover, we recorded anatomical and leaf traits adjustments in response to a stress

condition, but consistency among species is lacking.



In campaign I, I combined different ways to estimate the degree of isohydry based on
water potential regulation and connected the iso-anisohydric spectrum (i.e., hydroscape area, HSA)
to hydraulic traits to elucidate actual plant performance during drought. We analysed plant water
potential regulation (¥ps and ¥Yma) and stomatal conductance of 28-29 month saplings of five
species. | used a linear mixed modelling approach that allowed to control individual variations to
describe the water potential regulation and tested different conceptual definitions of isohydricity.
The combined methods allowed us to estimate species' relative degree of isohydry. Further, we
examined the traits coordination, including hydraulic safety margin, HSM; embolism resistance,
Pgs; turgor loss, ¥up; stomata closure, Pseo; capacitance, C; cuticular conductance, Qmin, t0
determine time to hydraulic failure (Thf). Theis the cumulative effect of time to stomata closure
(Tsc) and time after stomatal closure to catastrophic hydraulic failure (Terit).

Our results show the species’ HSA matches their stomatal stringency, which confirms the
relationship between stomatal response and leaf water potential decline. Species that close stomata
at lower water potential notably had a larger HSA. Isohydric behaviour was mostly associated with
leaf hydraulic traits and poorly to xylem safety traits. Species' degree of isohydry was also
unrelated to the species' time to death during drying-out experiments. This supports the notion that
isohydry behaviours are linked to water use rather than drought survival strategies. Further,
consistent with our assumptions, more isohydric species had larger internal water storage and lost
their leaf turgor at less negative water potentials. Counter to our expectations, neither embolism
resistance nor the associated hydraulic safety margins were related to metrics of isohydry. Instead,
our results indicate traits associated with plant drought response to cluster along two largely
independent axes of variation (i.e., stomatal stringency and xylem safety). Furthermore, on the
temporal progression of plant drought responses, stomatal closure is critical in coordinating
various traits to determine species' hydraulic strategies. Desiccation avoidance strategy was linked
to Tsc and coordinated traits response of Psgo, Pip, and HSA, whereas desiccation tolerance was
related to Terit and traits such as lower Pgg value, high HSM, and lower gmin. Notably, the shoot
capacitance (C) is crucial in Trr and exhibits dichotomous behaviour linked to both Tscand Terit.

In conclusion, knowledge of growth rate trade-offs with xylem safety-efficiency combined
with traits linked to species’ hydraulic strategies along the isohydry could substantially enhance
our ability to identify drought-resistant saplings to ensure the success of reforestation programs

and predicting sensitivity to drought for achieving sustainable forest ecosystems.



Zusammenfassung

Walder sind wichtige Quellen materieller und immaterieller Vorteile, aber der globale
Klimawandel, der mit wiederkehrenden extremen Diirreperioden einhergeht, beeintrachtigt die
Produktivitat der Wélder aufgrund des starken Absterbens von Bdumen erheblich. Deshalb werden
dringend grof? angelegte Aufforstungsmalnahmen gefordert, um die Auswirkungen des
Klimawandels weltweit abzumildern. Allerdings fehlt es an Kenntnissen tber die Auswirkungen
von Diirre auf das Wachstum und die Uberlebensmechanismen von Jungbaumen. Es ist auch
schwierig, vorherzusehen, wie lange Baume uberleben kénnen und wann sie der Trockenheit
erliegen. Um den Erfolg von Wiederaufforstungsprogrammen und die nachhaltige Produktivitat
der Walder zu gewaéhrleisten, ist es daher unerldsslich, trockenheitsresistente Setzlinge zu
identifizieren. Dazu ist eine profunde Kenntnis der hydraulischen Eigenschaften erforderlich. Um
dies zu erreichen, wurde die Studie in zwei Phasen aufgeteilt, in denen untersucht werden soll, (1)
wie die hydraulischen und anatomischen Merkmale die Wachstumsrate der Setzlinge unter
Trockenstress beeinflussen. (2) wie die Regulierung des pflanzlichen Wasserpotenzials und die
physiologischen Merkmale mit den Wassernutzungsstrategien der Arten und ihrer
Trockentoleranz zusammenhé&ngen.

Die Dissertation setzt sich aus zwei Studienkampagnen zusammen, die am Lehrstuhl fur
Botanik Il der Universitat Wirzburg an Setzlingen durchgefihrt wurden. In der ersten Studie
wurden drei 6kologisch wichtige Laubbaumarten der gemalRigten Zonen - 18-monatige Setzlinge
(Acer pseudoplatanus, Betula pendula und Sorbus aucuparia) - aus Samen unter unterschiedlichen
Bedingungen (in einem Gewachshaus und im Freien) aufgezogen, wobei letztere schweren
natlrlichen Hitzewellen ausgesetzt waren. In der zweiten Studie wurden zwei weitere geméaRigte
Arten (Fagus sylvatica und Tilia cordata) hinzugefiigt. Der Austrocknungsversuch wurde in einem
randomisierten Blockdesign durchgefiihrt, bei dem der Wasserhaushalt der Pflanzen in einer
klimatisierten Kammer und einem Gewé&chshaus tiberwacht wurde.

In Kampagne | présentiere ich die Ergebnisse, die auf den analysierten Daten von 82
Pflanzen gemalRigter Laubbaumarten basieren, und gehe auf den Kompromiss zwischen der
Wachstumsrate von Jungpflanzen und der Sicherheitseffizienz des Xylems ein. Unsere Ergebnisse
zeigen, dass die Biomasseproduktion aufgrund der unterschiedlichen Wachstumsbedingungen

stark variiert. Eine hohe hydraulische Effizienz ist fir eine erhOhte Biomasseproduktion
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notwendig, wéhrend die Sicherheitseffizienz entkoppelt und artspezifisch ist. Darlber hinaus war
die Produktivitat in erheblichem Mafe mit der Xylemsicherheit verknipft, ohne dass sich ein klar
definiertes Muster zwischen den Arten ergab. Daruber hinaus war die Plastizitdt der Merkmale
zwischen gestressten und nicht gestressten Pflanzen unterschiedlich. So waren beispielsweise
sicherheitsbezogene Merkmale statischer als effizienzbezogene Merkmale, die eine stérkere intra-
spezifische Variation aufwiesen. Darlber hinaus haben wir Anpassungen der anatomischen
Merkmale und der Blatteigenschaften als Reaktion auf eine Stressbedingung festgestellt, aber es
fehlt die Konsistenz zwischen den Arten.

In Kampagne Il kombinierte ich verschiedene Methoden zur Schétzung des
Isohydrierungsgrads auf der Grundlage der Wasserpotenzialregulierung und verkniipfte das iso-
anisohydrische Spektrum (d. h. die Hydroscape-Flache, HSA) mit hydraulischen Merkmalen, um
die tatsachliche Leistung der Pflanzen bei Trockenheit zu ermitteln. Wir analysierten die
Regulierung des pflanzlichen Wasserpotenzials (#pd und ¥mq) und die stomatére Leitfahigkeit von
28-29 Monate alten Setzlingen von finf Arten. Ich verwendete einen linearen gemischten
Modellierungsansatz, der die Kontrolle individueller Variationen zur Beschreibung der
Wasserpotenzialregulierung ermdglichte, und testete verschiedene konzeptionelle Definitionen
der lIsohydrizitat. Die kombinierten Methoden ermdglichten es uns, den relativen Grad der
Isohydrizitdt der Arten zu schatzen. Darliber hinaus untersuchten wir die Koordination der
Merkmale, einschlielich der hydraulischen Sicherheitsspanne (HSM), des Embolieresistenz
(Pss), des Turgorverlustes (¥up), des Spaltéffnungsgrades (Psso), der Kapazitdt (C) und des
kutikularen Leitwertes (gmin), um die Zeit bis zum hydraulischen Versagen (Tnr) zu bestimmen. Tt
ist der kumulative Effekt der Zeit bis zum SchlieRBen der Spaltéffnungen (Tsc) und der Zeit nach
dem SchlieRen der Spaltdffnungen bis zum katastrophalen hydraulischen VVersagen (Terit).

Unsere Ergebnisse zeigen, dass die HSA der Arten mit ihrer Spaltoffnungsintensitét
ubereinstimmt, was die Beziehung zwischen der Spaltéffnungsreaktion und dem Riickgang des
Wasserpotenzials der Blatter bestatigt. Arten, die ihre Spalt6ffnungen bei einem niedrigeren
Wasserpotenzial schliel3en, hatten einen deutlich groRBeren HSA. Das isohydrische Verhalten stand
hauptséchlich mit den hydraulischen Eigenschaften der Blatter in Verbindung und kaum mit den
Sicherheitsmerkmalen des Xylems. Der Grad der Isohydrierung der Arten stand auch in keinem
Zusammenhang mit der Zeit bis zum Absterben der Arten wahrend der Austrocknungsversuche.

Dies unterstiitzt die Annahme, dass das Isohydrie-Verhalten eher mit der Wassernutzung als mit
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Uberlebensstrategien bei Trockenheit zusammenhingt. Dartiber hinaus wiesen isohydrische Arten,
wie von uns angenommen, einen groReren internen Wasserspeicher auf und verloren ihren
Blattturgor bei weniger negativen Wasserpotentialen. Entgegen unseren Erwartungen standen
weder die Embolieresistenz noch die damit verbundenen hydraulischen Sicherheitsspannen in
Zusammenhang mit Isohydratisierungsmerkmalen. Stattdessen deuten unsere Ergebnisse darauf
hin, dass sich die Merkmale, die mit der Reaktion der Pflanzen auf Trockenheit in VVerbindung
stehen, entlang zweier weitgehend unabh&ngiger Variationsachsen (d. h. stomatére Strenge und
Xylem-Sicherheit) gruppieren. Was den zeitlichen Verlauf der pflanzlichen Reaktionen auf
Trockenheit betrifft, so ist der Stomataverschluss fur die Koordinierung der verschiedenen
Merkmale entscheidend, um die hydraulischen Strategien der Arten zu bestimmen. Die Strategie
zur Vermeidung von Austrocknung war mit Tsc und koordinierten Merkmalen wie Psgo, ¥p und
HSA verbunden, wahrend die Austrocknungstoleranz mit Tt und Merkmalen wie einem
niedrigeren Pgg-Wert, einem hohen HSM und einem niedrigeren gmin zusammenhing. Insbesondere
die Sprosskapazitat (C) ist fur Thr entscheidend und zeigt ein dichotomes Verhalten, das sowohl
mit Tsc als auch mit Terit ZuUsammenhangt.

Zusammenfassend l&sst sich sagen, dass das Wissen um die Wechselwirkungen zwischen
der Wachstumsrate und der Sicherheitseffizienz des Xylems in Verbindung mit Merkmalen, die
mit den hydraulischen Strategien der Arten entlang der Isohydrie zusammenhéngen, unsere
Fahigkeit, trockenheitsresistente Setzlinge zu identifizieren, erheblich verbessern kdnnte, um den
Erfolg von Aufforstungsprogrammen zu gewahrleisten und die Empfindlichkeit gegentber

Trockenheit vorherzusagen, um nachhaltige Walddkosysteme zu erreichen.
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Symbols, abbreviations and acronyms

Symbol Particulars

% Percentage

°C Degree celsius
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Chapter-1: General Introduction

1.1 Forest ecosystems in a context of changing climate and droughts

Climate change is a crucial global issue of the 21% century that has been scientifically
linked to anthropogenic greenhouse gas emissions. According to the Intergovernmental Panel on
Climate Change, climate change is predicted to intensify, resulting in changes in the hydrological
cycle and extreme weather events (IPCC 2021). The changing climate is causing Earth and ocean
temperatures to rise, altering the hydrological cycle (Betts et al. 2007). If the increase continues at
the current speed, the intensity and duration of warm summers due to heat waves and cold winter
extremes due to snow will further increase (Stanturf et al. 2014, Dosio et al. 2018, IPCC 2021).
This situation will exacerbate the effects of drought, which is already considered a significant
detrimental for terrestrial ecosystems globally (Dai 2013, Trenberth et al. 2014, Cook et al. 2020).
Forests are globally important due to various tangible and intangible benefits, such as food, timber,
medicine, and biodiversity conservation. They are essential in regulating the water regime, carbon
sequestration, and air quality (Morales-Hidalgo et al. 2015, Vacek et al. 2023). However, forests
are vulnerable to climate change-induced disturbances like droughts and heat waves, and insect-
pest attacks, which have decreased gross primary production, increased tree mortality, and
alterations in forest ecosystems worldwide (Zhang et al. 2012, Huang et al. 2021, Vacek et al.
2023). Drought severely affects the vitality of the forest ecosystem by influencing plant
physiological processes, plant growth, and survivability, and weakens the carbon sink function of
ecosystems, leading to declines in carbon sequestration (Allen et al. 2010, Aroca and Ruiz-Lozano
2012, Anderegg et al. 2013, Allen et al. 2015, Adams et al. 2017, Yuan et al. 2019). Drought-
induced tree mortality is widespread and has already been reported for different forest ecosystems
such as boreal, tropical, and temperate forests across the globe, leading to significant carbon
emissions and reduced forest carbon sink capacity (Phillips et al. 2009, Allen et al. 2010, Carnicer
et al. 2011, Michaelian et al. 2011, Peng et al. 2011, Anderegg et al. 2013, Matusick et al. 2013,
Williams et al. 2013, Duke et al. 2017, Aleixo et al. 2019, Hammond et al. 2022, McDowell et al. 2022).

1.2 Drought-induced tree mortality in European forests

Forestry is a vital economic sector in many European nations. European forest ecosystems

are characterized by a comparatively low diversity of tree species. Due to climatic fluctuations, it
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is crucial to understand the drought-related impacts on important species. Acer pseudoplatanus
(Sycamore) is considered well-adapted to current and predicted future climatic changes in Central
Europe (Kolling 2007). The more frequent heatwaves and droughts will impact the development
and survival of forest ecosystems throughout Europe (Ciais et al. 2005, Schuldt et al. 2020,
Schnabel et al. 2022, Rukh et al. 2023). Drought significantly reduces forest ecosystems' capacity
to store carbon. The 2003 drought event in Europe resulted in the release of 0.5 Pg (petagram, 10%°
g) of carbon into the atmosphere (Ciais et al. 2005). Further, the severe summer drought of 2018
in Central Europe resulted in significant tree mortality among adult trees of multiple species,
particularly dominant deciduous European beech (Fagus sylvatica) (Schuldt et al. 2020, Rukh et
al. 2023). Additionally, millions of planted saplings over the years were lost during the drought
episode. As a legacy effect of drought-induced dieback, forest trees are highly prone to fungal-
pathogen or insect attacks, especially by bark beetles (Allen et al. 2010, Hart et al. 2014, Huang
et al. 2020). The economic penalties are heavy on the forest-based industries due to mass dieback.
An estimate suggested a loss of 3.5 billion Euros (press release by the Association of German
Foresters; BDF 2019), and at least 2,450 km? of forests were affected (BMEL 2020) during the
2018 drought episode in Germany. To mitigate the devastating effect, the European Green Deal
and EU biodiversity have planned to plant at least 3 billion additional trees in Europe by 2030 to
respond to the continent's growing environmental challenges. In addition, to meet these ambitious
goals, Germany has increased its funding for international biodiversity conservation to 1.5 billion
Euros (an increase of € 0.87 billion) annually (Gilbert 2022). Reforestation efforts at a large scale
are a welcome step to mitigate global climate change. Tree planting initiatives require proper
species selection and an understanding sapling's drought resistance mechanisms. Also, without
appropriate knowledge, such efforts may be riskier for sustainable forest productivity on a long-

term scale.

1.3 Advantages of mixed-species reforestation for ecological restoration

Conventional tree plantations have limited success in restoring ecological functions and
biodiversity, as highlighted by studies (Lamb et al. 2005, Bristow et al. 2006, Felton et al. 2016,
Liu et al. 2018). Consequently, mixed-species reforestation consisting of native tree species to

overcome forest degradation has gained recognition as it is more productive and more tolerant to



drought stress than monoculture plantation (Vitali et al. 2018, Grossiord 2019, Feng et al. 2022,
Hajek et al. 2022). This approach addresses rural poverty, ecological problems and economic
functions in changing climate (Felton et al. 2016, Liu et al. 2018). Still, concerns about its impact
on seasonal water use patterns, complementarity, and selection effect on stand growth, especially
maintaining ecosystem functions such as carbon and water cycling (Felton et al. 2016, Grossiord
2019). Multispecies plantations have emerged as a new way to address rural poverty and
environmental change through carbon sequestration, storage, and meeting the growing demand for
food, fodder, fuelwood, and timber (Liu et al. 2018).

Three types of interactions, namely competition, complementary, and supplementary
interactions, play significant roles in determining tree productivity and mortality under water
scarcity. Mixed forests have an advantage over monocultures, mainly through the complementary
and selection effects (Isbell et al. 2009, Grossiord et al. 2014, Grossiord 2019, Hajek et al. 2022).
Complementarity, for example, occurs when different tree species partition temporal or spatial
resources, resulting in higher water availability access in polycultures than in monocultures. This,
in turn, mitigates drought impacts and enhances the survival of trees (Grossiord 2019).
Furthermore, neighbourhood interspecific interactions have been found to play a crucial role in
tree survival by either mitigating or enhancing drought effects, depending on the surrounding
species (Hajek et al. 2022). Mixed stands benefit from species' sensitivity to drought, which causes
early mortality or leaf fall, giving neighbouring tree species an advantage by reducing resource
competition. For instance, Betula spp and Larix spp have been found to benefit from this
mechanism in mixed stands (Hajek et al. 2022). Water uptake by trees at different depths has been
found to be complementary in mixed-species plots (Schwendenmann et al. 2015, Grossiord 2019),
was strategically useful for the survival of species under drought which may be related to
percentage foliage and leaf shedding (Schwendenmann et al. 2015, Hajek et al. 2022). However,
information on species growing under plantation conditions is limited, and research is needed to
understand better the physiological and morphological traits and neighbourhood effects linked to
resource complementarity (Dierick and Holscher 2009, Kunert et al. 2012, Grossiord 2019).
Species selection, species richness, and stand composition are critical for designing plantations
that maximize wood production while conserving water assets and maintaining ecological function
(Kunert et al. 2012).
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1.4 The plant hydraulic system and drought susceptibility

Photosynthesis, the process by which plants convert light energy into organic matter,
depends on water absorption. Stomata, tiny pores on leaves, allow CO> to enter and react with
water to produce carbon for growth and function. Nevertheless, hydraulic capacity is connected to
the plant's photosynthetic capacity and is located at the soil-plant-atmospheric continuum (SPAC)
interface (Figure 1.1). Transpiration drives sap ascent in plants and varies across species based on
water use efficiency (Wullschleger et al. 1998), which is essential for the plant’s hydraulic system
(McElrone et al. 2013). Evaporative demand produces tension in the water column, causing water
to move from the soil to the leaves through roots (SPAC). In this process, water enters the plant’s
closed system from the soil via its roots. Primarily, water movement occurs through passive
diffusion (i.e., an apoplastic pathway through cell walls, Steudle 2001) and the osmosis process
(i.e., symplastic pathways through cytoplasm or plasmodesmata, Steudle 2001). Secondly, vertical
movement occurs within a specialized tissue, the xylem, consisting of interconnected conduits in
vascular plants.

The plant’s internal water transport system strives to be more efficient to achieve higher
stomatal conductance and increase fitness. However, resistance to water flow through SPAC
increases under drought conditions. The tension of xylem vessels rises with drought stress which
causes a drop in leaf water potential (more negative). So, declining water potential assists in
developing the pressure gradient to pull the water from the soil-roots interface via the stem-leaf
interface to fulfil the necessary transpiration demand. In that case, the conducting xylem, therefore,
continuously persists stress due to increasing tension. However, cavitation occurs when the strain
of xylem vessels exceeds its limit, which is the change of water state from liquid to vapour. This
leads to the formation of “air bubbles” within xylem conduits, resulting in embolism and a loss of
hydraulic conductivity. In this connection, Vulnerability curves (VCs) are constructed to evaluate
the sensitivity of cavitation, and the Pso value is commonly measured as an index of drought
resistance. It signifies that 50 % of the vessels no longer contribute to conductivity at the given
xylem water potential due to cavitation and embolized vessels. It is a more static functional trait
(Lamy et al. 2011) due to less noticeable phenotypic variation for a species. However, Pgs,
representing an 88% loss of xylem conductivity, indicates complete hydraulic failure associated
with plant death (Barigah et al. 2013, Urli et al. 2013). Therefore, understanding the VCs is crucial



in determining the plant's drought resistance and survival ability under varying environmental
conditions. (Sperry et al. 1988, Lamy et al. 2011, Choat et al. 2012, Barigah et al. 2013).
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Figure 1.1: Water transportation routes, in general, along the soil-to-plant-to-atmosphere continuum (SPAC) are
depicted. Water flows along the pressure potential gradient from the areas with a high-water potential to the areas with
a low-water potential in plants. The inset panels display the Cohesion-Tension process, (1) showing how tension is
produced by water molecule evaporation during leaf transpiration and is transferred (2) along continuous, cohesive
water columns via the interconnected conduits (vessels or tracheids). (Source: McElone et al. 2013).

1.5 Growth rate trade-off with xylem safety—efficiency association

The xylem, a network of interconnected conduits, is crucial to plant productivity and
survival (Choat et al. 2018). Xylem safety can be understood from the context of VCs and Pso
value, whereas xylem efficiency is linked to stem-specific hydraulic conductivity (i.e., Ks). The
link between tree growth and hydraulic conductivity is well established and has been tested
empirically at the stem level (Tyree 2003, Domec and Gartner 2003, Wikberg and Ogren 2004,
Zhang and Cao 2009, Fichot et al. 2010, Russo et al. 2010, Fichot et al. 2011, Fan et al. 2012,
Gleason et al. 2012). The hydraulic conductivity in vessels increases with the fourth power of its

diameter (Tyree and Zimmermann 2002), but larger diameters also increase the risk of hydraulic
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failure due to cavitation under drought (Tyree et al. 1994, Wheeler et al. 2005, Awad et al. 2010,
Hajek et al. 2014). Growth and water-use relationship for plant productivity are more closely
related to the vascular plant's water transport capacity, which is influenced by wood anatomy such
as larger vessel diameter (Brodribb 2009, Russo et al. 2010, Hoeber et al. 2014, Eller et al. 2018,
Gleason et al. 2018, Kotowska et al. 2021). Wider conduit diameters increase hydraulic efficiency
(Pittermann et al. 2006), and conduit widening from tip to base minimizes hydraulic resistance in
water transport (Olson et al. 2014, Kotowska et al. 2015, Olson et al. 2021). Furthermore, xylem
safety is assumed to compromise as the growth rate increases due to competition for carbon
allocation, as carbon must be used to reinforce cell walls or support growth (Wikberg and Ogren
2004, Brodribb 2009).
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1.6 Wood anatomy trade-off with hydraulic efficiency—safety association

Xylem safety and efficiency appears as one of the most detrimental for maximising the
plant’s growth rate. A high efficiency and high safety are advantageous for plant growth and
productivity; however, it can not be achieved in the same species. Natural selection is expectected
to drive species upwards and rightwards, likely causing trade-offs to certain extent (Figure 1.2,
Gleason et al. 2016). The association between hydraulic efficiency and safety depends on various
factors associated with conduit diameter (Figure 1.3), such as pit wall and pit membrane thickness
and spatial clustering (Sperry and Tyree 1988, Tyree et al. 1994, Hacke et al. 2006, Christman et



al. 2009, Lens et al. 2011, Choat et al. 2012, Schuldt et al. 2016, Kaack et al. 2021). Under
increasing water stress, cavitation occurrence is a more frequent phenomenon, which could result
in substantial losses in hydraulic conductance. Wood anatomy plays a crucial role in balancing
xylem safety and efficiency, which is explained by the rare pit hypothesis (Wheeler et al. 2005,
Christman et al. 2009). The hypothesis predicts that wider vessels with a larger area are more
vulnerable to cavitation due to thinner and more porous pit membranes than narrower vessels
(Hacke et al. 2017). However, pit features such as thicker membranes, shallower chambers, and
fewer and smaller apertures can support greater cavitation resistance (Lens et al. 2011). While
vessel connectivity decreases cavitation resistance by increasing the probability of embolism
spread (Loepfe et al. 2007). Further, bordered pit characteristics, including pit membrane
thickness, pore size, and area, likely explain variations in hydraulic conductivity and plant
embolism resistance (Domec et al. 2006, Jansen et al. 2009, Lens et al. 2011, Scholz et al. 2013,
Gleason et al. 2016). Species with thin pit membranes are typically more vulnerable to embolism
than those with thick pit membranes (Scholz et al. 2013, Li et al. 2016b, Schuldt et al. 2016). Pit
membrane thickness could be uncoupled from the hydraulic safety-efficiency trade-off association
(Kaack et al. 2021).

