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Summary

Summary

In the scope of climate warming and the increase in frequency and intensity of severe heat
waves in Central Europe, identification of temperate tree species that are suited to cope with
these environmental changes is gaining increasing importance. A number of tree physiological
characteristics are associated with drought-stress resistance and survival following severe heat,
but recent studies have shown the importance of plant hydraulic and anatomical traits for
predicting drought-induced tree mortality, such as vessel diameter, and their potential to predict
species distribution in a changing climate.

A compilation of large global datasets is required to determine traits related to drought-induced
embolism and test whether embolism resistance can be determined solely by anatomical traits.
However, most measurements of plant hydraulic traits are labour-intense and prone to
measurement artefacts. A fast, accurate and widely applicable technique is necessary for
estimating xylem embolism resistance (e.g., water potential at 50% loss of conductivity, Pso),
in order to improve forecasts of future forest changes. These traits and their combination must
have evolved following the selective pressure of the environmental conditions in which each
species occurs. Describing these environmental-trait relationships can be useful to assess
potential responses to environmental change and mitigation strategies for tree species, as future
warmer temperatures may be compounded by drier conditions.

In Chapter 1, | discuss the findings of a field study based on the measurements of traits related
to drought survival for 20 native and non-native temperate broad-leaved trees, including
structural, hydraulic, anatomical, and foliar traits. These tree species are part of the initiative
‘Stadtgriin 2021 by the Bavarian State Institute for Viticulture and Horticulture (LWG). We
characterized the drought-stress resistance of the species sample and searched for trade-offs
between vascular, hydraulic and foliar traits. Then, we focused on the inter- and intraspecific
scaling of water potential at 50% loss of conductivity (Pso) with hydraulically-weighted vessel
diameter (Dn). Therefore we measured the scaling of Psp and Dy and tested its link to pit
membrane thickness (Tpm) and specific conductivity (Ks). There was an interspecific
relationship between Pso and Dn, which was mirrored by Pso and Ks, but no intraspecific
relationship between Pso and Ks was observed. We showed that species with thicker pits and
narrower vessels were more embolism-resistant. Although Dnr and Tem Were weakly associated,
this did not explain the highly significant link between Psgand Dy after accounting for Tem. In
conclusion, we find robust evidence that Pso scales with Dy across species, suggesting previous
controversies may be partially explained by differences in the range of traits covered and how
data are gathered (species, tree, or sample level).

In Chapter 2, | present the results of a laboratory experiment based on 12 diffuse-porous
temperate tree species covering a wide range of embolism resistance to compare the pneumatic
method and flow-centrifuge method for constructing xylem vulnerability curves. Using both
methods, we evaluated the agreement between the parameters estimated and the sensitivity of
pneumatic measurements to measurement duration. The pneumatic method allows fast,
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economical estimations of embolism resistance for a wide range of temperate, diffuse-porous
species, which makes it an attractive method for predicting plant performance in climate change
scenarios.

In Chapter 3, I first examined the results from a dataset of 24 species across four genera of
Northern temperate diffuse-porous trees. I examined the relationship between key drought-
related xylem functional traits (Pso, Dn, and wood density (WD)). Then 1 used
macroevolutionary models to study phylogenetic conservatism in key functional traits,
reconstructing evolutionary pathways to identify which traits co-evolved with each other.
Finally, | analyze the effects of temperature and precipitation variables on the key functional
traits by using phylogenetic generalized least squares (PGLS) to control for phylogenetic
constraints. We find that functional traits varied widely across species, but Psoand Dn displayed
a strong correlation across genera, while Pso and WD showed no correlation. Our results shows
that xylem vulnerability to embolism of Northern temperate tree species varies predictably with
aridity and temperature. Natural selection has shown that some species are capable of adapting
to rapid changes in climate conditions. Evolutionary processes play a limited role in preventing
drought-induced tree mortality under changing environmental conditions

In summary, this study identifies a set of anatomical and functional traits that determine
embolism resistance. Nevertheless, some of those relationships can be explained by differences
in the range of traits covered and how data are collected. Additionally, the current work shows
the results of a new faster and inexpensive method to measure embolism resistance on trees.
Finally, we described physiological processes and trade-offs that act on the dynamics of tree
structure and development. In this context, understanding trait evolution across species and
identifying the climatic conditions that caused the development of a specific trait syndrome is
of fundamental importance.

VI



Zusammenfassung

Zusammenfassung

Im Rahmen der Klimaerwarmung und der Zunahme der Haufigkeit und Intensitat schwerer
Hitzewellen in Mitteleuropa gewinnt die Identifizierung von Baumarten der gemaRigten Zonen,
die mit diesen Umweltveranderungen zurechtkommen, zunehmend an Bedeutung. Eine Reihe
von physiologischen Merkmalen von Baumen wird mit der Trockenstressresistenz und dem
Uberleben nach schweren Hitzewellen in Verbindung gebracht. Jingste Studien haben jedoch
gezeigt, wie wichtig pflanzenhydraulische und anatomische Merkmale fur die VVorhersage der
trockenheitsbedingten Baumsterblichkeit sind, z. B. der GefalRdurchmesser, und wie wichtig
diese wiederum flr die Vorhersage der Artenverteilung in einem sich verdndernden Klima sind.

Eine Zusammenstellung groRer globaler Datensatze ist erforderlich, um die Merkmale zu
bestimmen, die mit trockenheitsbedingter Embolie zusammenhéangen, und um zu priifen, ob die
Embolieresistenz allein durch anatomische Merkmale bestimmt werden kann. Die meisten
Messungen der hydraulischen Eigenschaften von Pflanzen sind jedoch sehr arbeitsintensiv und
anfallig fir Messartefakte. Es wird ein schnelles, genaues und breit anwendbares Verfahren zur
Schatzung der Xylem-Embolie-Resistenz  (z. B. Wasserpotenzial bei 50 %
Leitfahigkeitsverlust, Pso) bendtigt, um die Vorhersage kunftiger Waldverédnderungen zu
verbessern. Diese Merkmale und ihre Kombination missen sich unter dem Selektionsdruck der
Umweltbedingungen, in denen die einzelnen Arten vorkommen, entwickelt haben. Die
Beschreibung dieser Beziehungen zwischen Umwelt und Merkmalen kann nitzlich sein, um
potenzielle Reaktionen auf Umweltverdanderungen und Schutzstrategien fir Baumarten zu
bewerten, da kiinftige wérmere Temperaturen mit trockeneren Bedingungen einhergehen
konnten.

In Kapitel 1 erortere ich die Ergebnisse einer Feldstudie, die auf der Messung von Merkmalen
basiert, die mit dem Uberleben bei Trockenheit fir 20 einheimische und nicht einheimische
Laubbaume der geméalRigten Breiten zusammenhangen. Fir diese Studie wurden strukturelle,
hydraulische, anatomische und blatttechnische Merkmale aufgenommen. Diese Baumarten sind
Teil der Initiative "Stadtgriin 2021" der Bayerischen Landesanstalt fur Weinbau und Gartenbau
(LWG). Wir charakterisierten die Trockenstress-Resistenz der untersuchten Arten und suchten
nach Kompromissen zwischen vaskuléren, hydraulischen und Blattmerkmalen. Anschlie3end
konzentrierten wir uns auf die inter- und intraspezifische Skalierung des Wasserpotenzials bei
50 % Leitfahigkeitsverlust (Pso) mit dem hydraulisch gewichteten GefalRdurchmesser (Dn).
Dafur haben wir die Skalierung von Pso und Dy gemessen und priiften ihren Zusammenhang
mit der Grubenmembrandicke (Tepm) und der spezifischen Leitfahigkeit (Ks). Es bestand eine
interspezifische Beziehung zwischen Pso und Dy, die sich in Pso und Ks widerspiegelte, aber es
wurde keine intraspezifische Beziehung zwischen Pso und Ks beobachtet. Wir konnten zeigen,
dass Arten mit dickeren Tlpfeln und engeren Gefallen embolieresistenter waren. Obwohl Dn
und Tem Sschwach assoziiert waren, erklarte dies nicht den hoch signifikanten Zusammenhang
zwischen Pso und Dn nach Berticksichtigung der Tem. Zusammenfassend l&sst sich sagen, dass
wir robuste Belege daflr gefunden haben, dass Pso tber die Arten hinweg mit Dy skaliert, was
darauf hindeutet, dass friihere Kontroversen teilweise durch Unterschiede in der Bandbreite der
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erfassten Merkmale und der Art der Datenerfassung (Arten-, Baum- oder Stichprobenebene)
erklart werden konnen.