Trade-off between Xylem safety-efficiency

Pit membrane

. Xylem conduit network
characteristics

Pore-size, Conduit Conduit No. of Conduit
Thickness quantity, dimension connectivity conduit at lumen
area (dia./length) or grouping xylem fraction

Figure 1.3: Anatomical traits affecting the relationship between xylem safety and efficiency. (Sources: Wheeler et al.
2005, Loepfe et al. 2007, Lens et al. 2011, Gleason et al. 2016).
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1.7 Stomatal stringency in the framework of iso-anisohydric continuum

Stomata are tiny apertures available in the leaves, which control the exchange of gases
through transpiration. Plants lose water mainly through gas exchange via stomata, which became
pivotal to elucidating the time to hydraulic failure by coordinating hydraulic traits and stomatal
regulations (Choat et al. 2012, Blackman et al. 2019a, Blackman et al. 2019b). Even knowledge
beyond stomatal closure remains critical, as this delay between the inception of cavitation and
catastrophic hydraulic breakdown, which extends desiccation times (Anderegg et al. 2013, Delzon
and Cochard 2014, Blackman et al. 2016, Martin-StPaul et al. 2017, Sperry et al. 2017, Choat et
al. 2018, Blackman et al. 2019b). Stomatal stringency is typically categorized along a continuous
axis of isohydric (drought avoidance) to anisohydric (drought tolerance). Isohydric plants have
greater water use efficiency by conserving water and preventing wilting, while anisohydric plants
have greater growth efficiency by taking advantage of periods of high-water availability to grow
quickly and efficiently but are more susceptible to water stress (Mcdowell et al. 2008, Arend et al.
2021, Hartmann et al. 2021). Anisohydric species are assumed to be prone to hydraulic failure,
while isohydric species are more prone to carbon failure. However, there is a debate on the drivers
of plant mortality between carbon starvation and hydraulic failure (McDowell et al. 2008, Garcia-
Forner et al. 2017, Choat et al. 2018, McDowell et al. 2022). Therefore, iso-anisohydric categorization

of plants provides a framework for understanding plant hydraulic strategies to water stress.

1.8 Plant desiccation time and traits coordination

Stomata, mostly used for gas exchange, are essential for revealing the time to hydraulic
failure in plants. Stomatal stringency is an important strategy for plants to adapt to prolonged
desiccation time. However, understanding the traits associated with desiccation time is challenging
and complex along the continuum from isohydry to anisohydry. Trees can regulate water use and
safety by coordinating hydraulic and stomatal regulations (Choat et al. 2012, Brodribb and
McAdam 2013, Martin-StPaul et al. 2017). When plants experience drought, stomata may
counteract to various physical and chemical signals such as leaf turgor loss and the phytohormone
abscisic acid in the xylem and foliar levels (Brodribb and McAdam 2013, Speirs et al. 2013). High
transpiration rates can lead to an increased risk of hydraulic failure, which is why the significance

of hydraulic failure increases when plants close their stomata during periods of high evaporative
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demand to maintain productivity (Meinzer et al. 2016, Fu and Meinzer 2019). Recent studies have
shown that stomatal closure and xylem embolism resistance are closely related in response to
drought (Klein 2014, Mencuccini et al. 2015, Bartlett et al. 2016). Species having larger hydraulic
safety margins have more survival chances (Plaut et al. 2012, Martin-StPaul et al. 2017).

Plant desiccation tolerance is determined by two critical stages, before and after stomatal
closure, which impact water loss (Blackman et al. 2019b). Stomatal behaviour and environmental
conditions limit water flux, creating a selective force on the xylem and producing ¥min in plants
(Bhaskar and Ackerly 2006, Joshi et al. 2022). The time to hydraulic failure is influenced by
hydraulic and allometric traits (Blackman et al. 2019b). Leaf area and total water storage in plants,
which are determined by allometric traits, play a crucial role in tissue desiccation, as they provide
the surface area for water loss (Blackman et al. 2019b, Challis et al. 2022). Several factors can
potentially increase the desiccation time, including increasing the total volume of water in
sapwood relative to leaf area, reducing cuticular conductance, higher embolism, increasing shoot
capacitance, lower turgor loss point, or a combination of these factors (Blackman et al. 2016,
Hammond and Adams 2019, Lemaire et al. 2021, Challis et al. 2022, Ruffault et al. 2022). RWC
triggers the time to hydraulic failure at Pgg, and internal cell water storage in a species could delay
hydraulic failure for a longer time (Meinzer et al. 2009, Blackman et al. 2016, Mantova et al.
2022). Studies have indicated that longer desiccation times to extreme drought stress level would
be related to traits linked with high drought tolerance, either via drought avoidance (e.g., early
stomatal closure or high capacitance) or drought tolerance strategy (e.g., embolism resistance,
HSM) (Hacke and Sperry 2001, Tyree 2003, Choat et al. 2018, Blackman et al. 2019b).

1.9 Research site, experimental design, and species description

This study was conducted in two phases (2020-2021 and 2021-2022) at the Chair of
Ecophysiology and Vegetation Ecology, Julius-von-Sachs-Institute of Biological Sciences,
Wirzburg, Germany. The study focused on five economically, and ecologically important
temperate broadleaved tree species: Acer pseudoplatanus (sycamore maple), Betula pendula
(silver birch), Tilia cordata (small-leaved lime or linden), Sorbus aucuparia (rowan or mountain
ash) and Fagus sylvatica (European beech), hereafter referred to as ACPS, BEPE, TICO, SOAU,
and FASY respectively. These species were chosen due to their extensive distribution across the

European continent and varied adaptation to drought conditions (Figure 1.4). Acer pseudoplatanus
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is commonly found in deciduous forests, river valleys, and mountainous regions. Betula pendula
is a typical pioneer species that colonize various climatic and ecological conditions. Sorbus
aucuparia is a tree or shrub found in alpine meadows and moorlands. Tilia cordata is distributed
in various habitats, such as river valleys and parks, apart from the temperate forest. Among the
species, Fagus sylvatica is the most commercially valued species, has high shade tolerance and
naturally covers more than 60 % of Germany's area (Bohn et al. 2003, Christensen et al. 2005,
Leuschner 2020).

1. Acer pseudoplatanus 2. Betula pendula 3. Tilia cordata 4. Sorbus aucuparia 5. Fagus sylvatica

Figure 1.4: Exemplary distribution maps of investigated five temperate broadleaves tree species across Europe.
(Source: https://en.wikipedia.org/wiki, Caudullo et al. 2017 (date accessed, December 2022).

ACPS is moderately drought and heat-sensitive (Leuschner and Meier 2018) and well-
adapted to current and future climatic in Central Europe (Kolling 2007). However, water stress
could enhance the tree’s susceptibility to fungi (Schmidt and Roloff 2014). BEPE exhibits a
relatively high degree of adaptation to drought, as evidenced by its widest physiological traits
amplitude and geographic distribution across Central Europe, and species has shown the ability to
maintain growth under both wet and dry conditions (Aspelmeier and Leuschner 2004, Hannus et
al. 2021). However, according to the UK Forestry Commission (2015), BEPE shows intolerance
to prolonged periods of drought. SOAU can experience wide water potential variations during
droughts and shows high resistance to cavitation (Vogt 2001). On the iso-anisohydric continuum,
ACPS and BEPE are considered to follow an isohydric stomatal control strategy (Robson et al.
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2015, Li et al. 2016a, Leuschner et al. 2019, Beikircher et al. 2021). FASY and SOAU have been
described as anisohydric (Vogt 2001, Rétzer et al. 2017, Leuschner et al. 2019, 2022). TICO
received mixed characterization; fairly isohydric behaviour (Kocher et al. 2013, Leuschner et al.
2019), while an anisohydric strategy has also been reported (Moser et al. 2016, 2017, Gillner et
al. 2017, Moser-Reischl et al. 2019). This study, therefore, aimed to explore the differences in
growth and survival in response to drought, their mechanisms, stomatal stringency, and hydraulic
behaviour among five economically and ecologically important temperate broadleaved tree
species. The study findings are crucial in understanding and managing forest ecosystems and the
selection of resistant saplings for reforestation programs in the face of changing climate conditions.

The first study investigated the growth trade-off between xylem safety-efficiency traits
under different water regimes in three temperate deciduous tree species: ACPS, BEPE, and SOAU.
The saplings used in the study were grown from collected seeds in a botanical garden and subjected
to either stress or control treatments. The stress treatment involved subjecting the saplings to high
temperatures and VVPD in a growing chamber. In contrast, the control treatment involved growing
saplings outside under a transparent roof with open sides exposed to natural environmental
conditions. The study examined the structural, functional, and hydraulic traits of 18-month-old
saplings, including various xylem traits such as embolism resistance, xylem-specific hydraulic
conductivity, and xylem anatomy. First, stem segments were water-flushed using the Xy’lem
apparatus. The same stem segments were then used to construct xylem VCs using the flow-
centrifuge technique (Cochard et al. 2005). The basipetal cut stem portion (VCs sample) was used
for xylem anatomy. In addition, leaf morphological and functional traits such as specific leaf area,
huber value, and mean leaf size were measured. Total aboveground biomass was also recorded to
estimate the aboveground biomass increment (ABI, mg d 1) by dividing their growth periods.
Table 2.1 in Chapter Il provides a list of the variables measured in the study, along with their
definitions and units.

In second study, two additional species, FASY and TICO, were included to investigate the
time to hydraulic failure (Thf) under increasing drought stress with the framework of the iso-
anisohydric continuum. Among the five species, FASY and SOAU were considered anisohydric
(drought tolerant), while ACPS and BEPE were described as isohydric (drought avoider) and
highly water-efficient. However, TICO has not clearly distinguished on the continuum. The

experiments were conducted in a climate-controlled chamber and greenhouse at the University of
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Wirzburg, using a randomized blocked design. After setup, irrigation was suspended entirely.
Plant water status was monitored by Pma and ¥pq using a pressure chamber (Model 1505D, PMS
Instruments). Stomatal regulation was measured using a portable porometer (Delta-T Device), and
various drought tolerance and leaf traits were recorded, including Capacitance, Psso, Pss, %tip, Omin,
HSA, HSM, leaf area, SLA, and HV. The study also explored the association between traits before
and after stomatal closure in response to the drought. (Refer to Chapter Il for a detailed

description).

1.10 General study hypothesis, objectives, and thesis structure

This dissertation seeks to address the knowledge gaps in identifying the drought-resistant
sapling in massive reforestation efforts to mitigate global climate change by converting
monocultural stands to mixed forests composed of native broad-leaved tree species. A thorough
understanding of the drought resistance mechanisms and species selection for saplings is essential
for developing more effective strategies for reforestation efforts. On this note, expanding the
current knowledge of species adaptation and strategies for drought response is imperative. So, this
study endeavours to bridge the gaps in knowledge by pursuing the following objectives:

I.  To expand our understanding of how the hydraulic traits are associated with a species’
growth rate under drought stress.
II.  To widen our knowledge of plant water potential regulation and traits linked to species’

hydraulic strategies and drought tolerance.

Growth / Productivity
Xylem
< ;
safety » efficiency

Figure 1.5: Plausible growth trade-offs within conducting xylem system.
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To achieve the knowledge gaps, the study proposes to answer the following questions (Figure 1.5).

1.
2.
3.

5.

How is juvenile growth rate associated with hydraulic efficiency and safety?

How are hydraulic safety—efficiency traits related to xylem anatomy?

How do plants regulate the water potential and stomatal stringency along the iso -
anisohydric continuum framework under increasing drought stress?

How do more anisohydric and more isohydric species differ in their hydraulic traits, and
what are the repercussions for the time to hydraulic failure?

How are hydraulic traits coordinated to the stomatal stringency?

To address these questions, the overall objective of this study is to examine the juvenile growth

trade-off with xylem safety-efficiency and stomatal stringency in an association of trait

coordination determining the time to hydraulic failure. Specifically, the study proposes to:

1)

2)
3)

4)
5)

6)

7)

8)

Investigate the association between low hydraulic safety (Pso) and high hydraulic
efficiency (Ks) with high juvenile growth rates.

Examine the trade-off between hydraulic safety and efficiency in seed-grown saplings.
Explore the relationship between hydraulic safety—efficiency traits and xylem anatomy in
saplings.

Analyze how HSA differs consistently along the iso-anisohydric continuum.

Compare the hydraulic traits of more anisohydric and isohydric species, including C, Psgs,
HSM, and Pp, to understand their implications for the time to hydraulic failure.
Investigate the association between the time to stomatal closure (Tsc) with traits such as
Pso0, Pup, HSA, and C; and

Examine the relationship between the time to critical hydraulic failure (Teit) with traits
such as gmin, HSM, critical embolism thresholds, and C.

Examine the regulation of water potential and stomatal stringency on the framework of the

iso-anisohydric spectrum under increasing drought stress.

This dissertation is organized (Figure 1.6) into several chapters compiled based on either published

articles or proposed to submit in a peer-review journal (draft). Chapter I provides an overview of

the research, including the research background, literature review, objectives, and dissertation

structure. In Chapter 11, we addressed the relationship between juvenile growth and xylem safety-

efficiency and their anatomical traits (objective specifically 1-3). This chapter has been published

(Kumar et al. 2022 “Influence of Juvenile Growth on Xylem Safety and Efficiency in Three
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Temperate Tree Species.” Forests, 13, 909. https://doi.org/10.3390/f13060909). Chapter Il

focuses on stomatal stringency on the iso-anisohydric continuum and the coordination of

deterministic traits for the time to hydraulic failure. This chapter is highly suitable for standalone
publication and will be submitted to a peer-reviewed journal (Kumar et al. “Coordinated drought
responses determine the time to hydraulic failure in five temperate tree species differing in their
degree of isohydry”). Chapter IV presents a detailed synthesis of the dissertation, exploring the
regulation of water potential and discussing the definition and concepts of the iso-anisohydric
continuum. Additionally, this chapter provides an overview of the general findings of Chapters Il
and I11. Finally, Chapter V concludes, discusses the limitations of the study findings, and outlines

potential future research directions.

Chapter-1: General Introduction

Chapter-2: Juvenile growth trade-off with xylem
safety-efficiency

Chapter-3: Coordinated drought responses
determine hydraulic failure time

Chapter-4: Synthesis (General Discussion)

Chapter-5: Conclusion, limitations and future
perspectives

Figure 1.6: Logical flow of the chapters in the dissertation.

Note: This thesis is structured as a chapter-based compilation of published or submitted peer-
reviewed journal articles, resulting in some overlap in content between the introduction, the

conclusion, and the central body of the chapters in general.
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Chapter-2: Juvenile growth trade-off with xvlem safetv-efficiency

Abstract

The evolution of the internal water transport system was a prerequisite for high plant productivity.
In times of climate change, understanding the dependency of juvenile growth on xylem hydraulic
physiology is, therefore, of high importance. Here, we explored various wood anatomical,
hydraulic, and leaf morphological traits related to hydraulic safety and efficiency in three
temperate broadleaved tree species (Acer pseudoplatanus, Betula pendula, and Sorbus aucuparia).
We took advantage of a severe natural heat wave that resulted in different climatic growing
conditions for even-aged plants from the same seed source growing inside a greenhouse and
outside. Inside the greenhouse, the daily maximum vapour pressure deficit was on average 36%
higher than outside during the growing seasons. Because of the higher atmospheric moisture stress,
the biomass production differed up to 5.6-fold between both groups. Except for one species, a high
productivity was associated with a high hydraulic efficiency caused by large xylem vessels and a
large, supported leaf area. Although no safety-efficiency trade-off was observed, productivity was
significantly related to Pso in two of the tree species but without revealing any clear pattern. A
considerable plasticity in given traits was observed between both groups, with safety-related traits
being more static while efficiency-related traits revealed a higher intra-specific plasticity. This was
associated with other wood anatomical and leaf morphological adjustments. We confirm that a
high hydraulic efficiency seems to be a prerequisite for a high biomass production, while our
controversial results on the growth—xylem safety relationship confirm that safety-efficiency traits

are decoupled and that their relationship with juvenile growth and water regime is species-specific.

Keywords: hydraulic efficiency, biomass, growth rate, hydraulic variability, phenotypic plasticity,
safety-efficiency trade-off, vulnerability curve.
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2.1 Introduction

2.1 Introduction

Worldwide, trees in forested ecosystems are increasingly exposed to drought and heat
stress due to the rise in intensity and frequency of global change-type drought events (IPCC 2021).
Thereby, prolonged drought exposure may affect plant productivity and biomass allocation (Eziz
et al. 2017), survival (McDowell et al. 2008, Rowland et al. 2015), and potentially future species
abundance and distributions (Clark et al. 2016). During drought exposure, plants close their
stomata to maintain high xylem water potentials and to reduce transpirational water loss (Choat et
al. 2018). However, prolonged drought conditions might ultimately lead to hydraulic failure
because of continuous residual water loss via the cuticle and bark (Duursma et al. 2019). Under
severe and prolonged water stress, xylem tensions therefore ultimately reach critical thresholds
causing water-filled vessels to embolize, which disrupts the continuous water column and
ultimately causes plant death (Nolan et al. 2021, Britton et al. 2022, Hajek et al. 2022). Thus, the
likelihood of hydraulic failure and xylem characteristics are supposed to be highly interconnected.
The ability to resist embolism formation is mainly depicted by the water potential at a 50% loss of
conductivity (Pso) and referred to as hydraulic safety. Although it is meanwhile well-established
that pit membrane thickness is directly related to the Pso-value (Li et al. 2016b, Kaack et al. 2021),
wide vessels have likewise commonly been associated with low hydraulic safety, both within
(Awad et al. 2010, Hajek et al. 2014) and across species (Maherali et al. 2006, Domec et al. 2010).
Therefore, species with thin pit membranes and large vessels may be more vulnerable to water
stress-induced cavitation (Isasa et al. 2021). However, large vessels are directly linked to the
maximal capacity of the xylem to transport water, i.e., the xylem-specific hydraulic conductivity
(Ks; hereafter ‘hydraulic efficiency’), which scales to the fourth power of conduit diameter.

Hence, a trade-off between hydraulic efficiency and safety has traditionally been
hypothesized (Sperry and Tyree 1990, Hacke et al. 2006, Gleason et al. 2016). Both a high
hydraulic efficiency and a high safety, are advantageous for plant growth and drought-tolerance.
However, because of their contrasting anatomical needs, both are supposedly not achievable by
the same species, and natural selection is expected to drive species towards one extreme or another
(Choat et al. 2012, Gleason et al. 2016). In fact, empirical evidence is ambiguous, and a majority
of recent studies could find only weak or no relations between hydraulic efficiency and safety in
trees (Maherali et al. 2006, Hajek et al. 2014, Gleason et al. 2016, Schumann et al. 2019, Liu et
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al. 2021). Most likely, such a safety—efficiency trade-off depends on a range of wood anatomical
properties and not just vessel diameter (Schuldt et al. 2016). Accordingly, hydraulic safety—
efficiency relationships are more likely to appear in interspecific studies with species from
different habitats than in samples of co-occurring, phylogenetically related taxa or in intraspecific
studies.

Although safety—efficiency trade-offs are scale-dependent, the water status of plants is

highly related to xylem characteristics, and xylem physiology has been termed the backbone of
terrestrial plant productivity because of the close connection between carbon uptake and water
release via the stomata (Brodribb 2009). This is in line with (Tyree 2003), hypothesizing that high
productivity should be closely associated with a high hydraulic efficiency. In the case of a safety—
efficiency trade-off, this might mean that productive trees favour hydraulic efficiency over safety
to ensure high growth rates. Since then, a plausible link between stem growth rate and hydraulic
efficiency and safety has been tested empirically revealing close, yet contrasting, associations
(Domec and Gartner 2003, Wikberg and Ogren 2004, Zhang and Cao 2009, Fichot et al. 2011, Fan
et al. 2012, Gleason et al. 2012). For example, no relationship between growth and hydraulic
efficiency was found in Populus nigra across different genotypes at the intra-population level
(Guet et al. 2015). Nonetheless, relations between productivity and hydraulic efficiency seem to
be closely related to plant water transport capacity and therefore wood anatomical features such as
a large vessel diameter (Hoeber et al. 2014, Eller et al. 2018, Gleason et al. 2018, Kotowska et al.
2021). On the other hand, xylem safety may also decline with an increasing growth rate. Firstly,
due to the anticipated trade-off between hydraulic safety and efficiency, but also because of carbon
allocation conflicts. In plants, assimilated carbon might either be allocated to cell walls to resist
the higher hydraulic tensions (Brodribb 2009) or to foliar and axial tissues for a higher productivity
(Wikberg and Ogren 2004). However, most studies did not observe any relationship between
hydraulic safety and growth (Fichot et al. 2010, Sterck et al. 2012, Hajek et al. 2014, Guet et al.
2015, Hajek et al. 2016) although exceptions exist (Cochard et al. 2007, Eller et al. 2018).
In view of current and future climate change impacts on the Central European forests, the selected
minor timber tree species—Sycamore maple (Acer pseudoplatanus), European rowan (Sorbus
aucuparia), and Silver birch (Betula pendula)—are ecologically important because of their
different habitat preferences (Ellenberg and Leuschner 2010), highlighting their potential
suitability for the establishment of climate-resilient forests.
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In order to test whether differences in juvenile growth affect xylem efficiency and/or safety, we
measured 17 structural, functional, and hydraulic traits in evenly-aged young trees differing up to
5.6-fold in biomass production, which was induced by different climatic growing conditions
during an exceptional heat wave in the year 2019. We analysed the association of structural
parameters and hydraulic safety—efficiency traits as well as other functional traits linked to
resource acquisition and partitioning. We studied interactions across and within species including
the plastic response of the plants to contrasting growing conditions. We asked whether (i) a low
hydraulic safety (Pso) and a high hydraulic efficiency (Ks) are associated with high juvenile growth
rates, (ii) a trade-off exists between hydraulic safety and efficiency in seed-grown saplings, and

whether (iii) hydraulic safety—efficiency traits are related to xylem anatomy.

2.2 Material and Methods

2.2.1 Study Site, Microclimatic Measurements, and Plant Material

The present study was conducted at the Chair of Ecophysiology and Vegetation Ecology,
Julius-von-Sachs-Institute of Biological Sciences, Wirzburg, Germany (180 m a.s.l; mean annual
temperature: 10°C; mean annual precipitation: 625 mm). From seeds collected in the Botanical
Garden Wirzburg in 2018, we grew 82 plants of three temperate deciduous angiosperm species,
namely Acer pseudoplatanus (ACPS), Betula pendula (BEPE), and Sorbus aucuparia (SOAU) for
18 months. These three tree species were selected because of their anticipated differences in
growth performance and hydraulic traits. B. pendula is a typical pioneer, broad-leaved tree species
in the temperate and boreal forests of Europe. It has the ability to grow in both wet and dry habitats
but has high needs for light. It can survive under fairly extreme conditions through physiological
adaptation and is considered to follow an isohydric stomatal control strategy (Robson et al. 2015).
The second species selected, A. pseudoplatanus, prefers a humid climate, high rainfall, and
moderately moist to wet site up to 1800 m elevation. The species has a high-water demand and
needs large rooting space. The species is considered as moderately drought and heat sensitive
(Leuschner and Meier 2018) and is defined as isohydric (Leuschner et al. 2019). The last species
of our sample, S. aucuparia, occurs as a tree or a shrub and can experience wide water potential
variations during droughts (i.e., related to an anisohydric behavior), and shows a high resistance

to cavitation (Vogt 2001). In the Botanical Garden, open-field air temperature and air humidity is
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continuously measured at 2 m height aboveground (UmweltmeRtechnik Adolf Thies GmbH & Co.
KG, Gottingen, Germany). Micro-climatic conditions inside the growing chamber of the
greenhouse are likewise continuously recorded (RAM GmbH Mess-und Regeltechnik, Herrsching,
Germany), but unfortunately the data for the 2019 and 2020 growing seasons were lost due to a
fatal computer crash. We therefore used the data from the 2021 growing season, which also became
a dry and warm growing season in Wirzburg, to model the microclimatic conditions in 2019 and
2020 (Figures S2.1 and S2.2); both were highly interrelated according to a linear model (R? = 0.85,
p < 0.001; data not shown).

After initial sowing in March 2019 and transplanting in May 2019, the seedlings were
grown in 7.5 L pots in an Euroham soil mixture (Eurohum Faser, Article no. 12-03200-xx)
containing N, P, K in a proportion of 14, 16, and 18 kg m™3, respectively. For the duration of the
growing phase (i.e., 18 months), a subset of randomly selected 10 to 12 plants per species (n = 34)
were placed in a small chamber of a greenhouse with an area of 18 m?, hereafter named ‘inside’
or ‘stress treatment’. We took advantage of the severe climatic conditions in 2019, an
unprecedented heat and drought event since more than 250 years (Hari et al. 2020), which exposed
these plants to stressful environmental conditions resulting in reduced growth rates. This stress
was mainly caused by high temperatures and high atmospheric moisture stress inside the growing
chamber (Figure 2.1). Meanwhile, the remaining 14 to 18 plants per species (n = 48) where grown
outside under a transparent roof but with completely open sites, enabling air exchange due to wind,
hereafter named ‘outside’ or ‘control treatment’. These plants were therefore exposed to more
natural environmental conditions. As a consequence of the different growing locations, saplings
that were grown inside the greenhouse chamber were strongly affected by the heat wave (i.e., stress
treatment) while the plants outside experienced more natural growing conditions (control
treatment), which was mirrored in large differences in growth rates. During the growing season in
2019, the daily maximum temperature (Tmax) differed on average by 15.9% between inside and
outside (mean + SE: 29.5 + 0.4 °C versus 24.8 £ 0.5 °C), and vapour pressure deficit (VPDmax)
differed by 36.2% (3.04 £ 0.12 kPa versus 1.94 + 0.08 kPa). Similar differences were observed
during the growing season in 2020, where Tmax differed by 15.8 % (29.7 + 0.3 °C versus 25.0 =
0.4 °C) and VPD by 36.0 % (3.08 + 0.10 kPa versus 1.97 + 0.07 kPa). During the 10 % of the
hottest days in 2019 and 2020, a daily VPDmax of 5.89 + 0.27 kPa or 5.64 + 0.23 kPa was reached

inside the greenhouse, indicative for severe atmospheric moisture stress. Average outside values
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stayed below 4 kPa (3.93 = 0.19 kPa in 2019 and 3.75 + 0.16 kPa in 2020, respectively; Figure
2.1).
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Figure 2.1: Boxplots showing the micro-climatic growing conditions in the greenhouse (inside) and open-field
measurements at 2 m height (outside) during the growing season from May to September in 2019 and 2020. Given
are the daily maximum temperature (Tmax, °C) for 10 % of the hottest days as well as the daily maximum vapour
pressure deficit (VPDmax, kPa) for 10 % of the driest days of each growing season. Please note that only the outside
microclimatic data are available for both years, the inside values have been modelled based on data from 2021 (refer
to Figures S2.1 and S2.2 for details).

None of the plants inside the greenhouse showed signs of leaf discoloration, indicating that
frequent stomatal closure due to a high evaporative demand explains observed differences in
biomass production as all other growing conditions were comparable (e.g., light exposure, soil
composition and volume, and irrigation schedule). Please note that the plant material from both
groups was even-aged and seeds originated from the same parental trees. After 18 months of
growth under the different conditions, we collected plant material for structural, functional, and

hydraulic measurements in August 2020.
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2.2.2 Sample Collection, Structural Measurements, and Growth Rate

Before the hydraulic measurements, saplings were watered overnight to ensure full turgor
and a relaxed state to minimize measurement artefacts associated with cutting under tension.
We performed all measurements on the main shoot of most saplings (i.e., structural measurements
were performed on all 82 trees, while hydraulic and leaf morphological measurements were carried
out on a subset of 57 to 64 trees including side branches (see Table S2.1 for more details). We first
measured structural parameters of each sapling, i.e., the root collar diameter (RCD) and shoot
length, and then proceeded to cut-off the main shoot at the root collar and to recut it under water
several times in order to relax the xylem, thereby avoiding measurement artefacts associated with
sample excision (Torres-Ruiz et al. 2015). On this shoot, we labelled a targeted segment to be used
for hydraulic measurements, and collected and separated (i.e., divided in two groups: basal and
apical leaves) all leaves above and below the proximal end of the targeted section and stored them
in plastic bags at 4 °C until scanning. Furthermore, the distance from the segment used for
hydraulic and wood anatomical measurements to the tip was recorded. Directly below the proximal
end of the targeted segment, we stored a ~3 cm segment in 70 % ethanol for subsequent wood
anatomical analyses. After hydraulic measurements, the segment used and the remaining woody
samples were oven-dried at 70 °C for 72 h. Subsequently, total aboveground biomass (AGB, g)
was estimated by adding the total leaf dry mass per plant, and aboveground biomass increment
(ABI, mg d1) estimated by dividing AGB by the growth period, i.e., the difference between seed
sowing and sapling harvesting time. A list of all traits measured with the corresponding acronyms

and units is given in Table 2.1.

2.2.3 Leaf Traits

All leaves from basal and apical group (see the previous section for details) were scanned
separately with an A3 high-resolution scanner (Expression 12000XL, EPSON, Nagano, Japan).
We divided the leaves into two groups to relate hydraulic conductivity measurements to the leaf
area that is supported by the measured segment (i.e., apical group). We then computed the areas
to obtain total leaf area (AL®®, cm?) and mean leaf area (Aiar, cm2) per sapling using the ImageJ
software. The Huber value (HV, 104 m?m™), i.e., the sapwood-to-leaf-area ratio, was calculated
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by dividing the sapwood area (i.e., obtained from anatomical cross-sections) by the distal leaf area.

All leaves were then oven-dried at 70 °C for 48 h to calculate specific leaf area (SLA, cm? g%).

Table 2.1: List of variables included in this study with their definitions and units.

Abbreviation Units Definitions

Growth attributes

RCD mm Collar diameter of the stem above the ground

Shoot length cm Shoot length from ground to uppermost leaf

AGB g Aboveground biomass

ABI mg d? Aboveground biomass increment

Hydraulic traits

P12 MPa Xylem pressure at 12 % loss of hydraulic conductance
Pso MPa Xylem pressure at 50 % loss of hydraulic conductance
Pss MPa Xylem pressure at 88 % loss of hydraulic conductance
Ks kgmMPalst Specific conductivity

KL 10*kgm*tMPals? Leaf-specific conductivity

Kpit kgm?*MPalst Pit conductivity

Kp kgm* MPals? Potential conductivity

Foliar traits

HV 104 m?m2 Huber value, i.e., the sapwood-to-leaf area ratio

Aleat cm? Mean leaf size

SLA cm?gt Specific leaf area

Anatomical traits

D pm Mean vessel diameter

Dn pHm Hydraulically weighted mean vessel diameter

VD n mm-2 Vessel density

Ajumen: Axylem % Lumen-to-sapwood area ratio

2.2.4 Hydraulic Conductivity

In the laboratory, stem segments were shortened under water (mean length £ SD: 307.3 =

2.07 mm), lateral branches cut off, and scars sealed with quick-drying contact adhesive (Loctite
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431 with Loctite activator SF 7452, Henkel, Disseldorf, Germany). Segment diameters were
measured twice at the basal and distal ends of the segment and four times along the segment (mean
diameter + SD: 8.30 £ 0.79 mm). Subsequently, the bark was removed at the basal end and
segments connected to the Xylem apparatus (Bronkhorst France, Montigny les Cormeilles, France)
to measure hydraulic conductivity (Kn; kg m MPa s™%). We used filtered (0.2 um) and degassed
demineralized water mixed with 10 mM KCI and 1 mM CaCl,. We initially measured the actual
hydraulic conductivity (Kn*") at a low pressure of 6 kPa and then measured maximum hydraulic
conductivity (Ka™®) after repetitively water-flushing the segments at a high pressure of 120 kPa
for 10 min until Kn remained constant. The hydraulic conductivity and flow rate data were analyzed
with the software XylWin 3.0 (Bronkhorst France, Montigny les Cormeilles, France). We
calculated sapwood-specific hydraulic conductivity (Ks; kg m™* MPas™1) by dividing Ky with
the basal sapwood cross-sectional area without pith and bark (Hajek et al. 2014, Schuldt et al.
2016). We also calculated leaf-specific hydraulic conductivity (K.; kg m™ MPa* s by dividing
Kn™ by the supported leaf area.

2.2.5 Vulnerability Curves

The flow-centrifuge technique (Cochard et al. 2005) was used to construct xylem
vulnerability curves (VCs) of the same stem segments used for hydraulic conductivity
measurements. The samples were shortened to a length of ca. 27 cm and the bark was removed at
both ends and had a basal diameter of 7.91 £ 0.09 mm and an apical diameter of 6.57 = 0.09 mm
(mean + SD). The segments were then inserted into a custom-made Cavitron rotor chamber
attached to a centrifuge (Cavitron device built from a Sorvall RC-5C series centrifuge, customised)
and measurements were made using the Cavisoft software (Cavisoft version 5.2.1, University of
Bordeaux, Bordeaux, France).

Measurements started at a xylem pressure of —0.37 MPa for B. pendula, and —0.83 MPa for
A. pseudoplatanus and S. aucuparia. We then stepwise raised the rotation speed corresponding to
0.2-0.3 MPa until the percentage loss of hydraulic conductivity (PLC) reached at least 90%. By
plotting PLC against xylem pressure (¥x), vulnerability curves were generated for each branch.
We used an exponential-sigmoidal function provided by (Pammenter and VVan der Willigen 1998)
to derive the ¥ causing 50% loss of conductivity (Pso):

PLC =100/ (1 + exp (s/25 x (Pi— Ps0))),

35



2.2 Material and Methods

with s (% MPat) being slope of the curve at Pso and P, the applied xylem pressure. Subsequently,
the P at 12% and 88% loss of conductivity (P12 and Pgs) were obtained by following (Domec and
Gartner 2003) as: P12 = Psp — 50/s and Pgg = Psg + 50/s. Values of P12 and Pgs represent the
thresholds of xylem tension at the onset and offset of cavitation, respectively.

2.2.6 Wood Anatomy

A sliding microtome (G.S.L.1, Schenkung Dapples, Zurich, Switzerland) was used to cut
three transverse sections of 10-20 um thickness from ethanol-stored segments. Sections were
stained with safranin alcian blue (1% safranin in ethanol), rinsed with distilled water and ethanol
(95%), and permanently embedded on glass slides using Euparal (Carl Roth, Karlsruhe, Germany).
Slides were oven-dried at 50 °C for ten days. Complete cross-sections were digitalized at 100x
magnification with a resolution of 1.33 pixels um™ using a stereo-microscope equipped with an
automatic stage and a digital camera (Observer.Z1, Carl Zeiss Microlmaging GmbH, Jena,
Germany; Software: AxioVision c4.8.2, Carl Zeiss Microlmaging GmbH). The digitalized images
were then analyzed using GIMP (version 2.10.14) and ImageJ (Version 1.51h) for anatomical traits
using the particle analysis function. The recorded parameters include sapwood area (Axylem, pm?),
lumen-to-sapwood area ratio (Aumen: Axylem, %), vessel density (VD, n mm~2), and vessel diameter
(D, um) from major (a) and minor (b) vessel radii using the equation (White 1991):

D =((32x (ax b)®) / (a®+ b?)"

D was then used to obtain the hydraulically-weighted vessel diameter (Dn, um) according to
(Sperry et al. 1994) as Dn = £D°/=D*. Standardized Dy was calculated according to (Anfodillo et
al. 2013) as D™ = Dy/L®, where L is the distance of the segment to the apex and b is the exponent
constant (0.2) according to the metabolic scaling theory (West et al. 1999). The potential
conductivity (Kp; kg m™* MPa !s™) was derived using the Hagen—Poiseuille equation:

Kp=m x p x XD*/ (128 x n X Axylem),
where 7 is the viscosity (1.002 x 10~° MPa s) and p the density of water (998.2 kg m™2), both at 20
°C, and Axylem (MM?) is the analysed sapwood area. Pit conductivity was estimated as per equation
given by (Larter et al. 2017):

Kpit = ((1/Ks) — (1/Kp)) 1

A low Kot indicates that higher resistance to water flow has to be overcome.
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2.2.7 Statistical Analyses

All statistical analyses were carried out with R version 4.0.3 (R CoreTeam, 2020) in the
framework of the tidyverse package (Wickham et al. 2019). First descriptive statistics were
applied, and then data were tested for normal distribution with a Shapiro—Wilk normality test. For
inferential statistics, significant differences were tested by adopting a t-test or welch test within
species as per treatment basis. However, Wilcoxon test was performed if normality assumptions
were not met. We also performed linear models to test the effect of predictors on target variables,
e.g., effect of growth rate on hydraulic traits. We log transformed variables that did not met

normality assumptions.

2.3 Results

2.3.1 Growth and Structural Differences across Species and Treatments

Because the species were monitored from seed sowing, the juvenile growth performance could be
assessed in terms of shoot length and aboveground biomass increment per day (i.e., growth rate).
For all species, we recorded significantly different growth-related parameters (p < 0.001) between
the control and stressed treatment (Figure 2.2, Table S2.1). All control plants had a higher growth
compared to the stressed plants. In B. pendula, A. pseudoplatanus, and S. aucuparia, the shoot
length was smaller in the stress treatment than in the control and differed by 47%, 50%, and 33%,
respectively. For the aboveground biomass increment (ABI), the differences were even more
pronounced and differed on average 2.8- to 5.3-fold between the control and stress treatment, i.e.,
287 mg d* versus 61 mg d* for A. pseudoplatanus, 424 mg d* versus 79 mg d* for B. pendula,
and 324 mg d* versus 117 mg d* for S. aucuparia (Figure 2.2, Table S2.1).

2.3.2 Effects of Climatic Stress on Hydraulic, Wood Anatomical, and Leaf Morphological
Traits

We found significant, yet contrasting, intra-specific differences between trees grown under
stressed and optimal control conditions. Notably, Pso was more negative (i.e., higher resistance) in
stressed S. aucuparia compared to the control (p < 0.01, Figure 2.3a), while for B. pendula, we
found that stressed plants were slightly less resistant to embolism formation (p < 0.05). We did not

37



2.2 Material and Methods

find differences in hydraulic safety between the two groups of A. pseudoplatanus. Likewise, we
found that hydraulic efficiency (i.e., specific conductivity, Ks) was significantly higher in
optimally-grown saplings of two of the three species (Figure 2.3b; B. pendula and A.
pseudoplatanus) while the last one (S. aucuparia) showed no significant difference (Figure 2.3b);
similar trends were found for Kpit (Figure S2.3). These differences in hydraulic efficiency were
mirrored by xylem anatomical differences between groups as we found wider vessels in controlled
plants of A. pseudoplatanus and B. pendula but not in S. aucuparia (Figure 2.3c, Figure S2.4).
Similar patterns were observed for the hydraulically-weighted vessel diameter standardized by the
distance to the tip (Dr*'; Table S2.1), which was highly related to D (Figure S2.5). However, the
vessel density (VD) did not change with growing conditions in any of the species (Figure 2.3d).
We found significant differences between treatments with regards to leaf characteristics.
For example, the specific leaf area (SLA) was lower in the stressed plants of B. pendula and S.
aucuparia compared to the control (Figure 2.3f), but higher in stressed A. pseudoplatanus (Figure
2.3f). Nonetheless, both A. pseudoplatanus and B. pendula had a significantly higher Huber value

(HV) when stressed (Figure 2.3e), i.e., a reduced leaf area per cross-sectional sapwood area.

2.3.3 Relationships of Hydraulic Safety-Efficiency, Leaf and Anatomical Traits with
Species Growth Performance

In our study, S. aucuparia was the most embolism-resistant species with a mean Psg of —
4.05 MPa and a mean Pgg of —5.17 Mpa (Figure 2.3, Table S2.1). A. pseudoplatanus was found to
be less resistant (Pso = —3.54 MPa, Pgg = —4.14 MPa), followed by B. pendula (Pso = —1.91 MPa,
Pgg = —2.14 MPa). However, A. pseudoplatanus was the least sensitive species regarding the onset
of cavitation (P12 = -2.93 MPa; Table S2.1). Although being vulnerable to embolism, B. pendula
presented the highest hydraulic efficiency (Ks = 1.40 kg m™ MPa* s1), followed by S. aucuparia
(1.18 kg m* MPa! s1) and A. pseudoplatanus (0.56 kg m™* MPa ! s ). Linear regressions
depicted significant associations of hydraulic safety with growth traits, although no general trend
across species existed (Figure 2.4a, b). We found that Pso was related to log-transformed ABI in
B. pendula (p < 0.01, R? = 0.42) and in S. aucuparia (p < 0.05, R? = 0.32) but not in A.
pseudoplatanus (Figure 2.4a).
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A positive relationship in B. pendula suggests that a higher embolism resistance was associated
with a higher growth, while a negative relationship in S. aucuparia indicates the opposite, i.e., a
low hydraulic safety was related to high growth rates. Similar trends were found between Pso and
the shoot length (Figure 2.4b). In B. pendula and A. pseudoplatanus, we found that hydraulic
conductivity (Ks) was significantly affected by growth-related parameters (B. pendula: p < 0.01,
R? = 0.41 with ABI and p < 0.001, R? = 0.50 with shoot length; A. pseudoplatanus: p < 0.05, R? =
0.35 with ABI and R? = 0.30 with shoot length; Figure 2.4c, d). This indicates that a higher
hydraulic efficiency was associated with a high juvenile growth. In S. aucuparia, on the other

hand, Ks was not related to any of the growth-related variables investigated (Figure 2.4c, d).
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Figure 2.3: Boxplot depicting the variability between treatments for hydraulic, wood anatomical, and leaf
morphological traits for the three species. Given are (a) water potential at 50% loss of hydraulic conductivity (Pso),
(b) specific conductivity (Ks), (c) hydraulically-weighted vessel diameter (Dy), (d) vessel density (VD), (e) Huber
value (HV), and (f) specific leaf area (SLA) for the control (grey) and stress (white) treatment. Asterisks indicate the
level of significance (*, p < 0.05; **, p < 0.01; ***, p < 0.001; ns, for non-significant). For traits abbreviations, see
Table 2.1.

The analysis of other hydraulic efficiency traits (Kpit) and anatomical traits (Dn and VD)
associated with the growth rate revealed similar contrasting patterns across species (Figure 2.5).
We found that a higher aboveground biomass increment (ABI) was associated with a higher Kpit

in A. pseudoplatanus and B. pendula but not in S. aucuparia. Likewise, Dnwas related to higher
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ABI in A. pseudoplatanus and B. pendula only. VD, however, was not linked to the growth
performance for any of the species (Figure 2.5¢c, d). We also found that leaf traits such as the HV
were well related to the growth rate in the case of A. pseudoplatanus and B. pendula but not in S.
aucuparia (Figure 2.5f). In the first two species, a lower Huber value was associated with a high
growth. The SLA was always related to the ABI, although the nature of the relationship was
different across species. B. pendula and S. aucuparia had a higher SLA associated with a higher
growth performance, while the A. pseudoplatanus that performed better had a reduced SLA (Figure
2.5¢).

2.3.4 Hydraulic Safety-Efficiency Trade-Offs and Their Relations to Wood Anatomy and
Leaf Traits

In all three species, we found that Psg was unrelated to Ks, indicating the absence of any trade-off
between hydraulic safety and efficiency (Figure 2.6a). As expected from the Hagen—Poiseuille
equation, Ks was well related to Dy in all species (Figure 2.6¢; p < 0.01 and R? = 0.35, 0.71 and
0.37 in A. pseudoplatanus, B. pendula, and S. aucuparia, respectively). More interesting was that
none of the species showed the relationship between Dy and Psp, indicating that xylem embolism
likely does not depend on vessel diameter in the investigated species of our sample (Figure 2.6Db).
We also found that xylem safety was associated with a higher specific leaf area (SLA) in B.

pendula but a lower one in S. aucuparia (Figure S2.6).
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Figure 2.4: Effect of growth performance on the water potential at 50% loss of hydraulic conductivity (Psg) and
specific conductivity (Ks). Given are linear regression analyses between (a) Pso or (¢) Ks and log-transformed growth
rate, and (b) Pso or (d) Ks and shoot length. Indicated for each species are the coefficients of determination, i.e., R?,
for the investigated relationships. Different colours and symbols represent different species and treatments (blue: A.
pseudoplatanus; red: B. pendula; green: S. aucuparia; filled circles: control treatment; triangles: stress treatment). Full
lines indicate significant effects of variable x on variable y; dashed lines indicate a non-significant relationship.
Asterisks indicate the level of significance (*, p < 0.05; **, p < 0.01; ns, for non-significant).
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Figure 2.5: Dependency of growth rate on wood anatomical and leaf morphological traits. Given are linear regression
analyses of log-transformed growth rate against (a) leaf-specific conductivity (K.), (b) pit conductivity (Kpi), (C)
hydraulically-weighted vessel diameter (Dn), (d) vessel density (D), (e) specific leaf area (SLA), and (f) Huber value
(HV). Different colours and symbols represent different species and treatments (blue: A. pseudoplatanus; red: B.
pendula; green: S. aucuparia,; filled circles: control treatment; triangles: stress treatment). Indicated for each species
are the coefficients of determination, i.e., R?, for the investigated relationships. Full lines indicate significant effects
of variable x on variable y; dashed lines indicate a non-significant relationship. Asterisks indicate the level of
significance (*, p < 0.05; **, p < 0.01; ***, p < 0.001; ns, for non-significant).
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Figure 2.6: Water potential at 50% loss of hydraulic
conductivity (Pso) in relation to (a) specific conductivity (Ks)
and (b) hydraulically-weighted vessel diameter (D), as well
as (c) specific conductivity (Ks) in relation to hydraulically-
weighted vessel diameter (Dp). The results from the linear
regression analyses are given. Different colours and symbols
represent different species and treatments (blue: A.
pseudoplatanus; red: B. pendula; green: S. aucuparia; filled
circles: control treatment; triangles: stress treatment).
Indicated for each species are the coefficients of
determination, i.e., R?, for the investigated relationships. Full
lines indicate significant effects of variable x on variable y;
dashed lines indicate a non-significant relationship.
Asterisks indicate the level of significance (*, p < 0.05; **,
p <0.01; *** p < 0.001; ns, for non-significant).
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2.4 Discussion

2.4.1 Relationship of Juvenile Growth with Hydraulic Safety and Efficiency

In our study, significant growth rate and biomass allocation differences were observed for
all three species in contrasting growing conditions. We found that juvenile growth was related to
either or both hydraulic efficiency and safety in all species. This might suggest a close dependency
of juvenile growth on xylem characteristics, but the nature of these relationships contrasted across
species. While the growth rate (aboveground biomass increment and shoot length) was negatively
related to the xylem pressure at 50 % loss of hydraulic conductivity (Pso) in B. pendula, no clear
pattern emerged as a positive relationship was found in the case of S. aucuparia. However, growth
performance was notably associated to a higher hydraulic efficiency in two of the three species,
most likely through an increase in hydraulically-weighted vessel diameter (Dn), which was
strongly and positively related to sapwood-specific hydraulic conductivity (Ks). In B. pendula and
A. pseudoplatanus, two species with an isohydric water potential regulation strategy (Leuschner
et al. 2019, Beikircher et al. 2021, and Kumar et al. unpublished), efficiency-related variables
(e.g., Dn and Ks) were associated with higher growth. This is consistent with earlier intra- and inter-
specific studies reporting a close association of growth biomass increment to hydraulic efficiency
rather than to other wood traits (Hajek et al. 2014, Hoeber et al. 2014, Kotowska et al. 2015,
Kotowska et al. 2021). However, the growth performance was decoupled from hydraulic
efficiency in S. aucuparia. This was the only species following a rather anisohydric water potential
regulation strategy in our study (Vogt 2001, and Kumar et al. unpublished).

In the case of A. pseudoplatanus, which has large leaves with a high conductance but a
stringent control of its stomates, only hydraulic efficiency and not safety was related to the growth
performance. Although B. pendula likewise follows an isohydric strategy, a lower embolism
resistance was found in stressed individuals with a lower growth performance. In B. pendula, no
intra-specific variation in Psp has been observed at various stands across Europe, strongly differing
in microclimatic conditions (Gonzalez-Mufioz et al. 2018). Consequently, we likewise observed a
marginal increase in Pso by 0.11 MPa only in B. pendula, but counterintuitively plants in the
control group developed a slightly more embolism-resistant xylem (Pso = —1.97 MPa versus —1.86
MPa, respectively). This might explain why hydraulic safety counterintuitively was negatively,

and not positively, related to growth as hypothesized. In the case of S. aucuparia, the most
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embolism-resistant species with the least stringent stomatal control, we found that hydraulic safety
was positively associated with growth as speculated, i.e., fast-growing individuals developed a less
embolism-resistant xylem (Pso = —3.87 MPa versus —4.24 MPa in the control versus the stress
treatment, respectively). The disparities in the growth—hydraulic safety trade-off between species
observed here was also reported in previous studies. While a negative relationship was found for
willow genotypes (Wikberg and Ogren 2004, Cochard et al. 2007) and provenances of cedar
(Ducrey et al. 2008), a positive relationship was reported for poplar hybrids (Fichot et al. 2010)
and European beech (Herbette et al. 2020), and other studies did not find any link at all (Sterck et
al. 2012, Hajek et al. 2014, Guet et al. 2015, Schuldt et al. 2016, Schumann et al. 2019).

Contrasting results across studies suggest that relationships between growth performance
and hydraulic safety, but also efficiency, do not necessarily present a general trend across species
but may be linked to species-specific hydraulic strategies (Hartmann et al. 2021).

2.4.2 Relationship of Juvenile Growth with Leaf-Related Traits

Leaf traits are often used as an indicator of plant growth performance since they are
responsive to the local environment (Chaturvedi et al. 2013, Weithmann et al. 2022). For example,
the specific leaf area (SLA) is often assumed to be a central trait under species-selection, and
species with large and thin but short-lived leaves tend to have a resource-acquisition strategy based
on a quick return on leaf investments (Markesteijn et al. 2011, Schreiber et al. 2016). In this study,
we found the SLA to be linked to growth performance, but once more without revealing any clear
trend. While we found that a reduction of SLA was associated with a higher growth performance
in A. pseudoplatanus, the opposite was found in the other two species. In our study, stressed
individuals of A. pseudoplatanus developed larger and/or lighter leaves compared to the control,
although the opposite relationship is usually associated with environmental stress (Cunningham et
al. 1999, Wright et al. 2004).