In Kapitel 2 stelle ich die Ergebnisse eines Laborexperiments vor, das auf 12 zerstreutporigen
Baumarten der gemaRigten Zonen basiert, die einen breiten Bereich der Embolieresistenz
abdecken, um die pneumatische Methode und die Durchfluss-Zentrifugen-Methode zur
Erstellung von Xylem-Verletzlichkeitskurven zu vergleichen. Mit beiden Methoden haben wir
die Ubereinstimmung zwischen den geschatzten Parametern und die Empfindlichkeit der
pneumatischen Messungen gegenuber der Messdauer bewertet. Die pneumatische Methode
ermoglicht eine schnelle und kostengunstige Schatzung der Embolieresistenz flr eine breite
Palette von diffus-pordsen Arten der geméaligten Zonen, was sie zu einer attraktiven Methode
fur die Vorhersage der Pflanzenleistung in Klimawandelszenarien macht.

In Kapitel 3 Zunéchst untersuchte ich die Ergebnisse eines Datensatzes von 24 Arten aus vier
Gattungen zerstreutporiger Baume der nérdlichen geméafigten Zonen. Ich untersuchte dabei die
Beziehung zwischen den wichtigsten funktionellen dirrebezogenen Xylem-Merkmalen (Pso,
Dn und Holzdichte (WD)). Dann habe ich makroevolutiondre Modelle verwendet, um den
phylogenetischen Konservatismus der wichtigsten funktionellen Xylem-Merkmale zu
untersuchen. Uber evolutionare Pfade rekonstruierte ich dann, welche Merkmale sich
gemeinsam entwickelt haben. Schliel3lich analysierte ich die Auswirkungen von Temperatur-
und Niederschlagsvariablen auf die wichtigsten funktionellen Merkmale mit Hilfe
phylogenetischer verallgemeinerter kleinster Quadrate (PGLS), um phylogenetische
Beschrankungen zu kontrollieren. Wir stellen fest, dass die funktionellen Merkmale zwischen
den Arten stark variieren, aber der Pso und der Dn zeigten eine starke Korrelation zwischen den
Gattungen, wahrend der Pso und die WD keine Korrelation aufwiesen. Unsere Ergebnisse
zeigen, dass die Anfélligkeit des Xylems fur Embolien bei Baumarten der nérdlichen
gemaligten Zonen vorhersehbar mit der Trockenheit und Temperatur variiert. Die natlrliche
Auslese hat gezeigt, dass einige Arten in der Lage sind, sich an schnelle Veranderungen der
klimatischen Bedingungen anzupassen. Evolutiondre Prozesse spielen eine begrenzte Rolle bei
der Verhinderung von trockenheitsbedingtem Baumsterben unter den sich d&ndernden
Umweltbedingungen.

Zusammenfassend lasst sich sagen, dass diese Studie eine Reihe von anatomischen und
funktionellen Merkmalen identifiziert, die die Embolieresistenz bestimmen. Einige dieser
Zusammenhdnge lassen sich jedoch durch Unterschiede in der Bandbreite der erfassten
Merkmale und der Art der Datenerhebung erkldaren. Daruber hinaus zeigt die aktuelle Arbeit
die Ergebnisse einer neuen, schnelleren und kostenglinstigen Methode zur Messung der
Embolieresistenz von Bdumen. Zuletzt haben wir physiologische Prozesse und Abwagungen
beschrieben, die sich auf die Dynamik der Baumstruktur und -entwicklung auswirken. In
diesem Zusammenhang ist es von grundlegender Bedeutung, die Entwicklung von Merkmalen
uber verschiedene Arten hinweg zu verstehen und die klimatischen Bedingungen zu ermitteln,
die die Entwicklung eines bestimmten Merkmals verursacht haben.
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Part 1: General introduction

1. General introduction

1.1. Impact of climate change on temperate forests

Forests provide critical refuges for terrestrial biodiversity and play a central role in the earth's
biogeochemical system. As major part in terrestrial ecosystems forests affect water and energy
fluxes at the earth's surface through biogeophysical processes including changes in
evapotranspiration, albedo and surface roughness. Forested ecosystems are expected to
contribute in climate change mitigation as they can generally isolate more carbon than non-
forested ecosystems, consequently, in accelerating or decelerating global climate change
((Grassi et al. 2017, IPCC (Intergovernmental Panel on Climate Change) 2022).

About 8,000 years ago, forest covered an estimated 6.2 billion hectares of the planet, about 47%
of Earth’s land surface (Billington et al. 1996). Unfortunately, over the last few centuries, their
condition and area declined to a cover of 40% of the terrestrial area. In recent years, over 10
million hectares of natural forests have been deforested every year, most of it during the
industrial age. In consequence 25 countries have no forest anymore and in 29 other countries
90% of the forest has disappeared (Meyfroidt and Lambin 2011).