We also found that two of the three species, namely A. pseudoplatanus and B. pendula, had
Huber values (HV), i.e., the sapwood-to-leaf area ratios, that decreased with the growth
performance as one would expect. While the third species, S. aucuparia, showed the same
tendency, this relationship was non-significant. Thus, all species of our sample adjusted their leaf-
level water supply in response to more stressful climatic conditions by reducing the size of single

leaves (Table S2.1), and potentially their numbers. Our results suggest that all three foliar traits
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covered are highly plastic and responsive to climatic stress conditions, consistent with studies
reporting that leaf traits respond to gradients of water availability (Gleason et al. 2012, Weithmann
et al. 2022).

2.4.3 Trade-Off between Hydraulic Efficiency and Safety and Anatomic Determinants

In agreement with a growing body of evidence, we did not find any relationship between
the hydraulic safety and efficiency across the three species of our sample (cf. Larter et al. 2017,
Torres-Ruiz et al. 2017, Lubbe et al. 2022 but see Schumann et al. 2019). Although we only
investigated siblings originating from the same parental tree, our results support the assumption
that different evolutionary pathways exist for achieving xylem safety and efficiency, and that the
safety—efficiency trade-off may be species- and scale-dependent (Isasa et al. 2021, Libbe et al.
2022). Furthermore, hydraulic safety appears to be a rather conservative trait in temperate broad-
leaved tree species (cf. Rosas et al. 2019, Fuchs et al. 2021), while hydraulic efficiency is more
plastic in order to meet the water demand of the supported foliage at the place of growth.

Therefore, the majority of recent results support a divergence from the classical paradigm
of plant hydraulics, postulating that plant hydraulic functioning is dependent on a trade-off
between xylem safety and efficiency (Tyree et al. 1994). It is evident that some species might have
both a low safety and a low efficiency, which means that the anatomical basis for a high efficiency
could be trading off with traits other than embolism resistance (Gleason et al. 2016). Hence, a
question arises on the significance of given anatomical features that play a role. On that matter,
the vessel diameter was initially proposed as the primary anatomical determinant of the safety—
efficiency trade-off since vessel conductivity increases in the proportion of its diameter at the
fourth power according to the Hagen—Poiseuille equation (Tyree and Zimmermann 2002). This is
supported by our study, as Dn was related to Ks in all three species. However, it seems that vessel
diameter is not universally linked to embolism resistance. While several studies observed a
dependency of Pso on Dy within or across species (Hacke et al. 2006, Maherali et al. 2006, Awad
et al. 2010, Sterck et al. 2012, Hajek et al. 2014), others could not (Choat et al. 2008, Fichot et al.
2010, Lens et al. 2011, Schuldt et al. 2016, Hajek et al. 2016). It is meanwhile well-established
that embolism resistance is only indirectly related to vessel diameter through an increased number
of interconnected vessels, while it is directly related to pit membrane thickness (Kaack et al. 2021).

Thus, the focus has shifted from conduit diameter to inter-vessel transport and pit membrane
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characteristics such as pore size and membrane thickness for determining embolism resistance.

Further work is needed to shed light on these controversies.

2.4.4 Variability in Hydraulic and Foliar Traits in Response to Environmental Stress

As shown and discussed, the three species exhibited significant differences in their
hydraulic and leaf functional attributes between both treatments. Because genetic material was
similar within a species, those differences can be imputed to a plastic response of the plants to heat
stress. Knowledge of the degree of phenotypic plasticity of given traits is essential to better
understand tree responses to climate change. In B. pendula, the highest degree of variability was
found. Here, 14 of the 17 growth-related, wood anatomical, hydraulic, and leaf morphological
traits differed between treatments, while only six differed in the case of S. aucuparia (Table S2.1).
Although stressed plants of S. aucuparia developed a more embolism-resistant xylem, other traits
such as hydraulic efficiency and its main anatomical determinant, vessel diameter, were unaffected
by the growing conditions. Because S. aucuparia relies on its high resistance to embolism to
survive drought, this might explain why mainly xylem safety responded plastically. In B. pendula,
on the other hand, both embolism resistance and specific conductivity decreased in stressed plants.
This was associated with a reduction in the vessel diameter, and this effect remained even after
standardizing for the distance to the tip (Table S2.1). Altogether, this matches the expected growth
strategy of this pioneer tree species. In A. pseudoplatanus, we found a strong reduction of hydraulic
conductivity and vessel diameter but not xylem safety. This species seems to have a stringent

stomatal control (Kumar et al. unpublished) associated with a fairly embolism-resistant xylem.

2.5 Conclusions

This study on the association of juvenile growth with xylem safety and efficiency revealed
considerable inter-specific differences. The distinguishable relationships across species could be
related to their habitat preferences and ecological strategies. We found species-specific links
between growth performances and hydraulic safety and efficiency in two of the tree species but
without revealing any clear pattern. The safety-related traits appeared more static, while efficiency
traits revealed a higher intra-specific plasticity. In all species, the hydraulic efficiency was strongly

dependent on vessel diameter but was unrelated to xylem safety.
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Overall, understanding the links among hydraulic traits and their specific association with juvenile
growth performance during stress is necessary to understand plant behaviour in a warmer and drier

environment and to improve breeding programs.

Funding: This work was financially supported by the Indian Council of Agricultural Research
(ICAR), New Delhi, India, through the Netaji Subhash-ICAR International Fellowship granted to
Manish Kumar (F.No.: 18(20)/2018-EQR/Edn).

Acknowledgments: This publication was supported by the Open Access Publication Fund of the
University of Wirzburg. The first author gratefully acknowledges the financial support provided
by the Indian Council of Agricultural Research (ICAR), New Delhi, India, through the Netaji
Subhash-ICAR International Fellowship for his doctoral programme. The logistical and scientific
assistance received from the University of Wirzburg, Germany, is gratefully acknowledged.
Additionally, we thank Roman Mathias Link for his guidance with statistical analysis. Special
thanks to Christine Gernert and Yvonne Heppenstiel for their skillful support in preparing
transverse sections and microscopic work for wood anatomy, and to Jutta Winkler-Steinbeck for

taking care of the plants.

49



2.5 Conclusion

Supplementary information

Temperature growing season 2021

40 1 inside (measured values)
—_ === outside (measured values)
2
= 30
£
> ——
E
é \
£ 20 1
2=
©
o

10 1

May 2021 Jun 2021 Jul 2021 Aug 2021 Sep 2021 Oct 2021
VPD growing season 2021

® 61
o
<
o
o
> 4
1S
S
E
5
E 27
> / <A
= ‘
(m]

D T T T T T

May 2021 Jun 2021 Jul 2021 Aug 2021 Sep 2021 Oct 2021
date

Figure S2.1: Measured daily maximum temperature (top) and daily maximum vapour pressure deficit (bottom) for
the growing season from May to September in 2022. The blue line refers to open-field (outside) measurements, and
the orange line to measurements inside the growing chamber of the greenhouse.
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Figure S2.2: Daily maximum temperature (top) and daily maximum vapour pressure deficit (bottom) for the growing
season from May to September in 2019 and 2020. The blue line refers to open-field (outside) measurements, and the
orange line to measurements inside the growing chamber of the greenhouse. Please note that only the outside values
have been empirically measured, inside values were modelled according to available data from 2022 (Figure S2.1).

51



Supplementary information

Table S2.1: Summary of all major variables explored (means + SE). The number of investigated plants is given in parentheses. Species abbreviations are as follows:
ACPS: A. pseudoplatanus; BEPE: B. pendula; SOAU: S. aucuparia; the treatment is indicated by C for control or S for stress. Small letters indicate significant
differences between the control and stress treatment within a given species. For details on the abbreviations, please refer to Table 2.1.

Variables Unit ACPS C ACPS S BEPE C BEPE S SOAU C SOAU S
Growth-related traits

RCD mm 17.31+0.38% (16) 10.59+0.20" (12) 20.75+0.42° (18) 11.39+0.38° (12) 19.50 +0.54% (14) 11.671 + 0.27° (10)
Shoot length cm 209.38 + 10.71% (16) 103.42 +4.80° (12) 264.11 +3.42° (18) 139.11+5.41° (12) 234.07 +11.44° (14) 156.90 + 4.13" (10)
AGB g 158.56 + 15.30° (11) 30.58 +2.02° (12) 222.39+9.16° (10) 39.58 +3.61° (11) 168.30 + 11.63* (11) 58.00 + 4.54° (10)
ABI mgd? 287.07 +23.39° (10) 60.72 +3.99" (12) 424.22 +18.65* (9) 79.28 +7.25° (11) 323.97 +19.69% (9) 116.95 + 9.81° (9)
Branch-related traits

A feat on? 35.56 +2.53% (11) 30.87+1.85%(12) 31.72+4.53*(10) 9.15+0.73" (11) 46.64 +2.43%(11)  44.38 + 6.45° (10)
HV 10 mf m? 232+0.23°(16) 3.04+020°(12) 142+0.09*(17) 3.01+0.25°(11) 3.91+032%(14)  4.10+0.21% (10)
SLA e’ gt 163.77 + 11.09% (11) 205.92 +5.72° (12) 234.31+17.71% (10) 180.91 +6.49° (11) 162.64 +5.75* (11) 131.15 + 3.02" (10)
Wood Anatomical traits

D um 33.93+1.01°(16) 27.12+0.46° (12) 32.35+0.43*(17) 26.83+0.41° (11) 26.07+0.86% (14)  25.56 + 0.53" (10)
Dh Hm 42.21+1.23*(16) 34.01+0.68° (12) 42.06+0.62% (17) 33.74+0.73" (11) 30.60+ 1.07° (14)  29.00 + 0.55° (10)
Dy Hm 4150 +1.36° (16) 34.67+0.72° (12) 40.18+0.63% (17) 31.86+0.74" (11) 30.21+1.18% (14)  28.08 + 0.55° (10)
VD n mm2 105.21 +5.84% (16) 114.67 +8.00% (12) 196.86 +6.97* (17) 191.39 +9.18% (11) 323.30 + 19.84° (14) 349.37 + 10.19% (10)
A umenA xylem % 10.64 + 0.85° (16) 7.33+0.56° (12) 18.38+0.69* (17) 12.07+0.66° (11) 18.15+1.11%(14)  18.93+0.65* (10)
Hydraulic traits

P MPa 279+0.21%(9) -3.04+0.12°(12) -1.71+0.04%°(8) -1.64+0.02°(10) -2.70+0.09°(10)  -3.17 +0.23" (10)
Pso MPa -332+0.27%(9) -3.70+0.08°(12) -1.97+0.03%(8) -1.86+0.02°(10) -3.87+0.09° (10)  -4.24 +0.14° (10)
P MPa -3.85+0.34%(9) -437+0.08°(12) -222+0.03%(8) -2.08+0.03°(10) -5.04+0.12°(10) -5.31+0.10* (10)
Ks kgm™ MPa™s* 0.71+0.09% (10)  041+0.05°(10) 1.83+0.18%(11) 0.97+0.05° (11) 1.22+0.12*(11)  1.13+0.10°(10)
Ki 10" kgm' MPa' st 1.76+0.24° (10)  1.31+0.17°(10) 2.87+0.38*(11) 2.88+0.22°(10) 521+067°(11)  4.63+0.50° (10)
K pit kgm* Mpa s 0.85+0.11° (10)  050+0.07° (10)  2.41+0.28*(11)  1.32+0.09° (10)  1.66+0.20°(11)  1.53+0.16% (10)
Ko kgm* MPa s 539+0.68°(16) 225+021°(12) 850+047°(17) 3.60+0.29°(11) 4.83+047°(14)  4.56+0.30° (10)
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Figure S2.3: Boxplot depicting the plasticity of additional safety - efficiency traits for three tree species. Given are
(a) water potential at 12 % loss of hydraulic conductivity (P12), (b) water potential at 88 % loss of hydraulic
conductivity (Pgg), (¢) pit conductivity (Kyit), (d) leaf specific conductivity (K.) for the control (grey) and stress (white)
treatment. Asterisks indicate the level of significance (*, p < 0.05; **, p < 0.001; ns, for non-significant). For species
abbreviation, see Figure 2.2.
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Figure S2.4: In the left column, exemplary cross-sectional images of the stem wood of (top) A. pseudoplatanus,
(middle), B. pendula and (bottom) S. aucuparia are given. In the central column, sections of sapwood at 5-fold
magnification are shown. The right column, i.e., boxplot depicting shows the contribution of seven vessel size classes
(10-80 um) to K" for the three tree species. Given are (a) A. pseudoplatanus, (b) B. pendula, and (c) S. aucuparia.

Scales are indicated in each picture.
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Figure S2.5: Standardized vessel diameter (D) in relation to hydraulically-weighted vessel diameter (Dy). The
results from the linear regression analyses are given. Different colours and symbols represent different species and
treatments (blue: A. pseudoplatanus; red: B. pendula; green: S. aucuparia; filled circles: control treatment; triangles:
stress treatment). Indicated for each species are the coefficients of determination, i.e., R?, for the investigated
relationships. Asterisks indicate the level of significance (*, p < 0.05; **, p < 0.01; ***, p < 0.001; ns, for non-
significant).
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Figure S2.6: Water potential at 50% loss of hydraulic conductivity (Pso) in relation to (a) specific leaf area (SLA) and
(b) specific conductivity (Ks) in relation to SLA. The results from the linear regression analyses are given. Different
colours and symbols represent different species and treatments (blue: A. pseudoplatanus; red: B. pendula; green: S.
aucuparia; filled circles: control treatment; triangles: stress treatment). Indicated for each species are the coefficients
of determination, i.e., R?, for the investigated relationships. Full lines indicate significant effects of variable x on
variable y; Dashed lines indicate a non-significant relationship. Asterisks indicate the level of significance (*, p <
0.05; **, p < 0.01; ***, p < 0.001; ns, for non-significant).
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Abstract

Drought-induced mortality is widespread and affects forest health and productivity. However, the
complex mechanisms involved make it difficult to anticipate these effects fully. This study
examined the temporal progression of stomatal regulation and plant water potential through a dry-
down experiment. We aim to examine plant behaviour by estimating the time it takes to reach
stomatal closure and subsequently critical levels of hydraulic failure in response to drought. In
addition, we investigate how the traits affecting desiccation time are coordinated along the
isohydry continuum across five species with different drought resistance strategies and hydraulic
behaviours. We found a strong association between a species’ hydroscape area (HSA) and the
water potential at 90% stomatal closure (Pss0). Species closing their stomata at lower water
potential notably had a larger HSA. Isohydric species closed their stomata early with declining
water potential to avoid embolism formation, while anisohydric species continued gas exchange
until the loss of turgor. Isohydry was mostly associated with leaf hydraulic traits and poorly with
xylem safety traits. It was unrelated to the species' time to hydraulic failure during drying-out
experiments. We show plant responses to drought can be divided into two phases, with the first
phase lasting from the onset of drought to stomatal closure and the second phase from stomatal
closure to death. We found traits are coordinated along two major axes related to these two phases.
The degree of isohydry of a plant was found to be predominantly associated with the first axis
linked to the time to stomatal closure (Tsc) and HSA but largely unrelated to the time to critical
hydraulic failure. The second axis is associated with hydraulic safety and reflects that species with
wider hydraulic safety margins and a lower Pgg take longer to reach critical levels of hydraulic
failure (Terit). This supports the idea that iso-and-anisohydric behaviours are linked to water use
strategies rather than to drought tolerance. Overall, our results suggest that there are multiple
strategies plants can adapt to cope with drought that rely on adjustments of different traits. The
insight into the mechanism determining the time to hydraulic failure recommends considering
multiple structural and functional characteristics for sustainable forest plantation management

decisions.

Keywords: Stomatal closure, desiccation time, hydraulic traits, hydroscape, cuticular

conductance, capacitance, hydraulic safety margin.
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3.1 Introduction

Drought-induced tree mortality is widespread and well-documented in almost all forest types
across the globe (Allen et al. 2010, Peng et al. 2011, Anderegg et al. 2013). Over the past decades,
reduced precipitation and rising temperatures have amplified the intensity and frequency of
drought events (Allen et al. 2010, Allen et al. 2015, Adams et al. 2017). The increasing evaporative
demand has been linked to reductions in biomass productivity (Kotowska et al. 2021, Kumar et al.
2022, Ramesha et al. 2022) and rises tree mortality (Schuldt et al. 2020, McDowell et al. 2022,
Schonbeck et al. 2022). Therefore, there is an urgent need to understand the mechanisms involved
in drought-induced tree mortality (O’Brien et al. 2017, Hartmann et al. 2018). On that matter,
growing evidence suggests that a disruption of the plant water transport system (hydraulic failure)
is a near-universal pattern in drought-induced tree mortality (Brodribb and Cochard 2009, Mitchell
etal. 2014, Urli et al. 2013, Adams et al. 2017). Ultimately, mortality risk during drought depends
on how long plants can maintain a tissue water content sufficient to sustain their biochemical
functionality (Mantova et al. 2022).

Under drought, a plant’s internal water transport system endures stress due to decreasing
xylem water potentials. The progression of plant drought responses can be divided into two
fundamental phases: A first phase before stomatal closure, when the plant is still actively
transpiring, and a second phase from stomatal closure to deadly levels of desiccation (cf. Choat et
al. 2018). Before stomatal closure, stomatal regulation is the main driver of plant water relations,
as the conductance of open stomata exceeds other water losses by orders of magnitude (Kerstiens
1996). Under water deficit, stomata gradually close to minimize water loss and xylem water
potential drop (Brodribb et al. 2003, Nolf et al. 2015). After stomatal closure, plant water potentials
continue to decrease through uncontrollable water losses via the cuticle, bark and residual stomatal
conductance until finally reaching levels that cause the spread of embolism in the xylem
(Blackman et al. 2016, Blackman et al. 2019b, Hammond and Adams 2019).

A number of traits related to the aforementioned processes are routinely quantified to
describe plant behaviour under drought. Hydraulic impairment is usually described using xylem
embolism thresholds derived from vulnerability curves, such as the water potential at 50% and
88% loss of hydraulic conductivity (Pso and Pgs, respectively, Brodribb and Cochard 2009, Urli et
al. 2013). In addition, species' performance under drought depends on changes in other critical

leaf, xylem and morphological characteristics timely coordinated among each other (Skelton et al.
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2021, Li et al. 2022). One important aspect of plant drought responses is avoiding the onset of
xylem embolism formation by adjusting the internal water balance through stomatal regulation (Li
et al. 2018). The water potential at 90% stomatal closure (Pss0) has been shown to be coordinated
with embolism thresholds and to be linked to plant mortality risk during drought (Klein 2014,
Bartlett et al. 2016, Martin-StPaul et al. 2017, Li et al. 2018). Likewise, leaf turgor loss point (¥up)
is a good predictor of plant hydraulic safety (Bartlett et al. 2012b). ¥4 is often linked to embolism
resistance due to the coordination between the onset of xylem embolism and stomatal closure, the
latter of which depends on leaf turgor (Brodribb et al. 2003, Bartlett et al. 2016, Rodriguez-
Dominguez et al. 2016, Farrell et al. 2017). Coordination between the first and the second phase
of drought response is described using the hydraulic safety margin (HSM) between leaf water
potential at stomatal closure (i.e Psgo) or turgor loss point (i.e., ¥up) and critical embolism
thresholds (e.g., Pss, Skelton et al. 2015, Martin-StPaul et al. 2017). Finally, water losses after
stomatal closure are quantified by the cuticular and residual conductance (gmin) (Duursma et al.
2019). Altogether, these coordinated leaf and xylem traits influence plant mortality risk
(Hammond and Adams 2019, Hammond et al. 2019).

Due to the many traits involved, the negative effects of a water deficit period can be
mitigated in multiple ways (Pivovaroff et al. 2016). One way to achieve this is via plant hydraulic
capacitance, i.e., the ability to store water in tissues and gradually release it during increasing
drought stress. Capacitance seems to be a key trait that dynamically modulates both hydraulic
safety and efficiency (Meinzer et al. 2003, Sperry et al. 2008). Its importance to buffer intense
periods of water shortage is unequivocally accepted (Steppe and Lemeur 2007, Vergeynst et al.
2015, De Baerdemaeker et al. 2017, Epila et al. 2017). However, no real consensus has emerged
regarding its measurement method, and the term hydraulic capacitance is often used to refer to
different tissue and plant properties (e.g., leaf, sapwood or branch hydraulic properties). Moreover,
the trait has rarely been experimentally studied as part of coordinated plant hydraulic strategies
(Barnard et al. 2011, Scholz et al. 2011, Santiago et al. 2018, Blackman et al. 2019a).

Hydraulic strategies are frequently categorized by their degree of isohydry, i.e., the
stringency of their stomatal control during increasing evaporative demand. In drier environments,
more isohydric species tend to close their stomata earlier to limit the decrease in xylem water
potentials (Tardieu and Simonneau 1998). Isohydric species, thus, are assumed to delay the onset

of xylem embolism formation at the cost of reduced carbon uptake. In contrast, more anisohydric
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species maintain their stomata open longer at the cost of decreasing water potentials, preserving
assimilation but increasing embolism risk (Tardieu and Simonneau 1998, Roman et al. 2015,
Hartmann et al. 2021). Stomatal sensitivity to water potential has been shown to be species-
specific and to vary along a continuum (Klein 2014), suggesting that plant stomatal control
strategies form a continuous axis from more to less stringent stomatal control. In addition, it has
been shown that some species can switch from isohydric to anisohydric behaviour in response to
changing conditions (Rogiers et al. 2012, Zhang et al. 2012). For these reasons, the relevance of a
dichotomic nomenclature has recently been widely discussed, while a clear definition of the
underlying mechanisms is yet to come (Martinez-Vilalta and Garcia-Forner 2017, Hochberg et al.
2018, Feng et al. 2019). In addition to the stomatal response, a set of associated characteristics has
been both theoretically and experimentally associated to the isohydric continuum. More
anisohydric species tend to have more embolism-resistant xylem (Klein et al. 2014), a more
negative leaf turgor loss point (Chen et al. 2021), a higher carbon invested in stem (Reich 2014,
Chen et al. 2021), and a higher wood density (Chen et al. 2021, Fu and Meinzer 2019).

The lack of clarity about the underlying mechanism is reflected by the large amount of
existing metrics to quantify the degree of isohydry of a species, for example, stomatal response
curves (e.g. Klein 2014), water potentials at given percentages of loss of stomatal conductance
(e.g. Chen et al. 2021), the slope of the relationship of midday vs predawn water potential (e.g.
Martinez-Vilalta et al. 2014), the water potential difference between stomatal closure and Pso
(Skelton et al. 2015), or the so-called hydroscape area (Fu and Meinzer 2019, Fu et al. 2019, Li et
al. 2019, Salvi et al. 2022). The conceptual uncertainties about the mechanisms underlying
isohydry, as well as a large amount of often disparate metrics to quantify it, illustrate the need to
incorporate the concept of isohydry into a more integrative and complete understanding of the
coordinated plant response to drought.

Dry-down experiments are an important tool for understanding the relationships between
drought tolerance and avoidance traits with critical timings of plant response to drought (Blackman
et al. 2019Db, Li et al. 2022). The idea behind these experiments is to measure a set of hydraulic
traits and monitor the plant water status on replicate plant samples over a period of progressing
desiccation to determine the time necessary to exceed critical desiccation thresholds (e.g. time of
stomatal closure or time to critical hydraulic failure). There is an urgent need for dry-down

experiments under controlled conditions to be able to identify which traits drive species differences

67



in desiccation time (Choat et al. 2018). While a number of studies have focused on determining
the time a plant spends in the second phase of the drying process, from stomatal closure to critical
hydraulic failure (Blackman et al. 2016, 2019b, Challis et al. 2022), so far to our knowledge there
are no studies that focus on the time plants spend in the first phase from full hydration to stomatal
closure. Moreover, it is largely unknown how different hydraulic strategies in terms of the degree
of isohydry relate to drying times.

In the present study, we investigated the drought response and hydraulic strategies of five
widespread, economically important central European forest tree species. We conducted drying-
down experiments on potted saplings of the species Acer pseudoplatanus, Betula pendula, Fagus
sylvatica, Sorbus aucuparia, and Tilia cordata to quantify their degree of isohydry in terms of the
hydroscape area (HSA), and to estimate the time to both stomatal closure (Ts) and critical
hydraulic failure (Terit). We further measured a set of water potentials associated with critical points
throughout the drying process, namely the xylem water potential at stomatal closure (Pss), at the
turgor loss point (Pup) and at major hydraulic failure (Pgs). In addition, we measured various traits
linked to drought response, such as the hydraulic safety margin (HSM), minimum leaf conductance
(gmin) and shoot capacitance (C). The aims of our study are, first, to determine the position of these
tree species along the isohydric continuum according to Psgpo and HSA; second, to test how
hydraulic traits are related to the degree of isohydry; and third, to test how Psgo, HSA and other
hydraulic traits are related to Tsc and Terit. We hypothesized that (1) the Psgo of a species is
negatively associated with its HSA, and consistent with its degree of isohydry as described in
previous studies, (2) more isohydric species have higher C, less negative Pgs, wider HSM, and a
less negative ¥yp a less negative Php, (3) time to stomatal closure (Tsc) is associated with Psgo, Ptip,
HSA, and C, and (4) time to critical hydraulic failure (Tcrit) is associated with gmin, HSM, critical
embolism thresholds, and C.

3.2 Material and methods

3.2.1 Species description

Seeds of three species, Acer pseudoplatanus L. (ACPS), Betula pendula Roth (BEPE), and Sorbus
aucuparia L. (SOAU), were collected and grown in March 2019 at the botanical garden of the

University of Wirzburg (cf. Kumar et al. 2022). Measurements of these species took place on
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similar, healthy individuals aged approx. 28-29 months in July—August 2021. Two other species,
Fagus sylvatica L. (FASY) and Tilia cordata Mill. (TICO), were grown in a nursery near
Wirzburg from 2019 to 2021, moved to the botanical garden Wiirzburg and repotted in December
2021. Measurements took place in July—August 2022. Because most of the measurements are
destructive, we divided individuals into experiments to estimate a maximum of traits at the species
level, using different subsets of trees for drying-out experiments, xylem vulnerability, hydraulic
capacitance, etc. The investigated traits are shown in Table 3.1.

The study species were selected for their importance in central European forests and their
reportedly contrasting stomatal behaviour. FASY and SOAU have been described as clearly
anisohydric (Vogt 2001, Rétzer et al. 2017, Leuschner et al. 2019, 2020, 2022), while ACPS and
BEPE have consistently been described as isohydric (Robson et al. 2015, Li et al. 2016, Leuschner
et al. 2019, Beikircher et al. 2021, Kumar et al. 2022). Finally, published accounts regarding the
stomatal behaviour of TICO are mixed, with some studies reporting a fairly isohydric behaviour
(Kdcher et al. 2009, 2013, Leuschner et al. 2019) and others a more anisohydric strategy (Moser
et al. 2016, Gillner et al. 2017, Moser-Reischl et al. 2019).

3.2.2 Drying-out experiments

Before the dry-down experiments began, we irrigated the saplings daily in a shaded but
open environment. We then placed similarly sized saplings in a climate-controlled greenhouse
chamber at the Chair of Botany 11, University of Wirzburg, both in 2021 and 2022. We measured
ACPS (n = 8, collar diameter (CD) = 26.81 = 0.77 cm), BEPE (n = 8, CD = 31.36 + 1.15 cm),
FASY (n=6,CD =15.12+ 1.17 cm), SOAU (n=7,CD = 26.32 + 1.23 cm), and TICO (n = 11,
CD =14.09 + 2.25 cm). At the start of the dry-down period, pots were irrigated to soil saturation
and covered with black polythene to reduce evaporation from the topsoil and to ensure water loss
is only driven by transpiration. Saplings were randomly assigned in a completely randomized
design. We installed a microclimate sensor (1-800-LOGGER, HOBO Onset, Bourne, MA 02532
USA) just above the saplings (height = 1.3 m) to record temperature and humidity every 10 minutes
throughout the experiments. Irrigation was then suspended, allowing a progressive decrease in
water potential until the plants reached their Pgg (measured on conspecific saplings from the same
batch of plants prior to the experiment). We monitored leaf water potential regularly with a
pressure chamber (Model 1505D, PMS Instruments, Albany, OR 97322 USA). We selected each
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one leaf per individual at predawn (%pq from 5:00 to 6:00 h) and midday (%¥mq from 12:00 to 13:00
h), and measured water potential within 1 min after excision.

During the dry-out period, all leaves lost due to measurements or leaf shedding were
collected and oven-dried at 75 °C for 72 h to estimate the initial leaf mass and area of each sapling
and its change over time. We also oven-dried the saplings at 75 °C at the end of the experiments
to estimate their aboveground stem and leaf mass. We obtained leaf area per plant by multiplying
leaf dry mass (g) by species-specific leaf area (SLA, cm? gt) measured on different fully hydrated
saplings. Maximum leaf area (Lm, cm?) of the dried-out saplings was estimated from SLA based
on the sum of the dry mass of the leaves removed daily and the dry mass of the leaves remaining
at the end of the experiment. Likewise, we obtained the amount of water stored in the aboveground
fraction of the dried-out plants (Vw, g) by multiplying the total aboveground dry mass (i.e.,
removed + remaining leaves + stems in g) with species saturated shoot water content (g g™).
Species-level saturated water content was measured on saplings used for hydraulic capacitance

measurements as (wet mass - dry mass) / dry mass.

3.2.3 Plant stomatal response during drought

We measured stomatal conductance (gs, mmol m2s) on the drying plants to estimate water
potential at stomatal closure (i.e., Psoo, necessary for the calculation of Ts and the determination
of species degree of isohydry). On each tree, we selected three fully expanded, healthy leaves at
different locations (i.e., top, middle and lower) and measured their gs daily using a portable
porometer (model AP4, Delta-T Devices Ltd, Cambridge, UK). We measured at the same time
each day to record the maximum attainable gs while accounting for daily patterns. We computed
the percent of stomatal conductance using the highest recorded individual gs as a reference. Finally,
we estimated species stomatal response to drought by fitting a sigmoidal curve on the relationship
between percent of stomatal conductance and water potential (Li et al. 2018). Psgo was defined as
the predicted water potential at 90% loss of stomatal conductance (Li et al. 2018, Blackman et al.
2019b).
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3.2.4 Embolism resistance and hydraulic safety margin

To determine species death (necessary for Terit and Thr), we measured xylem embolism
vulnerability on additional saplings with the flow-centrifuge method (Cochard et al. 2005).
Measurements were performed in 2021 in the framework of our previous study (Kumar et al. 2022)
for ACPS, BEPE, and SOAU and in 2022 for FASY and TICO. We shortened the main stems of
5-10 replicates per species to a length of ca. 27 cm and removed the bark at both ends. We then
inserted the samples into a custom-made Cavitron rotor chamber attached to a centrifuge (Cavitron
device built from a customized Sorvall RC-5C centrifuge) and constantly maintained them under
a flow of water. We increased rotor speed by small increments to simulate the decrease of xylem
water potential and recorded hydraulic conductivity until a percent loss of hydraulic conductivity
(PLC) of at least 90%. We used the Cavisoft software (Cavisoft version 5.2.1, University of
Bordeaux, Bordeaux, France) to perform the measurements. Vulnerability curves were fitted using
an exponential-sigmoidal model (Pammenter and Vander Willigen 1998) and subsequently used
to determine the water potential at 88 % loss of conductivity (Pss, Domec and Gartner 2003). In

this study, we define the hydraulic safety margin (HSM) as the difference between Psgo and Psgs.

3.2.5 Determination of plant desiccation times

We defined time to hydraulic failure (Tnf) as the species average standardized time to reach
the water potential at 88% loss of hydraulic conductivity starting from a fully hydrated state. Tt
was determined for each species by fitting a non-linear relationship between the observed
standardized drying time (i.e. time in hours multiplied by daily average VPD to account for
differences in evaporative demand across the drying-out experiments) and ¥pq of the dried-out
trees. In the present study, we consider an individual as dead when ¥pq = Pgs. We divided Thr into
the time to stomatal closure (Tsc) and the time from stomatal closure to critical hydraulic failure
(Terit, Blackman et al. 2016, 2019b). Because plant size influences desiccation time (Blackman et
al. 2019b, Challis et al. 2022), we further standardized Tsc and Terit to account for leaf area and

water storage (eq. (1)):

Lm- w
Tx_stan =Tx- V‘:,J ) (1)

where Tx_swn is the standardized desiccation time x (h cm™), Tx is the desiccation time for the same

tree in VPD hours (mol mol™ h), Lm (cm?) is its initial leaf area, and Vi (g) is the mass of water
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stored in the wood. Vi was divided by the density of water pw (i.e. 0.996 g cm at 30 °C) to convert
it to cm?® (cf. Challis et al. 2022).

3.2.6 Plant hydroscape

To estimate species hydroscape area (HSA, MPa?), we followed the methodology
described by Meinzer et al. (2016). Briefly, we calculated HSA as the area of the triangle formed
by the regression line between ¥4 versus ¥mqd and the 1:1 line (eq. 2):

HSA = &2, )

2

where a is the intercept of the ordinary linear regression of ¥ Vs. ¥, Which represents the most
negative ¥mg when ¥4=0, and b is the intersection of ¥yvs. ¥wand the 1:1 line, whichisat Y= .

3.2.7 Shoot hydraulic capacitance

Hydraulic capacitance (C) measurements were made on the complete aboveground fraction
of well-watered saplings (ACPS: n =5, BEPE: n =4, SOAU: n =5, FASY: n=9, TICO: n =5,
Length = 1.0-1.2 m, diameter = 10-14 mm). We followed an updated version of the method
described in Li et al. (2018) and Blackman et al. (2019b). After storing the plants overnight in a
cool and humid environment in opaque plastic bags to ensure full water saturation, we cut whole-
shoot samples at the root collar, sealed the cut surface with wax and proceeded to bench-dry them.
We weighted each shoot at increasing time intervals using an analytical scale (0.01 g) to estimate
the amount of water loss. At each time interval (hereafter: drying steps), we measured the water
potential of two leaves per shoot using a pressure chamber. We then allowed the shoots to dry
slowly until mass constancy or reaching the maximum water potential measurable by the pressure
chamber (-10 MPa). The initial mass at the beginning of the experiment corresponds to the water-
saturated mass (SM). To be sure that each shoot capacitance experiment started at water saturation,
we also measured initial water potential, which was always above —0.3 MPa. All subsequent
weight measurements (i.e., fresh mass or FM) were done at a series of drying steps with increasing
drying intervals (e.g. 15 min, 30 min, 1 h, 2 h, 4 h, etc.) defined depending on species identity. For
each drying step, before measuring mass and water potential, shoots were packed into humid,
opaque plastic bags for 30-60 min to limit transpiration and equilibrate the water potential. In
addition, we tracked the mass of the excised leaves at each drying step before water potential
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measurement. All cut-off leaves were weighed and stored with shed leaves to measure their oven-
dried mass (DM). In general, shoots took 3 to 4 days to fully dehydrate. Overnight time was treated
as a long equilibration period, as shoots were packed into humid plastic bags to prevent further
drying. At the end of the dehydration period, the remaining shoots and removed leaves were oven-
dried for 72h at 105 °C to determine their DM. Based on the shoot fresh weight at each drying
step, the weight of the removed leaves and the corresponding dry masses, we computed shoot

relative water content (RWC in g g}, eq. 3).

FM-DM
SM-DM '’ (3)

RWC was modelled with an exponential decay equation in dependence of water potential to

RWC =

estimate the moisture release pattern of each species (Li et al. 2018, Blackman et al. 2019b). To
compare species, we used the slope of the linear portion of the capacitance after stomatal closure
(Figure S1) (Blackman et al. 2019b). The slope was then standardized to account for dry shoot

mass (eq. 4).
ARWC SM-DM 1

e @

AW DM M,

C =

where ARWC / AV is the slope of the relationship between RWC and water potential (g g~ MPa™!)
multiplied by the maximum amount of stored water by the shoot (SM — DM, g) and divided by dry
shoot mass (DM, kg). The total (g kg~' MPa ') was then converted to mol kg™' MPa™! by dividing

it by the molar mass of water (Mw, 18.01 g mol™).

3.2.8 Leaf traits

On additional well-watered saplings, we measured leaf turgor loss point (¥Pup), specific leaf
area (SLA) and leaf residual conductance (gmin) on fully expanded leaves from different canopy
positions. Pup was estimated using 2—3 leaves from fully hydrated saplings (n = 4 individuals per
species) following Bartlett et al. (2012a). The leaves were cut-off, cleaned, double bagged with
humidified towels, and stored in a refrigerator until measurement. We then cut blade discs with a
cork borer, covered them with aluminium foil and submerged them in liquid nitrogen for at least
2 min. Next, we measured osmolality (mmol kg) with a VAPRO 5600 vapor pressure osmometer
(Wescor, Inc., Ut 84321 USA), which we then converted to osmotic potentials based on the Morse
equation. P was estimated from leaf osmotic potential using eg. 5 in Bartlett et al. (2012a). SLA
(cm? g1) was measured on 10 to 30 leaves from fully hydrated saplings (n = 5 per species). To
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compute SLA, we divided the surface area of the leaves (cm?) computed from scans using FIJI
(Schindelin et al. 2012) by their oven-dried mass (g).

Leaf residual conductance was measured on 2-3 mature, healthy leaves from the trees used
for capacitance measurements. Excised leaves were cleaned and rehydrated overnight in a glass
desiccator by immersing their petioles in water. The saturated leaf mass was recorded using a high-
precision balance (MC-1 AC210S, 0.1 mg, Sartorius, Gottingen, Germany). Cut petioles were
soaked in ABA solution for 30 minutes to ensure the stomatal closure, then sealed with wax.
Leaves were desiccated for 7-10 h under low light in an heating cabinets with controlled
conditions, having fixed temperature and relative humidity setting to 25 °C and 70%, respectively.
Temperature and humidity were examined inside the incubator with a digital thermo-hygrometer
(Testoterm 6010, Testo) to ensure controlled conditions. In addition, silica gel was placed inside
to control the humidity in the incubator. Fresh mass was recorded at 30 min intervals. When leaf
mass was constant, oven-dry mass was recorded, excluding the wax. Leaves were scanned to
calculate the leaf area using FIJI. The projected leaf area (A) was multiplied by two to account for
the total leaf surface. Flow rate of water (g / s) was derived from the linear regression slope of
change in fresh weight (AFM) with time (t), which normalize by the total leaf surface area i.e.,

adaxial and abaxial (A, m?) to ascertain a transpiration rate (J, g m=2 s™).

AFM

] - AtxA’ (5)

Then, cuticular conductance (gmin, mmol m=2 s71) was calculated by dividing the transpiration rate

(J) by driving force to water loss which is the concentration difference of water across the cuticular
membrane (cf. Schuster et al. 2017, Bueno et al. 2019). Then divided by the molar mass of water
(g / mol) and multiplied by the mole fraction (VPD / P).

3.2.9 Data analysis

All data visualizations and statistical analyses were performed using R (version 4.1.2, R
Development Core Team 2021). We computed vulnerability and stomatal response curves using a
sigmoidal model from nime package (Pinheiro et al. 2000) and Th¢, Tsc, Terit, C and gmin using linear
models from base R. We compared characteristics across species using one-way ANOVA and post
hoc tests (Tukey’s HSD) for pairwise comparisons using the package multcompView (Piepho

2004, Donaghue 2004). Subsequently, we assessed traits correlation using a correlation matrix
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from the corrplot package (Wei and Simko 2021). Finally, we performed a principal component

analysis (PCA) using prcomp() function and ggbiplot (Vincent 2011) package used to examine the

results of PCA for multivariate association among the different traits.

Table 3.1: Summary of investigated traits with their symbols, units and definition.

Symbols | Units Definition

i MPa Leaf water potential: indicators of plant water status

Yod/ ¥md | MPa Water potential at predawn (between 5:00 and 6:00) and midday
(between 11:30 and 12:30)

Pss MPa Xylem pressure at 88% loss of hydraulic conductance

Psoo MPa Water potential at 10% of maximum stomatal conductance

Piip MPa Water potential at leaf turgor loss point

HSM MPa (Stomatal) hydraulic safety margin defined as the difference
between Psoo and Pss

C mol kgt MPa? | Hydraulic capacitance: amount of releasable water in the
saplings’ tissues per unit change in xylem tension and dry mass.

HSA MPa? Hydroscape area (HSA): area of the triangle formed between the
1:1 line and the regression line made between ¥predawn and Pmidday

Omin mmol m2s?! Leaf cuticular conductance: moles of water lost per area and per
time (normalized by vapour pressure deficit)

Tsc_stan hcm™ Standardized time to stomatal closure (Tsc) standardized by the
ratio of Lm and Vi

Terit_stan hcm™ Standardized time to critical level of hydraulic failure starting
from stomatal closure (Terit) standardized by the ratio of Lm and
Vw (as a model component in Blackman et al. 2019b)
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3.3 Results

3.3.1 Stomatal behaviour and relative degree of isohydry

Stomatal conductance varied considerably across species and, after experimentally
controlling for measurement time by performing measurements at the same time each day, was
driven by leaf water potential decline (Figure 3.1, Table 3.2). Maximum gs was particularly high
in ACPS and BEPE (species previously described as isohydric, Table 3.2) and declined quickly
under stress. Likewise, the estimated Psgo mirrored previously recorded patterns of isohydry, with
more negative Psgo values for more anisohydric species (FASY and SOAU). Moreover, isohydric
species closed their stomata well before the ¥yp (Table 3.2), while Psgo coincided well with Pyp in
more anisohydric species.

In addition, the three species positioned on the anisohydric end of the spectrum had an
HSA > 1, while the more isohydric species had a much lower HSA (Figure 3.2, Table 3.2). We
recorded a six-fold difference between the two most extreme HSA (0.29 and 1.85 MPa? for ACPS
and FASY, respectively), which showed a similarly pronounced variation across species as Psgo
(Table 3.2). As expected, HSA was strongly associated with Psgo (Figure S3.2, R2=0.91, P = 0.01),
and resulted in the same ranking of species.

Figure 3.1: Stomatal response curves of
dried-out saplings from the five
investigated temperate tree species (n=4-5).
Presented are percentage of maximal
stomatal conductance (see Table 3.2)
measured daily until complete stomatal
closure against leaf water potential. Fitted
lines and 95% confidence intervals
(coloured ribbons) were shown. Water
potential at 90 % loss of stomatal
conductance is represented by the
horizontal grey line.

100 Acer pseudoplatanus
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Figure 3.2: Plots of leaf water potential at predawn (¥,q) versus midday (¥md) associated with the 1:1 line. Presented
are data from dried-out saplings from the five investigated temperate tree species (n = 5 — 8). Each point represents
one measurement day on one plant with ¥,q measured before 6:00 against ¥n¢ measured between 11:30 and 13:30.
Orange points were included in the linear regression while grey points were excluded as they represent data collected
under humid conditions when ¥ng likely varied independently of ¥,q (Fu and Meinzer, 2019). The hydroscape area
(HSA) coloured in light orange was calculated from the area of the triangle formed by the regression line between ¥pq
versus ¥ma and the 1:1 line. Data points beyond ¥pq = Pmg Were removed according to Meinzer et al. (2016). Species
water potential at 10% stomatal closure (Psg) and at 88% loss of hydraulic conductivity (Pss) are represented by
vertical full lines (+ SE = dashed lines). The hydraulic safety margin (HSM, Psgo — Pgs) is coloured in light blue.

3.3.2 Species differences in drought response traits

Our drying-out experiments revealed a broad range in the time to complete hydraulic
failure (Thr, see Figure S3.2). The unstandardized Tns ranged from 464 VPD hours (i.e. time
adjusted by daily VPD) for ACPS to 282 VPD hours for BEPE, seemingly independently of
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species hydraulic behaviour. After accounting for differences in plant size, the contribution of the
time to stomatal closure (Tsc stan) to the total time to hydraulic failure (Tt stan) Was larger than the
contribution of the time from Psgo to Pgs (Terit_stan) for all species (ranging from 62% to 75%, Figure
3.3, Table 3.2) As expected, with 16%, the Terit_stan CONtribution to Thr stan Was the lowest in FASY.

Tilia cordata

Fagus sylvatica

Acer pseudoplatanus

Sorbus aucuparia

Betula pendula

0 20 40 60 80 100 120

Standardized Time (h cm? cm™ mol mol'1)

Figure 3.3: Stacked bar chart depicting time to hydraulic failure (Txf) divided into two main phases: time to stomatal
closure (Ts) and time to critical water potential after stomatal closure (Terir). To account for evaporative demand and
morphological differences across the five investigated tree species, cumulative time was adjusted by vapour pressure
deficit and standardized by ratio of total leaf area and volume of water stored. Tsc (+ SE), is represented in green, while
Terit (£ SE) is represented in red colour.

We also found that branch-related traits such as Pgg and hydraulic capacitance (C) differed
across the five species (f(4) = 85.26 and 10.30, P < 0.001, Figures 3.4a and 3.4d). The lowest C
was recorded for the most anisohydric species (2.47 + 0.40 and 4.76 + 0.67 mol kg* MPa* for
FASY and SOAU, respectively), while the highest C was recorded for one of the most isohydric
species (10.98 + 2.31 mol kg MPa® for BEPE). On the opposite, more anisohydric species
presented the most negative Pgs, while the highest Pgg was found for BEPE (-2.21 + 0.04 MPa).
However, the isohydric ACPS had a Pgs similar to the anisohydric species (-4.24 £ 0.13 MPa).

Likewise, we found leaf traits differ significantly across species (f(4) = 9.86 for ¥y, and
16.21 for gmin, P < 0.001, Figure 3.4b and 3.4c, Table 3.2). Leaf turgor loss point (¥up) was the
lowest for the most anisohydric species (-2.48 and -2.37 MPa for FASY and SOAU, respectively).
Finally, we found a slight variation in leaf residual conductance (gmin ranging from 1.28 to 3.33
mmol m2 s1) across species, with a significantly higher gmin for ACPS (Figure 3.4c, Table 3.2).
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Figure 3.4: Point and range plots of hydraulic traits across five temperate tree species. Presented here are (a) sapling
hydraulic capacitance (C), (b) leaf water potential at turgor loss point (), (c) leaf residual conductance (gmin), (d)
xylem water potential at 88 % loss of hydraulic conductivity (Pss) and (e) xylem water potential at 12 % loss of
hydraulic conductivity (Pgg) for each species. Coloured points represent individual measurements done on entire
saplings (C, n =5 — 8), on the main stem (P12, Psg, N = 4 — 8) or on healthy sun-exposed leaves (¥ and gmin, N =8 —
13). Black points represent mean (+ SE). Significant differences across species were estimated using one-way
ANOVA (F statistic and p-values are given on the top-left of each panel) and post hoc tests (Tukey HSD; represented
by letters). Species abbreviations; ACPS: Acer pseudoplatanus; BEPE: Betula pendula; TICO: Tilia cordata, SOAU:
Sorbus aucuparia; FASY: Fagus sylvatica.
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3.3.3 Coordination between drought response traits

We found that the degree of isohydry of a species as quantified by Psgo and HSA was most
strongly associated with leaf safety (e.g. Pupand gmin) and drought avoidance traits (e.g. C). Species
closing their stomata at lower leaf water potentials or having a larger hydroscape, i.e. more
anisohydric species, had a more negative %, (R =-0.79 with HSA, Figure 3.5), a lower gmin (R=-
0.70 with HSA) and a lower hydraulic capacitance (R = -0.53 with HSA). Likewise, anisohydric
species had a more negative Pgg (R = -0.41 with HSA), although they did not possess wider
hydraulic safety margins (R = 0.09 between HSA and HSM).

As expected, HSA and Psgo were related to time to stomatal closure (Tsc_stan), With more
anisohydric species having a longer Tsc_stan (R =-0.42 between Psgo and Tsc_stan, Figure 3.5). Species
with a more negative Psgo also tended to have a lower capacitance, while there was no relationship
to HSM or Pgg (Figure 3.5). While Tsc_stan appeared largely decoupled from most other investigated
characteristics, Terit stanWas highly correlated with safety traits at the wood (i.e. with Pgg: R=-0.72,
Figure 3.5), at the leaf (i.e. with ¥up: R=0.47) and at the plant level (i.e. with HSM: R = 0.87).

In our PCA, the observed traits cluster along two main axes of variation that reflect their
association with different phases of their drought response in consistent hydraulic strategies
(Figure 3.6). The two primary axes of traits variability collectively explained 74.5 % of the total
variation in the dataset. The first PCA axis (PC1) is linked to traits associated with stomatal
stringency and isohydric plant behaviour and reflects that species with larger HSA close their
stomata and lose their leaf turgor at a more negative water potential, resulting in a longer time until
stomatal closure. The second PCA axis (PC2) is associated with hydraulic safety and reflects that
species with wider hydraulic safety margins and a lower Pgg take longer to reach critical levels of
hydraulic failure. Finally, hydraulic capacitance and residual conductance seem to be associated
to both stomatal stringency and hydraulic safety, however with a tendency for species closing their

stomata later to have lower C and gmin.
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Figure 3.5: Clustered correlation matrix of investigated hydraulic traits and drying-out threshold times. Presented
here are time to stomatal closure (Tsc), time to critical water potential (Trit), hydraulic capacitance (C), water potential
at 88% loss of hydraulic conductivity (Pgs), at leaf turgor loss point (¥up), and at 90% loss of stomatal conductance
(Pss0), as well as leaf residual conductance (gmin), hydraulic safety margin (HSM), hydroscape area (HSA). (See table
3.1 for units and descriptions).
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Figure 3.6: Principal component analysis (PCA) of nine hydraulic characteristics across five temperate tree species.
The x-axis and y-axis represent species stomatal stringency and hydraulic safety, respectively. Presented here are time
to stomatal closure (Tsc), time to critical water potential (Tcit), hydraulic capacitance (C), water potential at 88% loss
of hydraulic conductivity (Psg), at leaf turgor loss point (%), and at 90% loss of stomatal conductance (Psso), as well
as leaf residual conductance (gmin), hydraulic safety margin (HSM), hydroscape area (HSA). (See table 3.1 for units
and descriptions).
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3.4 Discussion

The results of this study are consistent with the assumption that plant responses to drought
are divided into two discrete phases, the first one lasting from the onset of drought to stomatal
closure and the second one from stomatal closure to death. We find that the duration of the first
phase is mostly determined by traits related to stomatal regulation, while the duration of the second
phase is more strongly associated with traits related to xylem resistance. Our results suggest a
coordination of drought response traits along two major axes related to these two phases. We
further find that the degree of isohydry of a plant is predominantly associated with the first axis
linked to the time to stomatal closure but largely unrelated to the time to critical hydraulic failure.
This supports the idea that iso- and anisohydric behaviours are linked to water use strategies rather

than to drought survival strategies.