Climate disturbances is a long-term challenge, there is no doubt that urgent action is required
now. The need to improve ecological knowledge and restore affected systems is as relevant as
ever since we entered a new era, the Anthropocene. Humans are increasingly influencing the
biogeosphere, particularly through climate change that has been anthropogenically disturbed
(Steffen et al. 2011, Hobbs et al. 2014, IPCC 2014, Ellis et al. 2015, Lewis and Maslin 2015).
Forests provide wood and numerous other products that contribute significantly to human
wellbeing and economic activity from local to global level (Shvidenko et al. 2005, Eggers et al.
2008). The increased frequency and intensity of extreme events, caused by human-induced
climate change, made forest management progressively complex and more difficult. Extreme
events, such as flooding, storms, severe drought compounded by unusually warm temperatures,
increasingly are recognized as key drivers of vegetation change (Jentsch et al. 2007, Millan
2014, IPCC 2012), including climate impacts on the world’s forests and induced tree mortality.
The scientific community recognized that greenhouse gas emissions are major contributors to
recent increases in global mean temperatures (about 0.5°C since 1970) as well as changes in
the world's hydrological cycle (IPCC 2007a). It is likely that future climate change will result
in further increases in mean temperatures (about 2 to 4 °C globally) along with significant
drying in some regions (Seager et al. 2007), as well as an increase in droughts, extreme heat
waves and extreme hot summer (IPCC. 2007a, Sterl et al. 2008). These scenarios would be
critically harmful to trees and forests which have a long generations and low generational
changes (Allen et al. 2010, Hartmann et al. 2018, Dauphin et al. 2020, Schuldt et al. 2020).
Drought directly triggers stress and mortality risk for trees (McDowell et al. 2008). Through
physiological impacts, function and survival (Adams et al. 2009, Allen et al. 2010, 2015,
Vanoni et al. 2016) or indirectly through effects on pests and pathogens (Weed et al. 2013)
drought is a major danger for trees. It affects woody plants by reducing leaf area and causing
‘dieback’, also known as ‘defoliation’ in Europe (Carnicer et al. 2011). In addition, background
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tree mortality rates have increased (van Mantgem et al. 2009, Senf et al. 2020) and large-scale
forest die-offs have occurred (Breshears et al. 2005, Allen et al. 2010, Matusick et al. 2013,
Worrall et al. 2013, Schuldt et al. 2020). Understanding the physiological mechanisms
associated with tree death in response to drought is necessary to understand and predict tree
responses to a rapidly changing environment (McDowell et al. 2020).

1.2. Tree strategies and processes during drought

As for every living being on this planet, water is essential for trees. Studying drought mortality
in plants interrogates what are the different strategies adopted during drought or what are the
processes responsible for a tree's death. There can be several mechanisms contributing to tree
mortality during severe drought like carbon starvation (i.e. after stomatal closure, a successive
deterioration in plant health occurs as carbohydrates are reduced from non-structural
carbohydrate storage) , by hydraulic failure (i.e. uncontrolled embolism causes complete failure
of the hydraulic pathway) or biotic agent demographics (i.e. damage to tissue caused by
herbivore infestation facilitated by plants’ weakened state) (McDowell et al. 2008, 2011). Under
drought stress, tree species follow rather two contrary water regulation strategies. The
anisohydric (waterspending) species and isohydric (water-saving) species (Martinez-Vilalta et
al. 2014, Martinez-Vilalta and Garcia-Former 2017, Hochberg et al. 2018, Ratzmann et al.
2019). According to these studies, an isohydric species reacts to drought by closing early the
stomata and maintaining a specific water potential. This leads to a tapping off to the
environment to reduce the water loss and the spread of xylem embolism. In turn the early
closing of the stomata means a less, or no, carbon uptake from the atmosphere which again
leads to carbon starvation. Due to the low carbon uptake storage capacity would be decreased,
so maintenance costs for metabolic processes, such as respiration, could be very high
(Hartmann and Trumbore 2016). This fact makes the isohydric strategy vulnerable to prolonged
droughts. In contrary more anisohydric plants keep their stomata open under drought
conditions. Consequently, the carbon assimilation stays maximized. The cost of this strategy is
a high-water loss. Plants with that strategy are more advantaged in long term droughts, which
are not to serve, because carbon starvation is not occurring. In turn a very strong and short
drought can lead to death for plants with an anisohydric behavior.