3.4.1 The temporal progression of plant drought responses

To understand and predict the behaviour of plants under drought, it is paramount to shift
the focus from merely comparing critical water potentials to estimating the time it takes to reach
them (Arend et al. 2021). Our results illustrate that by separating the total time to hydraulic failure
into a component before and a component after stomatal closure, it is possible to gain insights
about the coordination of plant drought responses that are unavailable otherwise. A similar
approach has been proposed in the conceptual framework of Hammond and Adams (2019).
However, these authors divided the dynamics of plant desiccation into phases based on mortality
risk rather than on critical water potentials, with the first phase lasting from the onset of drought
to incipient mortality risk (cf. Sapes et al. 2019) and the second phase from this point to the ‘point
of no return’ (defined as 50% mortality risk, Hammond et al. 2019). As the mortality risk of
individual plants is very difficult to quantify (cf. Hajek et al. 2022), in this study, we prefer to
work with water potential thresholds, which have the additional advantage to be defined in terms
of the most important state variable used to describe plant water status (cf. De Swaef et al. 2022).
In addition, these definitions allow intuitive interpretations of Tsc as the time to stomatal closure
and Terit as the time needed to cross the stomatal hydraulic safety margin. As stomatal closure
consistently happens before the onset of embolism formation and hence prior to the point of

incipient mortality risk (Martin-StPaul et al. 2017, Sperry et al. 2017), the two definitions of the
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two phases in our paper are not identical to those in Hammond and Adams (2019). Thus, the
associations between drying times and hydraulic partially observed here partially differ from the
trait associations predicted by these authors.

As long as stomata are open, their conductance dwarves cuticular and residual conductance
(Duursma et al. 2019) and bark conductance (Wolfe et al. 2020). For that reason, the contribution
of the latter to total plant water loss is negligible in the first phase. Consistent with this, we found
Tsc_stan t0 be more strongly associated with Psgo and the mechanistically closely related Pyp than
with gmin. However, the correlation between gmin and the standardized drying time after stomatal
closure (Terit stan) Was equally low, possibly due to the relatively low range of gmin of 1.28-3.33
mmol m? s covered by our dataset compared to the wide range reported for this trait (cf. Duursma
et al. 2019). The strong association of Terit_stan With hydraulic safety margins and critical embolism
thresholds reinforces its interpretation as the time needed to cross the hydraulic safety margin.
Interestingly, the standardized average times plants of a species spent in each of the two phases
were correlated neither with each other nor with the average total desiccation time. This illustrates
that a focus only on drying times after stomatal closure (cf. Blackman et al. 2016, 2019b) may not
always be sufficient to predict the time to death of a plant under natural drought conditions, and
shows that there are multiple strategies for plants to cope with drought that rely on adjustments of

different traits.

3.4.2 Coordination of drought response traits

Our results indicate that drought response traits among the studied tree species are
consistent in line with their theoretically expected sequence (Bartlett et al. 2016). For all species,
stomatal closure occurred and, for all species with the exception of BEPE, turgor loss happened
before reaching water potentials associated with the onset of embolism formation (P12). This strict
avoidance of loss of xylem function has been documented elsewhere (Martin-StPaul et al. 2017,
Hochberg et al. 2017, Li et al. 2018) and illustrates the strong selection in favour of trait
combinations that protect the functionality of the plant conductive system. BEPE relies on early
leaf shedding as a drought response strategy (Gao et al. 2017, Hajek et al. 2022), which decouples
leaf and stem water potentials and may explain the relatively negative ¥, for that species
considering its low embolism resistance. Moreover, the species is known to adjust its leaf osmotic

potentials under drought plastically and thus to drop its %4y in response to drought (Aspelmeier
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and Leuschner 2004). In either case, the low time to hydraulic failure observed for BEPE indicates
that they crossed deadly embolism thresholds early in the drought, which is in accordance with the
high mortality rates observed for saplings of that species in the wake of the extreme 2018 drought
event (Hajek et al. 2022).

The observed patterns in the stomatal response of the studied species were largely
consistent with published accounts of their degree of isohydry, with species reported to be more
anisohydric having a larger HSA and closing their stomata as well as losing their turgor at more
negative water potentials. An exception to this pattern is TICO, which had a relatively high %p
and Psgo as well as an intermediate HSA. However, there seems a lack of consensus for TICO
(Kdcher et al. 2009), and our results are more in line with Leuschner et al. (2019), who reported
fairly isohydric behaviour for that species. In our experiment, the large internal water storage of
TICO combined with its relatively high embolism resistance and early stomatal closure led to the
highest average standardized drying time for that species.

Counter to our expectations, neither embolism resistance nor the associated hydraulic
safety margins were related to metrics of isohydry. Instead, our results indicate traits associated
with plant drought response to cluster along two largely independent axes of variation. In our PCA,
both HSA and Psgo scored strongly on the first axis, which suggests that this axis is linked to the
isohydry continuum. The high scores of whole-plant capacitance on that axis further indicate that
the position of a species on that axes is associated with drought avoidance traits. The second axis
was associated with critical embolism thresholds and HSM, and can hence be interpreted as an
axis of xylem safety. This implies that plants may be able to adjust their drought response along
two largely independent axes reflecting different underlying trade-offs rather than reducing to a
single axis of variation defining a spectrum of drought tolerance strategies, as suggested by Choat
et al. (2018). While these results clearly have to be interpreted with care due to the low number of
investigated species, in our dataset, stomatal stringency and xylem resistance to drought-induced
embolism formation were largely decoupled. This finding contrasts with many published accounts
on the isohydry spectrum (Martinez-Vilalta et al. 2014, Klein et al. 2014, Pivovaroff et al. 2018,
Fu and Meinzer 2019), but may reflect the lack of a direct mechanistic link between both
characteristics. While a coordination between stomatal response and embolism formation requires
stomata to close before the onset of embolism formation (Martin-StPaul et al. 2017), there is no

mechanism that dictates how wide the water potential range from stomatal closure to critical
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hydraulic failure should be for a given Psgo (cf. McCulloh et al. 2019). Hence, potential
associations between stomatal sensitivity and xylem vulnerability traits may reflect their
independent roles in drought tolerance rather than coordinated function (Bartlett et al. 2016). It is,
therefore, possible that many viable strategies exist that are based on different combinations of
stomatal response and xylem resistance traits. Ultimately, studies on larger numbers of species
from different biomes will be necessary to determine the level of integration between these
different groups of drought response traits (He et al. 2021), as well as their link to trade-offs
associated with other environmental stressors (Puglielli et al. 2021) and main axes of plant trait

variation above- (Wright et al. 2004) and belowground (Weemstra et al. 2016).

3.4.3 Metrics of the degree of isohydry

To quantify the degree of isohydry of plants, a large amount of different metrics have been
developed that often result in contrasting results (Martinez-Vilalta and Garcia-Forner 2017, Feng
et al. 2019). Here, we found a high correlation between two common metrics of isohydry, the HSA
(Meinzer et al. 2016) and the water potential at stomatal closure (cf. Chen et al. 2021). This
relationship is in line with previous assessments of the HSA (Li et al. 2019) and illustrates that the
latter indeed reflects how stomatal response regulates water potential during drought events,
highlighting its value as a general metric of isohydry. However, mapping hydroscapes requires
continuous monitoring of plant water potentials during drought events, which is associated with a
high measurement effort and can be challenging under field conditions. While the measurement of
stomatal response curves can be achieved over shorter time scales, the required measurement effort
is still substantial. Moreover, stomatal conductance does not only depend on water potential, but
is also sensitive to temperature, light intensity and absicic acid (ABA) concentrations (Brodribb
and McAdam 2013, Klein et al. 2014), which can induce a high uncertainty in Psgo estimates if not
measured under appropriately controlled conditions. For these reasons, measuring isohydry
metrics like the HSA or Psoo for large numbers of species remains challenging.

In the last decade, the need for easily measurable proxy traits describing leaf-level drought
adaptations has led to a resurgence of interest in pressure-volume curve traits such as the turgor
loss point (Bartlett et al. 2012b, 2014). ¥up can be estimated rapidly based on leaf osmometry (cf.
Bartlett et al. 2012a), has immediate mechanistic importance and has been shown to be strongly

associated with parameters of stomatal response curves (Bartlett et al. 2016). Due to its often high
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correlation with other isohydry metrics like the HSA, Pup has been proposed as a robust proxy of
isohydry (Meinzer et al. 2016, Fu and Meinzer 2019). Leaf turgor is directly involved in passive
pathways of stomatal closure, as stomatal closure is driven by guard cell turgor, which is directly
influenced by bulk leaf water status (McAdam and Brodribb 2014). In addition, changes in leaf
turgor may actively trigger ABA release in leaves (McAdam et al. 2016). Indeed, recent work
indicates that turgor-mediated control of stomatal response is central for the stomatal closure of
most woody plants (Rodriguez-Dominguez et al. 2016). The close mechanistic link to stomatal
control is reflected in the strong association of Py, with both Psgo and HSA found in our study,
which corroborates the value of ¥yp estimates as an easily measurable, mechanistically proximate
trait directly linked to the stomatal response.

In a study of plant drought responses of species from the Cape region, Skelton et al. (2015)
proposed the water potential range between stomatal closure and Pso as a further metric of isohydry
that merges stomatal and xylem hydraulic strategies. This metric is essentially a stomatal hydraulic
safety margin (cf. Martin-StPaul et al. 2017, Li et al. 2019). While the HSM reported here was
based on Pgg to match the definition of Terit, there was no significant association between either the
HSM based on Psp and Pgg with any of the variables associated with the isohydry spectrum. Rather,
HSM was related to xylem resistance traits and the duration of the second phase of drought
response. Accordingly, stomatal HSMs may not be ideal to describe the stringency of stomatal
response. Rather, our results support the proposed use of the HSA as a complement to the HSM to
describe plant drought responses before and after stomatal closure (Hartmann et al. 2021).

In recent years, the concept of isohydry itself increasingly has become the subject of criticism.
One point of contention is the missing evidence for a link between mid- and long-term regulation
of plant water potentials on the one hand and the stringency of stomatal control on the other hand
(Martinez-Vilalta and Garcia-Forner 2017). While in our study, we found metrics associated with
both processes to be strongly correlated, the data by Martinez-Vilalta and Garcia-Forner (2017)
clearly demonstrate that this is not always the case. Further, in a modelling experiment, Hochberg
et al. (2018) showed that isohydry metrics are sensitive to environmental conditions, potentially
resulting in different ranking orders for the same species. Hochberg et al. (2018), therefore, argue
that to study differences in plant hydraulic strategies, it is simpler and more robust to focus on the
physical parameters that drive plant-environment interactions rather than to focus on behaviours

that derive from these interactions. Indeed, a better way forward to understand the coordination of
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plant drought response traits into consistent syndromes may be to identify common patterns of
shared variation between physiological “hard” traits with a clear mechanistic interpretation, and to

use process-based models to understand how they jointly affect water potential regulation.

3.5 Conclusion

Our study confirms the hypothesized agreement between the water potential at stomatal
closure and the hydroscape area, corroborating the value of a latter as an index of stomatal
stringency. Consistent with our assumptions, more isohydric species had larger internal water
storage and lost their leaf turgor at less negative water potentials. However, counter to our
expectations, the degree of isohydry was entirely unrelated to embolism resistance and hydraulic
safety margins. The latter formed a separate axis of variation linked to the duration of time from
stomatal closure to lethal levels of desiccation, while the traits related to stomatal control, as
expected, were more strongly associated with the time to stomatal closure. Our results highlight
the importance of the temporal dynamics of plant drought responses and show that different traits
affect drying time before and after stomatal closure. Notably, stomatal stringency was largely
decoupled from the standardized drying time, which illustrates that isohydry alone paints an
incomplete picture of plant drought responses. To improve our understanding of the coordination
of plant traits and their role in different phases of desiccation, it will be necessary to study whether
the observed trait patterns generalize onto larger species samples from different biomes both in

situ and in dry-down experiments under controlled conditions.
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Table 3.2: Hydraulic properties of the five investigated temperate tree species. Shown are mean + standard error values for each species (n = 5-8 saplings),
except for Psgo and HSA for which 95% confidence intervals are given. Provided are stomatal stringency categories as described in previous studies (see materials
and methods section), time to hydraulic failure (Tn, h cm™), water potential at 10% stomatal conductance (Psso, MPa), hydroscape area (HSA, MPa?), leaf turgor
loss point (Pup, MPa), hydraulic safety margin (HSM as Psyo — Pss, MPa), branch hydraulic capacitance (C), leaf residual conductance (gmin, mmol m2 s1) and
xylem water potential at 12, 50 and 88% loss of hydraulic conductivity (P12, Pso, Pss, MPa). Letters indicate significant differences across species (One-way ANOVA

and Tukey HSD).
Traits . . . .
measured Unit Acer pseudoplatanus  Betula pendula Tilia cordata Sorbus aucuparia  Fagus sylvatica
Sf;ti?]r;:r:iy - Isohydric Isohydric Isohydric Anisohydric Anisohydric
HSA MPa? 0.29 (0.25, 0.36) 0.65(0.55,0.82)  1.17(1.06,1.31)  1.63(1.36,2.72)  1.85(1.65, 2.14)
P MPa -0.93 -1.41 -1.75 -2.05 -2.49
590 (-1.10, -0.80) (-1.67, -1.22) (-1.96, -1.62) (-2.51, -1.71) (-2.83, -2.28)
Osmax mmol m2s? 309.35 + 7.89 286.26 + 15.02 55.85 + 1.98 301.59 + 6.30 74.28 + 1.58
The hcm? 92.94+6.97 % 70.27 +4.32° 106.17 +10.172 78.22 +4.99%® 101.43 £9.02 %
Tsc hcm? 62.27 +5.17°2 52.86 + 2.99 69.50 + 8.65 @ 48.22 +2.60 2 81.31+8.04°2
Terit hcm? 32.18 £4.35% 17.41+3.20" 34.77 +5.15°2 30.00 +3.21% 16.57 +1.88"
Piip MPa -2.05 +0.05 2 -2.10 £ 0.06 2 -1.96 +£0.09 -2.37+0.07° -2.48 +£0.08°
HSM MPa 3.24 0.80 2.45 2.97 1.62
-1
C m,\‘/)l'P';% 5.33+1.34 10.98 + 2.31° 7.0 % 0.26 % 476+ 0.67° 2.47 +0.40 ©
Omin mmol m2s? 3.33+0.362 1.82+0.16° 1.28 +0.09° 1.73+0.28° 1.65 +0.09 °
P12 MPa -2.99+0.11° -1.72 +0.052 -2.65+0.21° -2.73+0.08" -3.09+£0.22"
Pso MPa -3.62 +£0.11"¢ -1.96 + 0.042 -3.43+0.16" -3.87 +0.08°¢ -3.59 +£0.21"%¢
Pss MPa -4.24+0.13° -2.21+0.04° -4.20+0.13° -5.02+0.12°¢ -4.10+0.19°
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Supplementary information

Acer pseudoplatanus F_igu_re 83._1: Shoot hydraulic capacitgnce (C) of the

five investigated temperate tree species (n = 4 -9).
Presented curve are obatined by modelled RWC
with water potential using an exponential decay
equation. The mean value with post hoc test shown
in Table 3.2. The slope was also standardized to
account for dry shoot mass.

RWC (gg )

Water potential (-MPa)
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Figure S3.2: Relationship of stomatal closure (Psgo) with hydroscape area, HSA (a); capacitance, C (b); Turgor loss
point, ¥y, (c); and (d) relationship between HSA and C across five temperate tree species. The symbols used for
species are diamond: ACPS, plus sign circle: BEPE, filled square: FASY, filled circle: SOAU, filled triangle: TICO.
Asterisks indicate the level of significance (*, p < 0.05; **, p < 0.01; ns, for non-significant).
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Figure S3.3: Predawn water potential course of dried-out saplings from five temperate tree species. Cumulative drying
time was adjusted by daily vapor pressure deficit to account for differences in evaporative demand. Each data point
represents a water potential measurement on one plant. Vertical red lines stand for species Pgg measured on sapling
replicates (see Table 3.2).
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4.1 Juvenile growth trade-off with hydraulic efficiency-safety

Plant growth and survival depend on regulating internal water transport and maintaining
tissue water balance under different environmental conditions. This study found that all plants
grew faster in normal growing conditions than stressed plants. Biomass production (ABI, mg d)
was more pronounced in the control plants, with an average of 2.8- to 5.3-fold higher (see Chapter-
2, Figure 2.2). Our results also indicate that the aboveground biomass allocation was linked to
either both or one trait, likely hydraulic safety and efficiency for all three species studied.
Furthermore, it is associated with anatomical and leaf traits (Figures 2.4, 2.5, 4.1). The general
trend of growth rate linkage with xylem safety-efficiency negotiation across the species is lacking,
supporting to the notion of species-specific hydraulic strategies. Across the species, higher
biomass allocation (growth) was strongly and positively linked to larger hydraulic efficiency (Ks)
in two species (ACPS, SOAU), which is expected to be associated with Dn. On the other hand, a
clear pattern of xylem safety (Pso) is lacking due to opposite trends; negative association in BEPE
and positive in the case of SOAU. The association between hydraulic safety-efficiency is complex
and depends on many factors, such as xylem anatomy, plant allometry, and growing environment.
Generally, a plant prioritizes hydraulic efficiency over safety may be more susceptible to water
stress and vice-versa. If plants prefer to develop more resistance xylem over hydraulic efficiency,
growth rates are less likely to be impacted by drought. SOAU’s growth rate (Table S2.1) is
comparatively less affected among the species under drought due to higher embolism resistance.

In contrast, BEPE with the highest Ks shows a severely affected growth rate due to stress.
Efficiency-related traits (Ks and Dn) were linked to higher biomass allocation, which reliably
agreed with the previous finding (Fichot et al. 2010, Hoeber et al. 2014, Gleason et al. 2018,
Kotowska et al. 2021, Ramesha et al. 2022). Hydraulic efficiency-safety association likely exists
as faster growth often requires a higher hydraulic efficiency attained through larger vessel
diameters. The xylem capacity to transport water is directly proportional to the size of the conduit
diameter, i.e., scales of the fourth power. However, the growth rate associated with the efficiency-
safety trade-off agreement is ambiguous (Domec and Gartner 2003, Wikberg and Ogren 2004,
Zhang and Cao 2009, Fichot et al. 2011, Fan et al. 2012, Hoeber et al. 2014, Guet et al. 2015,
Gleason et al. 2016, Hajek et al. 2016, Schuldt et al. 2016, Eller et al. 2018).
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Figure 4.1: Correlation matrix of hydraulic, morphological, and anatomical traits of the three species. Different
colours and symbols represent species and treatments (blue: A. pseudoplatanus; orange: B. pendula; green: S.
aucuparia; filled circles: control; triangles: stress). Shown are the hiomass increment (ABI, mg d2), the shoot height
from ground to uppermoPst leaf (Ht, cm), the specific leaf area (SLA, cm? g2), the sapwood-to-leaf area ratio (HV,
10* m? m2), the vessel density (VD, n mm™), the hydraulically-weighted vessel diameter (Dn, um), the xylem
pressure at 50% loss of hydraulic conductance (Pso, MPa), the specific conductivity (Ks, kg m™ MPa? s™). The
variables ABI and Ht are log-transformed. The three panels plot shows the Pearson correlations (upper triangle), the
relation of variables on the x-axis and y-axis with a scatterplot (lower triangle), and the density plots for corresponding
variables (diagonal). Figure produced with R package corrmorant v. 0.0.0.9007 (https://github.com/r-link/corrmorant).
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4.2 Xylem safety-efficiency trade-off and anatomical factors

Our results show that wider vessels, associated with higher hydraulic efficiency (Ks), are
linked to higher growth rates in control plants than in water-stressed plants. Xylem safety (denoted
by Pso) signifies the percent loss of conductivity of the stem with increasing xylem pressure (Figure
4.2). Further, anatomical analysis of the studied plants revealed significant differences in vascular
arrangement, which is strongly influenced by the environmental conditions in which the plants
grew. Specifically, we found that the frequency of wider vessels is consistently higher in the
control condition of all species (Figure 4.3). But the contribution of these vessels to the potential
hydraulic conductivity (Kp) is considerably higher in ACPS and BEPE than SOAU (Figure 4.4),
which has a greater number of narrower vessels and is associated with a considerable contribution
to Kp. The higher frequency of smaller vessels under stress suggests that evolutionary trade-offs
and phenotypic adaptations occur at the level of wood anatomy. Furthermore, we found that SOAU
tends to have a shorter stature (shrub or tree, Vogt 2001) in nature, as smaller plants are known to
develop narrower vessels and more drought-resistant xylem networks. Narrow vessels are more
resistant to cavitation and provide a smaller vessel area that is less prone to air seeding pressure,
which agrees with previous findings (Wheeler et al. 2005, Hacke et al. 2006, Christman et al.
2012). Moreover, SOAU's high wood density indicates a greater investment in xylem vessels. Tree
species with higher wood density are more likely to survive drought conditions (Hoffmann et al.
2011, Nardini et al. 2013, Greenwood et al. 2017, Fu and Meinzer 2019, Liang et al. 2021).

The xylem efficiency-safety trade-off at the anatomical level has traditionally been
assumed (Sperry and Tyree 1990). Empirical evidence shows that wider conduits supported by
large areas are more susceptible to water stress-induced cavitation due to the greater likelihood of
presenting inter-vessel pits area to low air-seeding pressure (Wheeler et al. 2005, Hacke et al.
2006, Christman et al. 2009, 2012). On this note, larger vessels are more likely to increase the
risks of water-conducting tissue to the cavitation (forming air emboli in the xylem that can disrupt
water transport) to the decline of the water potential. Additionally, wider vessels can have thinner
and more porous pit membranes that could increase the risk of water-conducting tissue to
cavitation (Scholz et al. 2013, Li et al. 2016b, Schuldt et al. 2016, Hacke et al. 2017). The trade-
off relationship is influenced by vessel length and grouping, pit fraction, and contact fraction
(Wheeler et al. 2005, Loepfe et al. 2007). So, thicker membranes, shallower chambers, and fewer

and smaller apertures are some features of the pit that could support greater cavitation (Lens et al.
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2011). Further, wider conduits incline to develop thicker inter-vessel pit membranes to safeguard
water transport integrity, which could be a reason for the weak trade-off safety-efficiency in
angiosperms (Gleason et al. 2016). The safety-efficiency trade-off most likely influenced by
various wood anatomical features, not only vessel diameter (Schuldt et al. 2016).

In plants, a trade-off between hydraulic efficiency-safety could be beneficial for optimizing
xylem capacity to achieve better performance. However, achieving xylem optimization is
challenging because it requires balancing extreme frugality borders on a scale of functional traits
that facilitate drought-tolerance mechanisms. On a parsimonious bottleneck, plants often
compromise one trait over another to promote growth and survival under stress.

Our study supports the notion that different evolutionary pathways exist to achieve xylem
safety and efficiency and that the trade-off may be species- and scale-dependent (Liibbe et al.
2022). Additionally, xylem safety appears to be a conservative trait (cf. Rosas et al. 2019, Fuchs
et al. 2021), while hydraulic efficiency is more plastic to meet the water demand of higher growth
with the supported foliage. Xylem efficiency and safety are expected to reflect ecological and
evolutionary differences among species (Gleason et al. 2016). Considering evolutionary
adaptation, the traits trade-off may likely exist for optimizing the xylem function within the
growing environment (Hacke et al. 2006, Gleason et al. 2016), and optimal xylem conduits should
have a high conductive efficiency (Franklin et al. 2022). However, empirical evidence is
equivocal, and recent studies could find only weak or no relations between hydraulic efficiency
and safety (Maherali et al. 2006, Hajek et al. 2014, Gleason et al. 2016, Schumann et al. 2019, Liu
et al. 2021).