According to these two different strategies, different theories of tree survival and death have
been developed in relation to water and carbon.

As a result, hydraulic failure and carbon starvation have been identified as the main causes of
drought-related deaths (McDowell 2011, Anderegg et al. 2012, Sevanto et al. 2014).
Nevertheless, the mechanisms of drought-induced mortality in trees from carbon starvation are
also far from understood (Sala et al. 2010). There is, however, a delay in the onset of tree
dieback for the majority of cases (Bigler et al. 2007, Phillips et al. 2010). Both processes are
explicitly described as non-exclusive and as occurring simultaneously in many cases;
furthermore, both are assumed to facilitate the spread of biotic agent’s outbreaks (McDowell et
al. 2011).
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Hydraulic failure caused by catastrophic xylem dysfunction is widely recognized as a major
cause of tree death. There have been a number of studies that suggest hydraulic failure due to
catastrophic xylem dysfunction is the more significant of the two processes under many
circumstances (Sevanto et al. 2014, Hartmann et al. 2018). During hydraulic failure, the water
conducting system would fail due to embolisms occurring under high pressure, such as very
low xylem water potentials. (Choat et al. 2012, Urli et al. 2013).

1.3. How to predict drought induced tree mortality

It is important to consider the relationship between the functional characteristics of plants and
the climate, since water plays such an essential role in several vital processes. The process of
drought-induced tree mortality is complex and involves several interdependent tree key
functional traits. To understand how plants function as organisms and determinants of
ecosystems, we need a greater understanding of plant physiology and how it relates to the
anatomy. Thus, a fundamental question in this study is whether key functional traits can be used
to predict drought response in temperate trees by understanding the physiological basis for tree
death.

1.3.1. Water transport and embolism resistance

In angiosperm trees, the water is transported through the xylem tissue, which is composed of
water-conducting tracheary elements: tracheids and vessels. These cells are connected through
large, circular bordered pits (Wilson and White 1986) concentrated in the radial walls including
the tapered ends of the cells. Those pits developed from secondary cell walls and constituted
by a pit membrane allow water to flow by the cell association (Choat et al. 2007). Trees require
a long-distance water transport pathway to pull water from the soil via the roots through a
specialized tissue (i.e., xylem) to the leaves, which is principally driven by transpiration (Nobel
1999).

Forming a continuous water column from soil to leaves (i.e., soil-plant-atmosphere continuum)
and described by the widely accepted cohesion-tension theory (Dixon and Joly 1894, Tyree and
Zimmermann 2002). This theory follows the thermodynamically thinking of a plant as a system,
which is energised by the sun. With the process of transpiration and photosynthesis in the leaves
a gradient of water potential occurs from the leaves through the xylem and roots to the soil.
Water potential gradients (AWx; MPa) represent the negative pressure gradient along the
hydraulic pathway; they are a measure of a liquid's potential energy compared to pure water.
Water potential is a negative pressure (zero being pure water). In order to reach equilibrium,
water moves passively from higher to lower water potential.

The water conducting system would suffer from embolisms when cavitation occurs due to high
negative xylem tensions during droughts (very low xylem water potentials) (Choat et al. 2012,
Urli et al. 2013). An important key process that leads to drought-induced tree mortality is the
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development of xylem embolisms, which result in disruption of xylem conductive function
(Anderegg et al. 2016, Hajek et al. 2022). Under conditions of negative pressure, a spontaneous
transition from the liquid to the gas phase (cavitation) is theoretically possible, which may
explain the formation of emboli. It is caused by the formation of gas bubbles that can spread
and block the conduit.

As one of the most commonly reported metrics of xylem vulnerability to hydraulic failure,
hydraulic safety is often quantified by the water potential at which 12, 50 and 88 percent loss
of hydraulic conductivity (PLC) occurs (P12, Pso and Pgs, respectively) (Anderegg et al. 2016,
Gleason et al. 2016a). Commonly, the relative (e.g., percent loss of maximum conductivity) is
resulting from decreasing water potentials. Small decreases in water potential would result in a
huge increase in xylem embolisms because of this sigmoidal shape. Species are typically
compared by the Wx value at which a 50% loss of hydraulic conductance occurs (Wso, Davis et
al. 1999), although other reference points may have more physiological importance, for
example, Weg (PLC) (Choat 2018). A critical point in angiosperms occurs when 88% of the
conductive system is embolized, resulting in dieback of the crown or even tree death (Brodribb
and Cochard 2009, Bouche et al. 2015). Under well-watered plants, the degree of xylem
embolisms is nearly zero, but increases with a sigmoidal curve. Cai and Tyree (2010) and
Cochard et al. (2013) describe vulnerability curves (VCs). In addition, P12, the water potential
at W12, is another common value extracted from VCs, giving an indication of the onset of
embolism (Domec and Gartner 2001).

Cavitation resistance increases across species with decreasing mean annual precipitation
(Maherali et al. 2004) and is related to the range of water potentials experienced in the field
(Hacke et al. 2000), indicating that xylem embolism is correlated with drought tolerance
(Pockmann and Sperry 2000) and species distribution. Drought-induced cavitation affects
plants differently and their responses to drought depend on their hydraulic strategies (Breda et
al. 2006). It has been consistently found that severe embolisms are the primary cause of death
in drought-stressed temperate trees. A study by Tyree et al. (1998) found that each tree species
was highly susceptible to drought-induced xylem embolisms. Those trees were more vulnerable
to drought than trees located in sites with high drought frequencies, where the hydraulic system
appears to be adjusted to the frequent occurrence of drought periods. The importance of
determining key functional traits to predict drought induced embolism on temperate trees is
essential.

1.3.2. Wood properties as a key functional trait to predict drought induced embolism

By exploring tree traits, we further examined a representative set of traits which have been
recognized as determinants of drought resistance: anatomical traits: stem vessel diameter
(Hacke et al. 2006), pit membrane properties (Jansen et al. 2009), vessel grouping/solitary
grouping index (Martinez-Vilalta et al. 2012), tree structure, tree height (Domec et al. 2008),
wood density (Hacke et al. 2001) and growth rate (Wheeler et al. 2005).
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1.3.2.1. Vessel size and conductivity

The flow conductance in the vessels water conducting system is greatly influenced by the
conduit diameter. This is particularly true in angiosperms, as demonstrated by the Hagen-
Poiseuille equation, which raises the lumen conductivity with the fourth power (D*, Calkin et
al. 1986).

Having highly conductive sapwood is widely considered a prerequisite for high productivity
(Tyree 2003). As a result, xylem hydraulic physiology has been referred as the “functional
backbone of terrestrial plant productivity” (Brodribb 2009). Considering that productivity and
xylem hydraulic efficiency are closely related, there may be a trade-off between hydraulic
efficiency and stability against xylem failure that accounts for fast-growing tree species' higher
susceptibility to drought.

It has long been known that vessel diameter directly influences water conduction, hence
affecting xylem efficiency, i.e., xylem-specific hydraulic conductivity (Ks) (Sperry et al. 2008).
Safety-efficiency trade-offs are necessary to compensate for the difference between xylem
efficiency and embolism resistance. Otherwise, all woody plants would exhibit both high safety
and high efficiency. As a result, plants with low safety do not always show high hydraulic
efficiency at an interspecific level (Gleason et al. 2016).

Based on the vulnerability-diameter relationship individuals with relative wide conduits for a
given hight may be more vulnerable to embolism, but also more conductive and efficient.
Thus, it would be relatively feasible to identify the most vulnerable individuals by evaluating
populations based on their conduit width (Cai et al. 2010, Hargrave et al. 1994, Maherali et al.
2006, Hajek et al. 2014). Starting from this, conduit size can be viewed as a trade-off between
xylem hydraulic conductance, which influences transpiration, carbon fixation, growth (Tyree
2003, Poorter et al. 2010) and drought-induced embolism (Tyree et al. 1994). However, a better
understanding of the biophysical processes at the nanoscale will be necessary in order to
establish the real diameter-vulnerability link. It can be misleading to link conduit diameter with
embolism vulnerability based solely on comparative and ecological wood anatomy studies
(Lens et al. 2022).