4.3 Adjustment of leaf traits in response to environmental stress

Leaves trait modifications in response to drought are perhaps the most complex as they
control the gas exchange through stomatal regulation. However, understanding the association of
functional leaf traits with hydraulic traits is limited. Specific leaf area (SLA) evaluates the light-
intercepting leaf area per unit of dry leaf mass. A species with a high SLA tends to have thinner
and lighter leaves. Further, in order to control supply capacity per unit of water demand, allocation
to sapwood cross-sectional area relative to leaf area (Huber value, HV) is a crucial element of plant

hydraulic architecture (Mencuccini and Bonosi 2001). On this note, leaf-related traits exhibited
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inevitable differential responses to water stress. This study (Chapter 2, Table S2.1, and Figure 4.1)
shows that the water deficit setting considerably influences the specific leaf area (SLA) and the
Huber value (HV), i.e., the sapwood-to-leaf area ratio. Growth rates are negatively associated with
HV and decrease consistently with a water deficit. In contrast, SLA is progressively linked to the

growth rate in two species but adversely with ACPS.
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Figure 4.4: Anatomical sections of the stems and vessels distribution at different diameter categories show the species'
distinctive vascular architecture. Bar graph showing the proportion of the vessel (%) of diameter class for three
temperate tree species: A. pseudoplatanus (a), B. pendula (b), and S. aucuparia (c). Potential conductivity (Ke, mean
+ SE) are given for the species, respectively: 4.04 + 0.5, 6.57 + 0.55, and 4.72 + 0.30 kg m*s 1 MPa! (top right).
Scales are indicated at 50 um in each cross-sectional image of sapwood. The species shows two types of vessels (Vg:
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Hence, a clear trend is lacking in SLA modification, most likely due to the low number of
species covered by these studies. The lower SLA is recorded with stress conditions in two species,
whereas it is the opposite trend in the case of ACPS. Across the species, BEPE has a higher SLA
and tends to invest less resources in leaf structure, which is likely more vulnerable to low water
availability. This agrees with the findings that low leaf dry mass investment per unit of leaf area
is linked to high Ks and high embolism vulnerability (Rosas et al. 2019). On the contrary, ACPS
and SOAU have a lower SLA, providing more resistance to cavitation under stress.

Furthermore, leaf size also decreased with stress conditions, consistent with previous
findings that showed a decrease in leaf size and SLA with decreasing water availability (Poorter
et al. 2012, Wright et al. 2017, Zhu et al. 2022). In addition, the leaf traits (dimension, SLA, HV)
are more strongly influenced by environmental factors than xylem traits (Bartlett et al. 2016,
Powell et al. 2017, Weithmann et al. 2022). However, in beech, the opposite trend (Meier and
Leuschner 2008) or no relation (Schuldt et al. 2016) was recorded at the intraspecific level. Thus,
the plasticity of leaf-level traits to water deficits may provide valuable insights into species' growth
and performance. However, it is likely to depend on species-specific differential drought resistance

mechanisms.

4.4 Stomatal stringency and relative degree of isohydry

Stomatal stringency is crucial in determining drought resistance strategies on the spectrum
of iso-anisohydric. In this connection, stomatal regulation of plant water potential (%) is
paramount to discerning species’ survival ability. The relative degree of stomatal stringency
represents the two extremes of plant water regulation strategies. Isohydric plants rapidly lower
their stomatal conductance, keeping the water potential in their cells essentially constant and
delaying xylem cavitation in response to drought. Yet, it also reduces carbon uptake (Tardieu and
Simonneau 1998). Anisohydric plants, on the other hand, typically maintain increased stomatal
conductance with decreasing water potential, preserving carbon assimilation but incurring a higher
risk of embolism formation in their xylem conduits (Martinez-Vilalta and Garcia-Forner 2017,
Meinzer et al. 2017, Hartmann et al. 2021). Although it has been highlighted, there is no
universally accepted definition of this continuum (reviewed in Hochberg et al. 2018, Feng et al.
2019).
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4.4.1 Metrics and proxies for plant water potential regulation

The isohydricity indices used for species characterization have been extensively reviewed,
and various metrics have been established (Hochberg et al. 2018, Feng et al. 2019). For example,
the aptitude of stomatal conductance and their closure during stress could be underpinning the
difference between isohydric and anisohydric plants (Tardieu and Simonneau 1998), the daily
fluctuation in ¥ (Klein 2014); the slope of ¥ma versus ¥ps (Martinez-Vilalta et al. 2014);
hydroscape area (Meinzer et al. 2016). In the connection, the most relevant distinction between
partial isohydry and extreme anisohydry can be inferred by comparing the observed and predicted
Pmd and AY (i.e., Ppd—Pmd), Which serve as indices of the risk of hydraulic failure and carbon
starvation, respectively. Low values of ¥mg are directly linked to a decline in hydraulic
conductivity (Pockman and Sperry 2000), while low values of A% reduce the transpiration capacity
and make the plant more vulnerable to carbon starvation (Sperry et al. 2002).

Despite the modest success of species classification based on isohydricity indices, there
remains a lack of a universally accepted definition (Hochberg et al. 2018, Feng et al. 2019). In this
study, we tested different methods to estimate plant degree of isohydry, which is associated with
hydraulic strategies during increasing drought. We explicitly wanted to quantify the variability of
water potential to describe the species' water use strategy of the five temperate trees, for which
physiological data are limited. As per the species' distinct aptitudes, we expected to assess
variations in hydraulic behaviour among species. Therefore, we mainly examined the five most
common definitions of isohydricity along the continuum. They are the following: First,
isohydricity could be defined modestly only by the minimum g experienced by a species (Figure
4.5, Figure 4.6a). However, it has limitations due to the influence by drought severity (see
Martinez-Vilalta and Garcia-Forner 2017). Second, a maximum range of daily leaf water potential
variation (A¥L) could describe isohydricity (Figure 4.7a), and species with less diurnal variation
are considered more isohydric (see Klein 2014). Third, a linear regression slope fitted to the
relationship between ¥mqand Ppq defines isohydry (Figure 4.6b, Table A4.1), species with flatter
slopes designating more isohydric behaviours (Martinez-Vilalta et al. 2014). Fourth, another
option would be to use the relationship between AP, against ¥,q (Meinzer et al. 2016, depicted in
Figure 4.7b). Finally, the hydroscape area (Fu and Meinzer 2019, Fu et al. 2019, Li et al. 2019,
Salvi et al. 2022), most recently intended to describe the isohydricity of the plant. However, these

definitions do not necessarily agree with each another. Further, we examined the relationship of
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diurnal changes in leaf water potentials (A¥L) and ¥ma With gs along with VPD to describe the

water use strategies of species.

4.4.2 Estimating plant degree of isohydry and testing species-specific variability using
linear mixed-effects models

Model Description:

We modeled ¥ by applying linear mixed-effect using the following parameterization and the
parameter estimates for the fixed and random effect of a linear mixed effect models showing the
relationship between different variables (response and predictor or explanatory), depicted in
appendix Table (Table A4.1, Table A4.2, Table A4.3, Table A4.4). The models are:

(Model: a) ¥md ~ (VPD * species) + days + (1 | treelD)
(Model: b) ¥md ~ (¥pd * VPD) + species + days + (1 | treelD)
(Model: c) A¥L~ VPD + species + days + (1 | treelD)
(Model: d) AP~ (¥pa * VPD) + species + days + (1 | treelD)

Model test (Fixed and random effects):

we tested the water potential on every tree individually multiple times. So, the tree identity was
fitted as a random effect. We simply want to control for the variation coming from tree identity.
We tested the species difference in the ¥ng throughout the desiccation event. Here, we used a
linear-mixed-effects model with ¥mq as a response variable; and VPD, species along with their
interaction, and days as fixed effects. The tree ID was envisaged as a random effect. Linear-mixed-
effects model was applied using the package Ime4 in R (Bates et al. 2015) to show the species-
specific variation difference. VPD was standardized by mean and standard deviation, and the day
shifts to starting point O for more easy interpretation. We also conducted the ANOVA to determine
the significance level between variables. In second model, we used ¥mq as a response variable; ¥pq
and VPD, their interaction, species, and days as fixed effects, and tree ID as a random effect. In
third, we tested the daily range of variation in AP from ¥pq to ¥ma OF the species throughout the
desiccation event, therefore, chosen as a response variable. VPD, species, and days were fixed

effects, and tree ID was treated as a random effect. Similarly, in fourth, A¥L was chosen as a
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response variable; P,q and VPD with interaction, species, and days were fixed effects, along with
tree ID treated as a random effect. The fifth matrix, hydroscape area, is explained in Chapter-3.
Further, we analyzed the stomatal conductance (gs) with a linear model—Ordinary least squares
(OLS)—to show the species-specific variation difference (Figure 4.8 and Figure 4.9).

We performed multiple models fitting to choose the best model from them according to
model selection criteria (AIC, BIC, and log-likelihood ratio). The model fit and comparison of
models were made with the chi-squared test. First, we run a Null model and then model(s) with
fixed and random effects. After fitting the model, we checked the model assumptions by examine
the residuals versus fitted values for each group of random intercept level and Q-Q plots.
Moreover, we also checked the multi-collinearity among the variables using variance inflation
factors (VIFs). We use maximum likelihood (ML) when comparing models with different fixed
effects, as it does not rely on the coefficients of the fixed effects. However, we exercised the
restricted maximum likelihood (REML) in the linear mixed models for parameter estimation

criterion due to the biaseness nature of ML variance estimates.

4.4.3 Challenges to the isohydry concept and variability in plant water potential dynamics

Along the spectrum, isohydric linked to drought avoidance strategies and anisohydric to drought
tolerance are commonly accepted. However, conflicting results of previous findings present
challenges to the iso-anisohydry concept, especially considering the hydraulic swing behaviour in
response to changing conditions (Rogiers et al. 2012, Zhang et al. 2012, Martinez-Vilalta and
Garcia-Forner 2017, Hochberg et al. 2018, Feng et al. 2019, Leuschner et al. 2022). Studies
showed that plant water potential dynamics could vary over space and time within an individual
along a continuum from isohydry to anisohydry. For instance, Larrea tridentate exhibit extreme
anisohydry under wet soil conditions and partial isohydry under prolonged dry or cold conditions
(Guo et al. 2020). It showed a substantial variation in daily predawn (%) and midday (¥mad) water
potential that was linked to episodic moisture and seasonal temperature (Oren et al. 1999, Ogle et
al. 2012). Similarly, Grapevine may have an advantage in dry ecosystems with isohydric
grapevines (Chave et al. 2010). However, anisohydric behaviour improves performance (Pou et
al. 2012).
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Figure 4.5: Water potential variation among the five temperate tree species. (a) ¥pq variation, (b) ¥mq variation, and
(c) Variation in the diurnal range of ¥ (i.e., Yoo ¥ma) variation. Tukey’s post-hoc test with a different letter indicates
significant differences across the species.
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Figure 4.6: Linear mixed effect modelled the midday water potential (¥nq) variation among the species, which could
describe the isohydricity. The first model (a) is a random intercept model independent of ¥4, and the second model
(b) is the random intercept model that includes the ¥,q as a predictor variable. VPD, days, and species are fixed effects
and treelD as a random factor. The syntax used for model building in R would look like this: (Note—maodel: a, ¥mg ~
days + (VPD * species) + (1 | treelD); and model: b, ¥mg ~ (P * VPD) + species + days + (1 | treelD).
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Figure 4.7: Linear mixed effect modelled a maximum range of variation for the daily leaf water potential (A¥y, i.e.,
Poa—¥md), Which could describe the isohydricity, and species with less diurnal variation are considered to be more
isohydric (Klein 2014). Model (a) is a random intercept model which is independent of ¥4, and the second model (b)
includes the ¥4 as a predictor variable. VPD, days, and species are fixed effects and treelD as a random factor. The
syntax used for model building in R would look like this: (Note—maodel: a, A% ~ VPD + species + days + (1 | treelD);
and model: b, AP ~ (P * VPD) + species + days + (1 | treelD).
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Figure 4.8: Linear regression show the stomatal conductance (gs) versus midday water potential (¥mq) relationship
from the five temperate tree species (a—e). ¥ma Was restricted to Pgg representing the hydraulic failure associated with
tree mortality. Different colour points denote a water potential measurement on each individual. Each figure panel
shows the significance level (p-value) and the coefficient of determination, i.e., R? for the investigated relationship for
the species.
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Figure 4.9: Stomatal conductance (gs) versus a diurnal range of variation of leaf water potential (AL, i.e., ¥pd—¥md)
show a non-association relationship through a linear regression among four temperate tree species (a—d). Broken lines
indicate a marginal association between both. ¥mg was restricted to Pgs, representing the hydraulic failure associated
with tree mortality. Different colour points denote a water potential measurement on each individual. Each figure
panel shows the significance level (p-value) and the coefficient of determination, i.e., R? for the investigated
relationship for the species.

Grapevines have been shown to regulate their isohydricity during the growth season and
switch from isohydric to anisohydric with varying soil moisture (Domec and Johnson 2012,
Rogiers et al. 2012, Zhang et al. 2012). Likewise, Quercus douglasii was found to vary spatially
across different moisture conditions and temporally between seasons and exhibited more
anisohydric behaviour during wet spring than dry summer, suggesting that variable hydraulic
behaviour could be adaptive in seasonally dry climates (Feng et al. 2019). Additionally, isohydric
species are not inevitably always carbon starved (Garcia-Forner et al. 2017). However, the
differential growth rates of poplar genotypes affect their ability to adapt to drought, with fast-
growing genotypes being more susceptible to hydraulic damage under water scarcity, and showing

isohydric stomatal behavior (Zhang et al. 2020).
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Further, plant survival probability during drought along the continuum is also equivocal. For
example, studies have witnessed that the co-occurring isohydric Pinus edulis was more susceptible
to drought-induced mortality than the anisohydric Juniperus monosperma (McDowell et al. 2008,
McDowell 2011, Meinzer et al. 2014, Garcia-Forner et al. 2016). Adding to the list, the most
isohydric species of southern pines forests, Pinus taeda and Pinus echinata, are more vulnerable
to drought (Roman et al. 2015); Pinus radiata survive longer than anisohydric Eucalyptus
(Mitchell et al. 2013). Acacia aptaneura showed more isohydric-like behavior after repeated
droughts than after a single drought (Nolan et al. 2017). In contrast, White oak (Quercus alba L.)
endures drought better than isohydric black walnut (Juglans nigra L.) (Loewenstein and Pallardy
1998). Further, anisohydric S/R20 cultivar of Prunus is more drought-tolerant than isohydric R20
cultivar (Alvarez-Maldini et al. 2021) due to the longer photosynthesis period during water stress.
Morus indica exhibit anisohydric behaviour during seasonal summer drought, which is
advantageous in maintaining photosynthetic assimilation (Guha and Reddy 2014). Eucalyptus
comaldulensis and Melia dubia showed isohydric stomatal behaviour and sustained higher carbon
assimilation under moisture stress (Tolia et al. 2019).

This conflicting finding highlights the varying dynamics of plant water potential across
individuals and species, and exhibit both isohydric and anisohydric behavior under different
conditions. We acknowledge the plant-enviornment interaction impact their survival during

drought, which emphasises the need for further research.

4.5 Plant desiccation time thresholds

Stomatal regulation of plant water potential (¥x) is paramount to discerning species’ ability
to survive. It makes a bridge between carbon starvation and hydraulic failure (Mackay et al. 2015,
Anderegg et al. 2015, Blackman et al. 2019b). Plant water loss occurs in two critical stages, which
decide desiccation tolerance; the first response phase is until the stomata close and enables to
balance the stomatal conductance relative to carbon gain. The second phase starts after stomatal
closure and ends with catastrophic hydraulic failure. So, plants continue to lose water even after
stomatal closure through cuticular conductance. On this note, the time to hydraulic failure (Thf) has
two main components: the time to stomata closure (Tsc) and the time to critical hydraulic failure

starting from stomatal closure (Tcrit; Blackman et al. 2016, 2019b), which collectively decide plant
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mortality. The mechanisms prior to and following the stomatal closure are primarily involved: (1)
desiccation delay (or avoidance strategy) and (2) desiccation tolerance (see Figure 4.10). Tsc linked
to drought avoidance strategy and was persuaded by the coordinated traits response of Psoo, %tip,
and HSA. Following a stomata closure, plants prefer to delay the time of tissue desiccation, which
depends on traits like higher resistance to embolism (Pgs), lower ¥p, high HSM, and lower gpmin.
This countermeasure against the decreasing lethal water potential is linked to Terit, Supported by
the development of resistant xylem or an increased safety margin (Tyree et al. 2003, Hacke and
Sperry 2001, Li et al. 2019). Additionally, species with higher levels of hydraulic safety had lower
rates of photosynthesis (Reich 2014).

We show that Tht is influenced by the interplay of various traits, which is endorsed by other
studies. For instance, Pinus radiata took nearly three times longer to reach critical hydraulic failure
compared to angiosperm species despite having lower embolism resistance (Blackman et al.
2019a). This indicates that embolism resistance alone cannot predict the time to plant mortality.
Our study also highlights the importance of coordinated traits in preview of drought resistance
strategy in determining the timing of hydraulic failure. The critical point of stomatal closure plays
a crucial role in composing the coordination of various traits and hydraulic strategies. It marks the
transition from incipient cavitation to catastrophic hydraulic failure. Various researchers supported
this view. For example, stomata are usually closed before incipient cavitation events (Delzon and
Cochard 2014, Martin-StPaul et al. 2017, Sperry et al. 2017, Choat et al. 2018); stomata function
(opening-closing ratio) facilitates the gas exchange balance, embolism resistance, and pathogen
defence (Xie et al. 2022), decisive in the timing of catastrophic hydraulic failure (Mcdowell et al.
2008, Arend et al. 2021, Joshi et al. 2022), adjusting physiological and morphological traits such
as leaf conductance, turgor loss, cuticular conductance, hydraulic safety margins, and embolism
resistance (Blackman et al. 2019b, Hammond and Adams 2019, Lemaire et al. 2021, Ruffault et
al. 2022). Additionally, the xylem and stomata functions are closely interconnected and could
explain growth and mortality (Skelton et al. 2015, Brodribb 2017, Martin-StPaul et al. 2017).

4.6 Traits significance and their coordination along the spectrum

The trade-offs and linkages between stomatal and hydraulic traits are crucial for

determining species’ drought response strategy. Therefore, our study combines different methods

118



Chapter-4: Synthesis

to estimate the plant degree of isohydry to explain the species' hydraulic strategies. On this note,
we elucidate hydroscape area (HSA), and their association with other physiological traits in
determining the desiccation time (please see chapter-3). We found that the species' hydroscape
area matches their stomatal stringency, confirming the link between stomatal response and the
decline of leaf water potential. We also show that isohydric behaviour was mostly associated with

leaf hydraulic traits and poorly with xylem safety traits.

Desiccation time

Biphasic water loss

* Stomatal response strategy * Internal water storage
* Degree of Isohydry ¢ Traits (C, HSM, Pgg, Zmin)
* Traits (HSA, Pygp, Pips * Lethal ¥}

Ly/Vy €)

Phase-I1
Subsequent to

Phase-I
Precendently

stomatal closure stomatal closure

Drought avoidance strategy Drought tolerance strategy
| — 2

Increasing drought stress

Figure 4.10: Species drought response strategy shaped the desiccation time. Stomatal closure marks the transition
from incipient cavitation to catastrophic hydraulic failure and is crucial in organizing and coordinating the various
physiological traits. Hydroscape area (HSA) signifies the stomatal stringency. The traits involved in drought avoidance
are early stomatal closure (Psoo), lower turgor loss (Pup), a lower ratio of the leaf area (Lm) to the volume of water
contained (Vw), capacitance (C), while tolerance strategy linked to high embolism resistance (Pss), low cuticular
conductance (gmin), and increased hydraulic safety margin (HSM).

In addition, we advocate that HSA and Psgo are closely related to growth and productivity
as they are linked to the time to stomatal closure. Species that close stomata at lower water potential
notably had a larger HSA. So, anisohydric species (SOAU and FASY) tend to maximize stomatal
function to gain carbon at the risk of xylem embolism. Thus, they are rather linked to water use
strategies rather than drought tolerance strategies. Moreover, due to less stringent stomatal

regulation, higher embolism resistance could be an adaptation in anisohydric species that allows
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for the free exchange of gases up to a certain limit to maximize carbon gain, however, at the
expense of risk to hydraulic failure (Mcdowell et al. 2008, Arend et al. 2021, Hartmann et al.
2021), and more resistant xylem helps to tolerate lower xylem pressure, consistent with previous
findings (Moser et al. 2016, Leuschner et al. 2022). More anisohydric species tend to have a higher
tolerance to drought-induced embolism, faster assimilation and growth rates, a more negative leaf
turgor loss point, and a lower wood density (Attia et al. 2015, Roman et al. 2015, Ratzmann et al.
2019, Chen et al. 2021). In contrast, isohydric species (ACPS and BEPE) responded to drought
stress quickly and tend to close the stomata prior to (or close to) the onset of cavitation, making
them more susceptible to carbon starvation. This corroborates the finding of (Li et al. 2018). TICO
had a relatively high %up and Pseo as well as an intermediate HSA. However, there seems a lack of
consensus for TICO (Kdcher et al. 2009), and our results are more in line with Leuschner et al.
(2019), who reported fairly isohydric behaviour for that species.

4.6.1 Turgor loss point and stomata closure

In this study, a mechanistic link to stomatal control is reflected in the strong association of
Pup With both Psgo and HSA, which corroborates the value of ¥y, estimates as an easily measurable,
directly linked to the stomatal response. With the exception of BEPE, stomatal closure for all
species linked to turgor loss, which happened before reaching water potentials associated with the
onset of embolism formation (P12), consistent to findings of other studies (Skelton et al. 2015,
Hochberg et al. 2017, Martin-StPaul et al. 2017, Li et al. 2018).

More isohydric species may adapt the strategy to act on conserving more water than
anisohydric as a response to drought. Further, the small margin between Psgo and Pso or Pggin an
ansiohydric species probably indicates that the organs could be saved from being damaged and
maintain their functionality until the integrity of cell turgor at declining water potential, which is
in line with a study (Meinzer et al. 2016). However, contrasting findings reported by some studies
that did not witness an association of ¥up with Psgo (Farrell et al. 2017, Johnson et al. 2018,
Blackman et al. 2019a, Jacob et al. 2022), and suggested to use with care as P1p stand-alone metrics
to the drought tolerance traits. While most of the studies advocated the notion of association of
Pup and Psoo, Which is proxy of stomatal closure (Brodribb et al. 2003, Bartlett et al. 2014, 2016,
Martin-StPaul et al. 2017).
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4.6.2 Embolism resistance and hydraulic safety margin

Our results show the two primary axes of trait variability describe the isohydric plant
behaviour. Counter to our expectations, neither embolism resistance nor the associated hydraulic
safety margins were related to metrics of isohydry. Instead, our results indicate traits associated
with plant drought response to cluster along two largely independent axes of variation. On the
temporal desiccation response, the first axis is linked to Tsc, which reflects stomatal stringency and
HSA. The second axis is associated with hydraulic safety and reflects that species with wider
hydraulic safety margins and a lower Pgg take longer to reach critical levels of hydraulic failure
(Terit). HSM has been recognized as the most important trait in the desiccation tolerance strategy
(Tyree et al. 2003, Skelton et al. 2015, Martin-StPaul et al. 2017, Blackman et al. 2019a).
However, we did not observe a consistency between HSM and time to hydraulic failure along the
iso-anisohydric continuum (Table A4.1). Additionally, higher HSM facilitates embolism repair
and prevents catastrophic failure (Johnson et al. 2012, Martin-StPaul et al. 2017). Chir pine show
less sensitivity to extreme droughts due to wide safety margin in the Central Himalaya (Tyagi et
al. 2023).

4.6.3 Cuticular conductance

Terit during drought should be influenced by gmin, the minimum water loss from leaves
following stomata closure. Plants can circumvent tissue desiccation by reducing gmin, Which
regulates the rate of water loss. In our study, TICO and FASY had the lowest absolute gmin, possibly
contributing to a longer desiccation time. This is consistent with previous findings that low gmin is
adaptive to drought tolerance (Burghardt and Riederer 2003, Brodribb et al. 2014, Blackman et al.
2016, Martin-StPaul et al. 2017). However, some studiers show the desiccation time has also been
found to be unrelated to gmin (Blackman et al. 2019b) and highly responsive to growth conditions
(Duursma et al. 2019).

Further, lower gmin contributes to slow plant water loss, thereby influencing plant
desiccation time. Plants that tend to reduce leaf area under drought confer an advantage through a
more conservative water use strategy. The smallest leaf area and lowest gmin contribute to slow
plant water loss, translating into greater drought tolerance by increasing Tns under severe water
deficit. On this note, the ratio of Lmand Vi apprises drought tolerance as providing a measure of
the proportion of surface area for water loss and the total stored water, which is portrayed as a
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reserve for extending plant survival following stomata closure when plants fail to extract soil
water. Plant size influences desiccation time (Blackman et al. 2019b, Challis et al. 2022). We,
therefore, standardized Tsc and Terit to account for leaf area and water storage (please refer to
Chapter 3).