Nevertheless, a direct causal link between vessel size and drought vulnerability is still debated.
According to Hacke and Jansen (2009), there should be no direct causal link between conduit
diameter and the assumed cavitation mechanism due to water stress. There is rather an indirect
link via a multitude of other quantities such as the number of intervessel pits per unit surface
area, the average size and/or the thickness of the membrane (Tem) of these pits xylem sap
composition chemistry and thickness of conduit walls and finally and the concentration and
vicinity of dissolved and undissolved gas (Choat et al. 2008, Lens et al. 2011, Tixier et al. 2014,
Jansen et al. 2018, Lens et al. 2022), which puts the unconditional validity of the pit area
hypothesis into question.
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1.3.2.2. Pit properties

Bordered pit membrane structure which determines the entry of gas-water menisci from an
embolised vessel into the adjacent water-filled vessel (air seeding hypothesis, Zimmermann
1983, Tyree and Sperry 1989, Choat et al. 2008, Mayr et al. 2014) and the vessel length
distribution, tends to make up around 50% of the total flow resistance (Sperry et al. 2005,
Wheeler et al. 2005). In particular, pit membrane thickness is likely to directly influence
embolism resistance (Li et al. 2016). Consequently, air seeds more easily inside larger conduits
because they have more bordered pits (Christman et al. 2009, Pittermann et al. 2010, Lens et
al. 2011). Therefore, if the pit area per conduit remains constant, more conduits could increase
conductivity without affecting safety. According to the 'rare pit hypothesis," increasing the total
area of the pit membrane should automatically result in a higher risk of at least one pit
membrane pore allowing air to enter at a particular pressure potential gradient (Hacke et al.
2006, Choat and Pittermann 2009). In this way, the dimensions of pore size in pit membrane
and vessels represent a compromise between maximizing hydraulic efficiency (hence potential
carbon gain through photosynthesis) and minimizing the risk of hydraulic failure, which may
explain the higher vulnerability of faster growing species which possess wider pores. In general,
it appears that conduit size and total pit pore area may have a universal relationship, which
would support the ‘air seeding hypothesis' as well as the 'rare pit hypothesis'.

1.3.2.3. Vessel network

Another anatomical features which affect the hydraulic performance is the intervessel
connectivity and compartmentalization of the “vessel network™ vessel topology, grouping
(Meyra et al. 2007, Jansen et al. 2018, Kaack et al. 2021). For the first time, Carlquist (1984)
suggested that xeric species should have more grouped vessels than other species with vessels
embedded in non-conductive tissues (parenchyma, fibers), regarded as a way of providing
alternate routes in the event of embolism. According to Loepfe et al. (2007) and Martinez
Vilalta et al. (2012), high vessel grouping is associated with low safety through increased
chances of embolism spread. There are, however, few studies that test the vessel network
hypothesis and no experiments have been conducted for a diverse set of phylogenetically
diverse species.

3

1.3.2.4. Wood density and tree size

By extension, wood density (i.e., secondary vascular tissue commonly found in angiosperm
dicots and gymnosperms) is identified as a mechanical support, water transport and storage
capacity. It has been named “integrator of wood properties" (Chave et al. 2009) and have been
closely associated with hydraulic characteristics such as embolism resistance (Bucci et al. 2013,
Anderegg et al. 2016, Christoffersen et al. 2016). As a result of indirect relationships with water
transport, wood density is a reliable indicator of stress resistance that correlates with growth
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performance (King et al. 2006, Riger et al. 2012, Gibert et al. 2016, Falster et al. 2018). Species
with low wood density are less likely to be invested in construction because of their lower
relative investment costs (Van Gelder et al. 2006). Moreover, wood density along with other
variety of wood-anatomical traits, such as vessel density and vessel area fraction in xylem
(Hoeber et al. 2014, Hietz et al. 2016), influence productivity and cope with water stress impacts
(Anderegg and Meinzer 2015). Thus, it has been demonstrated repeatedly that trees with higher
wood density are less vulnerable to embolisms (Hacke et al. 2001, Lens et al. 2011, Markesteijn
et al. 2011, Christoffersen et al. 2016). By increasing xylem conduit wall mechanical strength
via the relationship between wall thickness and conduit diameter, wood density reduces the risk
of deficiency (Hacke et al. 2001, Lens et al. 2011). Besides, tree size has been correlated to
vulnerability as well. Tall trees are more exposed to embolism because of their predictably
wider conduit diameter, their long hydraulic path lengths, the higher canopy deficit of vapor
pressure and the higher xylem demand for leaf-produced photosynthates (Lindenmayer and
Laurance 2017, Olson et al. 2018, Stovall et al. 2019, Swemmer 2020).