4.6.4 Shoot capacitance

In the isohydric framework, plant water regulation depends on its dynamic plant—
environment interaction (Sade et al. 2012, Hochberg et al. 2018, Feng et al. 2019, Guo et al. 2020).
We observed that isohydric species typically maintain the constant ¥, which is also reflected in
the stem's high relative water content (RWC). Our results supported this notion, which may likely
be one of the reasons for the high capacitance (C) with species such as BEPE, ACPS, and TICO.
On this bases, we expect that isohydric plants regulate the RWC more strictly along with stomatal
stringency. Theoretically, a plant with higher C can delay stress periods by agreeing on a drought-
avoidance strategy (Scholz et al. 2011, Wolfe 2017, Blackman et al. 2019a, Jiang et al. 2021).
Further, C helps to stabilize stem water potentials during changes in transpiration under stress by
avoiding the embolism process (Meinzer et al. 2009, Anderegg and Meinzer 2015), supported by
our study findings that species having higher C close their stomata at high water potentials (For
example, BEPE, ACPS, and TICO).

Further, Capacitance facilitates to supply of 45 % of total diurnal transpiration during
seasonal drought (Preisler et al. 2022). Thus, the contribution of internal water storage capacitance
is very crucial for tree survival under drought as they stabilize the declining stem water potential
and avoids reaching the ¥min value that causes catastrophic hydraulic failure (Meinzer et al. 2009,
Anderegg and Meinzer 2015, Salomon et al. 2017, Preisler et al. 2022). Furthermore, we show
that iso-anisohydric behaviours are rather linked to water use strategies. Thus, mapping RWC is
essential to defining plant water balance which, in turn, C a role in desiccation tolerance and
avoidance strategies.

FASY, with a lower C, achieved a longer desiccation time successfully. In contrast,
isohydric species (ACPS and BEPE) failed to achieve longer desiccation times despite higher C.
This is consistent with the previous findings that showed longer desiccation time with decreased
C (Gleason et al. 2014, Blackman et al. 2019b). Furthermore, the role of C regulation cannot be
denied in both phases, i.e., before and after the stomatal closure in drought response. However, the
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mechanism behind it is still unclear. Their role in desiccation time is a matter of debate. It may
involve trade-offs with traits such as cavitation resistance, Pup, and HSM, as suggested by earlier
studies (Scholz et al. 2011, Meinzer et al. 2009, Gleason et al. 2014, Li et al. 2018, Blackman et
al. 2019b).
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Table A4.1: A list of all the main variables explored in the study was given with units and summary (means + SE) for five temperate species. Values were mean
+ SE, 95% confidence intervals (Cls) were shown in parenthesis for Psgo and HSA, and the coefficients of determination, i.e., R?, for the relationships using a linear
model (Slope of ¥ vs. ¥ma). Species abbreviations are as follows: ACPS: A. pseudoplatanus; BEPE: B. pendula; TICO: T. Cordata; SOAU: S. aucuparia; FASY:

F. Sylvatica.
Species )
) Unit ACPS BEPE TICO SOAU FASY
Traits
Stomata stringency
-0.93 -1.41 -1.75 -2.05 -2.49
Stomatal closure (Psgo) MPa
(-1.1,-0.8) (-1.7,-1.2) (-1.96, -1.6) (-2.5,-1.7) (-2.8,-2.3)
0.29 0.65 1.17 1.63 1.85
Hydroscape area (HSA) MPa?
(0.25, 0.36) (0.55, 0.82) (1.06, 1.31) (1.36, 2.72) (1.65, 2.14)
Midday water potential (¥mq) MPa -1.65+0.15 -1.43+£0.10 -1.93 £ 0.09 -2.51+£0.19 -2.52+0.14
Diurnal range of water
MPa 0.54 £0.05 0.32£0.03 0.68 £ 0.05 0.70 £ 0.07 0.89 £ 0.06

potential (A¥Y = Ppd - Ymd)
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Table A4.1: (Continued...)

Species )
) Unit ACPS BEPE TICO SOAU FASY
Traits
Foliar - level
Specific leaf area cm?g? 138.71 £ 3.2 169.96 + 6.4 199.96 + 8.0 170.16 £9.1 20950+1.9
Huber value 10 m?m™ 477+0.3 4.28+0.3 756+ 1.6 3.81+0.4 5.18+0.7
Mean Leaf area cm? 62.73+6.5 18.23+1.2 25.61+1.8 65.44 +7.4 1415+1.3
Leaf density kgm? 40997 £29.1 379.72+18.2 402.66 +£40.9 487.05 +£53.5 483.25 + 20.1
) 12123.4 + 16994 .4 + 2269.8 + 15411.3 + 3647.3 +
Maximum leaf area cm?
1331.7 850.3 143.8 1633.7 415.8

Cuticular conductance mmol m? st 3.33+0.36 1.82+0.16 1.28 +0.09 1.73+0.28 1.65+0.09
Mean maximal stomatal

mmol m2s? 9838+15.32 67.98+14.45 22.73+3.08 75.09 + 13.60 3231+3.34
conductance
Absolute maximal

mmol m?s? 309.35+7.89 286.26+15.02 55.85+1.98 301.59 + 6.30 74.28 + 1.58
stomatal conductance
90 % loss of stomatal

mmol m?s* 30.94 +0.79 28.63 + 1.50 5.59+0.20 30.16 + 0.63 743 +0.16
conductance
Percent stomatal

% 32.14 + 4.97 2448 +4.79 40.76 £5.19 25.05+4.54 44.08 + 4.45

conductance
Turgor loss point MPa -2.05 +0.05 -2.10 +0.06 -1.96 + 0.09 -2.37 £ 0.07 -2.48 + 0.08
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Species )
) Unit ACPS BEPE TICO SOAU FASY

Traits
Stem-level
Pxat 12% loss of

MPa -2.99+0.11 -1.72 £ 0.05 -2.65+0.21 -2.73+0.08 -3.09 £0.22
conductance
Px at 50% loss of

MPa -3.62+£0.11 -1.96 £ 0.04 -3.43+£0.16 -3.87 £0.08 -3.59+£0.21
conductance
Px at 88% loss of

MPa -4.24 +0.13 -2.21+0.04 -4.20+0.13 -5.02+0.12 -4.10+£0.19
conductance
Specific conductivity kgmiMPals!  0.71+0.09 1.83+0.18 - 1.22+0.12 -
Pit conductivity kgm?!MPals?! 0.85+0.11 2.41+0.28 - 1.66 +0.20 -
Potential conductivity kg m? MPals? 539 +0.68 8.50 + 0.47 - 4.83 +0.47 -
Shoot capacitance mol kg MPa!  5.33+1.34 1098+231  7.09+0.26 4.76 + 0.67 2.47 +0.40
Wood density gcm? 0.52 £0.02 0.42+£0.01 0.35+0.02 0.58 £ 0.05 0.49+0.01
Saturated water content ggt 59.39 54.77 56.31 60.18 42.15
Amount of water

g 622.3 £58.5 797.5 +£58.3 101.6 £ 6.3 790.9 £ 80.5 122.8 £ 16.6

available in plant
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Table A4.1: (Continued...)

. Specles it ACPS BEPE TICO SOAU FASY
Traits
Safety margin limits
Hydraulic safety margin 0 3.24 0.80 2.45 2.97 1.62
(Ps9o — Pgg)
Relative water content % 64.32 79.92 84.35 80.34 49.64
at stomatal closure
Relative water content % 47.27 72.01 58.42 66.46 42.92
at hydraulic failure
Desiccation time
Standardized time to hem!  6227+517 52864299  69.50+865  48.22+ 260 81.31 + 8.04
stomatal closure (Tsc)
Standardized time from
stomatal closure to h cm™ 32.18 +4.35 17.41 £ 3.20 34,77 +5.15 30.00 +3.21 16.57 + 1.88
hydraulic failure (Terit)
Standardized total time 0 gy 044607 70274432 10617+1017 7822+499  10143+9.02
to hydraulic failure (The)
Wood anatomy
Hydraulically weighted um 4221+123  42.06 +0.62 i 30.60 + 1.07 i
vessel diameter
Vessel density n mm2 105.21 +5.84  196.86 + 6.97 - 323.30 £19.84 -
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Analysis results of the Linear mixed effect model are summarised here.

(Model: a) ¥md ~ (VPD * species) + days + (1 | treelD)
(Model: b) ¥mda ~ (¥pa * VPD) + species + days + (1 | treelD)
(Model: ¢) A%~ VPD + species + days + (1 | treelD)
(Model: d) APL~ (Ppod * VPD) + species + days + (1 | treelD)

Table S4.1: Parameter estimates of the linear mixed effect models show the midday water potential (¥mq) relationship
as an f(x) of the interaction of VPD * species and days as fixed effects and treelD as a random factor. VPD was
standardised by mean and standard deviation, and the day shifts to starting point O for more easy interpretation. The
model syntax used for model building: ¥ma ~ (VPD * species) + days + (1 | treelD). Shown is an estimate of the fixed
effects of a linear mixed model with their model selection fit criteria. (AIC = 559.6, n = 282, groups= 34).

Effect Estimate Std. Error  Pr(>jt|)
(Intercept) 0.12747 0.16665 0.44862

days -0.28601 0.0146 2.00E-16  ***
VPD 0.21231 0.07104  0.003086 **
Betula pendula -0.39652 0.21823 0.078849

Fagus sylvatica -1.67704 0.24672 4.92E-08  ***
Sorbus aucuparia -1.25244 0.21566 2.49E-06  ***
Tilia cordata -0.6395 0.26848 0.023358 *
VPD: Betula pendula -0.13677 0.1035 0.18758

VPD: Fagus sylvatica -0.47488 0.1412 0.000894  ***
VPD: Sorbus aucuparia -0.50229 0.09846 6.71E-07  ***
VPD: Tilia cordata 0.06781 0.14104  0.631117

Table S4.1a: Shown is an estimate of the random effects of the linear mixed model. (Note: ~ 30% variance explained
by the treelD, and “left-over” explained by a fixed effect).

Parameter Estimate
Variance of intercept 0.14
Residual variance 0.32

128



Chapter-4: Synthesis

Table S4.2: Parameter estimates of the linear mixed effect models show the midday water potential (¥mg) relationship
as an f(x) of the interaction of ¥y * VPD and days as fixed effects and treelD as a random factor. VPD was
standardised, and the day shifts to starting point O for more easy interpretation. The model syntax used for model
building: ¥md ~ (Wea * VPD) + species + days + (1 | treelD). Shown is an estimate of the fixed effects of a linear mixed
model with their model selection fit criteria. (AIC = 295, n = 282, groups= 34). Significant relationships are asterisk.

Effect Estimate Std. Error Pr(>|t])
(Intercept) -0.30371 0.09555 0.002851 **
predawn 0.68113 0.04098 2.00E-16  ***
VPD 0.05502 0.04829 0.255587

days -0.08859 0.01485 7.60E-09  ***
Betula pendula 0.0494 0.11751 0.677786

Fagus sylvatica -0.78517 0.1315 1.78E-06  ***
Sorbus aucuparia -0.4704 0.12006 0.000562  ***
Tilia cordata -0.39737 0.14014 0.009407 **
predawn:VPD 0.09546 0.02778 0.000679  ***

Table S4.2a: Shown is an estimate of the random effects of the linear mixed model. (Note: ~ 21% variance explained
by the treelD, and “left-over” explained by a fixed effect).

Parameter Estimate

Variance of intercept 0.035
Residual variance 0.134
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Table S4.3: Parameter estimate of the linear mixed effect models shows the relationship of a maximum daily range
of water potential variation (AY, i.e., ¥pd - ¥ma) as an f(x) of VPD, species and days as fixed effects and treelD as a
random factor. VPD was standardised, and the day shifts to starting point O for more easy interpretation. The model
syntax used for model building: A% ~ VPD + species + days + (1 | treelD). An estimate of fixed effects of a linear
mixed model is shown with their model selection fit criteria and satterthwaite’s t-tests. (AIC = 334.1, n = 282, groups
= 34). Significant relationships are shown with an asterisk.

Effect Estimate Std. Error  Pr(>|t|)
(Intercept) 0.574 0.071 <0.001  ***
VPD 0.106 0.036 0.003 *x
Betula pendula -0.233 0.08 0.006 *x
Fagus sylvatica 0.434 0.086 <0.001  ***
Sorbus aucuparia 0.157 0.075 0.045 *
Tilia cordata 0.206 0.092 0.03 *
days -0.009 0.01 0.4

Table S4.3a: Shown is an estimate of the random effects of the linear mixed model. (Note: ~ 1% variance explained
by the treelD, and “left-over” explained by a fixed effect).

Parameter Estimate

Variance of intercept 0.002

Residual variance 0.177
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Table S4.4: Parameter estimate of the linear mixed effect models depict the relationship of a maximum daily range
of water potential variation (AP, i.e., Pod - Pma) as an f(x) of interaction between ¥,q and VPD, species, and days as
fixed effects; and treelD as a random factor. VPD was standardised, and the day shifts to starting point 0 for more
easy interpretation. The model syntax used for model building: AP, ~ (¥pa * VPD) + species + days + (1 | treelD). An
estimate of the fixed effects of a linear mixed model is shown with their model selection fit criteria and satterthwaite’s
t-tests (AIC = 295, n = 282, groups= 34). Significant relationships are shown with an asterisk.

Effect Estimate  Std. Error Pr(>|t])
(Intercept) 0.30371 0.09555 0.002851 **
predawn 0.31887 0.04098 1.40E-13 ***
VPD -0.05502 0.04829 0.255587
Betula pendula -0.0494 0.11751 0.677786

Fagus sylvatica 0.78517 0.1315 1.78E-06  ***
Sorbus aucuparia 0.4704 0.12006 0.000562  ***
Tilia cordata 0.39737 0.14014 0.009407 **
days 0.08859 0.01485 7.60E-09 ***
predawn:VPD -0.09546 0.02778 0.000679  ***

Table S4.4a: Shown is an estimate of the random effects of the linear mixed model. (Note: ~ 21% variance explained
by the treelD, and “left-over” explained by a fixed effect).

Parameter Estimate
Variance of intercept 0.04
Residual variance 0.13
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Table S4.5: The parameter estimates of ANOVA with the Tukey post-hoc test shows the multiple comparisons of
overall change in midday leaf water potential (¥mg) across the five species (Figure 4.5b) during dry-out events.
Significant differences between species are shown with a asterisk.

Species diff Iwr upr adj p-value

BEPE - ACPS 0.14542  -0.3845  0.67535 0.94344

FASY - ACPS -1.0467  -1.5901  -0.5033 0.00000 falaled
SOAU - ACPS -0.9819  -1.4847 -0.479 0.00000 falaled
TICO - ACPS -0.5083  -1.1065 0.09 0.13770

FASY - BEPE -1.1921  -1.7933 -0.591 0.00000 Fkk
SOAU - BEPE -1.1273 -1.692 -0.5626 0.00000 falaied
TICO - BEPE -0.6537  -1.3048  -0.0025 0.04858 *
SOAU- FASY 0.06485 -0.5125  0.64224 0.99803

TICO - FASY 0.53847  -0.1237  1.20062 0.17068

TICO- SOAU 0.47362  -0.1557  1.10291 0.23765

Table S4.6: The parameter estimates of ANOVA with the Tukey post-hoc test shows the multiple comparisons of the
overall daily range of water potential variation (A¥.) across the five species (Figure 4.5¢) during dry-out events.
Significant differences between species are shown with a asterisk.

Species diff Iwr upr adj p-value
BEPE - ACPS -0.23403 -0.38215 -0.08591 0.00018 faleled
FASY - ACPS 0.339048  0.187167 0.490928 0.00000 Fkk
SOAU - ACPS 0.154209  0.013663 0.294754 0.02332 *
TICO - ACPS 0.123492 -0.04372 0.290707 0.25716
FASY - BEPE 0.573077 0.40506 0.741094 0.00000 foleled
SOAU - BEPE 0.388238  0.230393 0.546083 0.00000 falaied
TICO - BEPE 0.357521 0.175524 0.539518 0.00000 folalad
SOAU- FASY -0.18484 -0.34622 -0.02346 0.01552 *
TICO - FASY -0.21556 -0.40063 -0.03048 0.01311 *
TICO- SOAU -0.03072 -0.20661 0.145173 0.98933
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Chapter-5: General conclusion

5.1 Conclusion

The dissertation highlights the diversity of species’ traits coordination, acclimatization, and
strategies along the degree of isohydry at species-specific levels in responses to drought. In
general, the acclimatization of species to a changing environment can be attributed to the plastic
response of traits. Studying these responses is essential for the better function of forest ecosystems
in changing climates, especially with increasing VPD associated with high temperatures. Based on
the findings of the present dissertation (Chapter-2 and 3, Table A4.1), we here elucidate the species-
specific traits adjustment to understand the growth and survival mechanism in response to drought.

In the study, Acer pseudoplatanus, the most isohydric species, showed higher growth rates
linked to higher Ks but not Pso, which depends on large vessel diameter. Under stress, the species
experienced a strong reduction in hydraulic conductivity and vessel diameter, but xylem safety
remained unaffected. Huber values (HV) linked to growth performance had a decreasing trend
under stress conditions. In the first study (Chapter-2), all three species exhibited a similar tendency
in HV, indicating that more resources were used for water transportation. The species also adjusted
their leaf-level water supply by reducing the size of leaves and potentially their numbers in
response to more stressful climatic conditions. Furthermore, on the framework of iso-anisohydric,
ACPS prefers to close its stomata well before the loss of cell turgor, resulting in the highest
hydraulic safety margins. Additionally, higher capacitance and wood density play important roles
in drought tolerance. In contrast, the higher ¥up in the species signifies the loss of cell turgor at
higher water potentials. The species' higher cuticular conductance offers a disadvantage as it
contributes to speedy water loss after stomata closure, which can influence plant desiccation time.

Betula pendula, an isohydric species with stringent stomatal control, showed a higher
biomass production that was negatively linked with the Pso value (more negative) while positively
with higher Ks. The species exhibited reduced vessel diameter, associated with specific
conductivity under stress, resulting in a lower growth rate. Despite higher capacitance and early
stomatal closure strategy supporting to avoid of cavitation, BEPE failed to achieve longer
desiccation times due to lower embolism resistance and hydraulic safety margin. Contrary to
expectation, species exhibited lower ¥up, which does not ally with the onset of embolism formation

(P12). However, BEPE relies on early leaf shedding as a drought response strategy (Gao et al.
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2017, Hajek et al. 2022), which decouples leaf and stem water potentials and may explain the
relatively negative Py, for that species considering its low embolism resistance. Moreover, the
species is known to adjust its leaf osmotic potentials under drought plastically and thus to drop its
Pup (Aspelmeier and Leuschner 2004). Additionally, higher C appeared not to hold the promise to
negotiate with declining water potential.

The stomatal behaviour of Tilia cordata is mixed in the published accounts of their degree
of isohydry; the species had a relatively high Pup and Psgo as well as an intermediate HSA, even
though it and other species from the genus Tilia are often classified as anisohydric (Moser et al.
2016, Gillner et al. 2017, Kiorapostolou et al. 2018, Moser-Reischl et al. 2019). However, there
seems a lack of consensus for TICO (Kdcher et al. 2009), and our results are more in line with
Leuschner et al. (2019), who reported fairly isohydric behaviour for that species. In our study, the
large internal water storage combined with its relatively high embolism resistance and early
stomatal closure led to the highest average standardized drying time for that species. In addition,
longer desiccation times for the species also supported by the lowest cuticular conductance and
large hydraulic safety margin (Psoo— Psgg).

Sorbus aucuparia is reported to be more anisohydric, having a larger HSA and displays
higher embolism resistance but lower biomass production under stress conditions. However,
hydraulic efficiency and the primary anatomical determinant (i.e., vessel diameter) are unaffected.
So, it suggests that embolism resistance could be favoured when a plant is grown under stress.
This could be likely the reason for building more resistance xylem to support the longer stomata
functioning with declining water potential. Further, the species has high wood density, indicating
a greater investment in xylem vessels, which allows for better survival in drought conditions
(Hoffmann et al. 2011, Nardini et al. 2013, Greenwood et al. 2017, Liang et al. 2021), and denser
wood has a lower Pyp (Fu and Meinzer 2019). Additionally, the species has a more negative Psgo
and Pup, which allows for prolonged stomatal function and higher C-assimilation. A lower Py is
an asset in holding cell turgor for longer with declining water potential, while a high hydraulic
safety margin enables the species to endure drought better. However, smaller C and higher
supported leaf areas prove inadequate for longer desiccation times.

Fagus sylvatica is the most anisohydric species due to its largest HSA in our studied species
and exhibiting the lowest Psgo and P1p values, enabling it to achieve a longer desiccation time. The

species adopts a strategy of keeping stomata open for longer, allowing for greater carbon gain and
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posing a risk of embolism. However, the lower ¥yp value is advantageous in maintaining cell turgor
for longer periods under decreasing water potential. The more negative Pgg value and less

supported leaf area also supported the species' longer desiccation time.

5.2 Scopes and Limitations

Millions of recently planted tree saplings died, and mature trees were damaged during a
past drought in central Europe (Schuldt et al. 2020, Rukh et al. 2023). To alleviate the climate
change impact of forthcoming droughts and mitigate the situation, the European Commission plans
to plant three billion trees across the EU by 2030. Studies suggested that mixed-species stand can
be more productive and shows resilience to drought than the monoculture plantation (Liu et al.
2018, Vitali et al. 2018, Grossiord 2019, Hajek et al. 2022, Feng et al. 2022). The advantage of
mixed-species plantations over monocultures can be attributed to the complementary and selection
effects (Isbell et al. 2009, Grossiord et al. 2014, Grossiord 2019, Hajek et al. 2022). Large-sized
trees can facilitate resource access at different temporal or spatial scales, thereby reducing
interspecific competition and providing shelter from wind to neighbourhood species, which is
important for species survival (Grossiord 2019, Hajek et al. 2022). Furthermore, mixed-species
stands are preferred when interspecific interactions are generally more beneficial than intraspecific
interactions (Hajek et al. 2022). Therefore, the selection of species and their combinations in forest
stands can significantly affect tree mortality and productivity, thereby having important
implications for reforestation programs and plantation management decisions.

To achieve the target of mixed-species reforestation, profound knowledge of the hydraulic
characteristics is needed. Further, it is essential to understand the mechanisms of drought resistance
and identify saplings that are resistant to drought. This requires a solid understanding of the
relationship between traits related to xylem safety and the desiccation time of saplings (most
notably Pgs, HSM). We introduce the concepts of drought tolerance and isohydricity as a plant-
environment interaction that can help describe a species' hydraulic strategy. Chapter-2 discusses
the relationship between high growth rate, Ks, and large vessel diameter. In addition, it deliberated
that Pso does not consistently vary with juvenile growth rate. In chapter-3, we examined how the
stomatal stringency, HSM, and hydraulic-related traits impact the desiccation time and whether a
species adopts a desiccation delay or avoidance and tolerance strategy. We believe that the
catastrophic hydraulic failure coincides with plant mortality (Psg), so HSM calculated based on
Pgs could be more appropriate to understand the desiccation time.
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However, Greenhouse studies of saplings have some limitations and considerations. For
this, field studies are necessary confirming these relationships to understand the effects of drought
on tree growth and mortality. Other traits, such as non-structural carbohydrate (NSC) storage
(O’Brien et al. 2014, Sapes et al. 2019, Jiang et al. 2021, Challis et al. 2022), rooting depth
(Nardini et al. 2016), and nature of embolism repair (Brodersen and McElrone 2013, Arend et al.
2022) are essential for mitigating drought stress under field conditions. Additionally, species
mixtures in forest stands can promote greater drought resilience and affect forest productivity
(Klein et al. 2014, Meinzer et al. 2014, Garcia-Forner et al. 2016). Leaf trait responses to
environmental gradients and stomatal acclimation contribute to drought resistance (Dong et al.
2020, Joshi et al. 2022). Furthermore, the lack of consistency of trait-environment relationships
along the iso-anisohydric spectrum narrows our expectations of simple trait trade-offs that unify
multiple facets of plant response to drought.

5.3 Future perspectives

Future research should investigate additional plant functional traits under increasing
drought stress to confirm our study results. ¥min provides a reliable measure of plant function
during periods of high evaporative demand and indicates its hydraulic performance close to critical
failure (Meinzer et al. 2009, Choat et al. 2012). In addition, it is combined with stomatal behaviour,
which exerts significant selective pressure on the xylem (Joshi et al. 2022). Specifically, for
identifying drought-tolerant species for reforestation, future research directives should focus on
determining the drought threshold on which anisohydric strategy-adapted species lose their
advantage due to the high risk of embolism. Additionally, the substantial contribution of internal
water storage and shoot capacitance in mitigating the effects of drought should be investigated as
they have the potential to predict the difference between mortality and survival accurately and can
be remotely sensed (Salomoén et al. 2017, Sapes and Sala 2021, Preisler et al. 2022). Further, a
more detailed investigation on controversial issues, such as growth trade-offs with hydraulic
safety-efficiency and the xylem safety-vessel diameter association, is required. Moreover, on the
note of the dynamic issue of plant-environment interaction and the controversial definition of iso-
anisohydric, a more integrative and holistic approach to coordinated functional traits in response

to drought is necessary.
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