1.4. Evolutionary relationships between drought-related traits and climate
variation

In evolutionary ecology, a key challenge is to understand which factors promote and maintain
biological diversity on both a taxonomic and functional level (Westoby and Wright 2006).
Functional diversity is studied in plants through phenotypic traits called functional traits (Geber
and Griffen 2003). As defined by Violle et al. (2007), a functional trait is a morpho-physio-
phenological characteristic of plants that affects different fitness components (survival, growth,
reproduction effort) throughout their life cycle. It is both environmental conditions and
phenotypic characteristics that improve the fitness of individual species in specific
environments (Ackerly 2003). Climate change and altered bioclimatic patterns, as previously
mentioned, have been associated with large-scale species losses, shifts in vegetation
communities and evolution of plants (Davis and Shaw 2001, Parmesan 2006, Franks et al.
2014). The ability of functional traits to respond to environmental stress has been largely used
in plant ecology to explore functional strategies at different environments (Esperon-Rodriguez
et al. 2020, Martinez-Vivalta et al. 2010, Nardini and Luglio al. 2013).

A key goal is to understand the impacts of global change on plants for determining the relative
contributions to tree population persistence made by phenotypic plasticity, evolutionary change
in phenology (Alberto et al. 2013), evolution of the plastic response in functional traits (Gienapp
et al. 2008) and/or to species distributions (Blackman et al. 2012, Larter et al. 2017, Skelton et
al. 2020). The response of organisms to changing environmental conditions is genetically
mediated (Bradshaw 1965), so it may evolve as a result of the selection imposed by a changing
environment (Alpert and Simms 2002, Hamann et al. 2020).

Adaptations to climatic conditions are believed to be key to this coordinated evolution of traits
through natural selection. Edwards (2006) suggested that leaf and stem hydraulic traits in
Pereskia may have evolved together as a result of adaptations to different precipitation regimes.
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Field measurements are the most common method of studying trait-trait and trait-climate
evolution. Thus, such associations could simply be the result of phenotypic plasticity, rather
than evolution. Under common garden experiments, evolutionary divergence can only be
distinguished from plastic effects (Ramirez-Valiente et al. 2010, Givnish and Montgomery
2014, Mason and Donovan 2015). The use of closely related species from well-resolved
lineages in common gardens is the only way to detect true evolutionary coordination (Scoffoni
et al. 2016)

1.5. Thesis structure and project objectives

In this thesis, | first present the impact of a changing climate on the temperate forest, then the
different strategies and processes adopted by trees during drought events. I introduce our current
knowledge of plant drought-related traits in order to better understand and predict the key
mechanisms of drought-induced embolism, that leads to increased tree mortality. Finally, I will
discuss the possible trait evolution and plasticity of trees throughout a changing environment
on the base of the measured traits. (Fig. 1.2).

To avoid redundancy in this thesis, | will give a brief overview of the methods and measured
parameters in Section 1.5. The main part of this cumulative thesis dissertation are manuscripts,
which are addressing to the study question in the following paragraphs (Part Il). A common
format is used to present each chapter. It follows that Chapter 1 is currently under review at the
journal New Phytologist, Chapter 2 is currently under review at the journal Plant Biology and
Chapter 3 is being prepared for submission to the journal New Phytologist.

In Chapter 1, 1 aimed to build a compilation of large global datasets of traits related to drought-
induced embolism and test whether embolism resistance can be determined solely by
anatomical traits. In Chapter 2, | focused on using the knowledge from Chapter 1 to develop
and improve an accurate and widely applicable technique for estimating xylem embolism
resistance. To follow up, in Chapter 3 of this thesis | examined the evolutionary relationships
between drought-related traits and environmental preferences. The focus was set on the
precipitation and temperature preferences.

10
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The main objectives of the present thesis are the following:

e Chapter 1: Addressing controversies in embolism resistance — vessel diameter
relationships

- to investigate easy measurable wood anatomical and hydraulic traits related to
embolism resistance,

- to study the inter- and intraspecific scaling of water potential at 50% loss of
conductivity with the hydraulically weighted vessel diameter and to test its link
to pit membrane thickness and specific conductivity related to drought-induced
embolism;

e Chapter 2: Accuracy of the pneumatic method for the construction of branch xylem
vulnerability curves of temperate diffuse-porous trees

- to assess how well the parameters of the vulnerability curves obtained with the
pneumatic method (Pneumatron) agree with estimates obtained from the flow-
centrifuge method (Cavitron),

- Identify the optimal duration for air discharge measurements;

e Chapter 3: Relationships between drought induced traits and environmental
preferences across four genera of temperate trees

- to determine the interspecific trait range capacity to prevent xylem embolism in
six species from each plant family: Betulaceae, Rosaceae and Malvaceae
Sapindaceae. Then examine the relationship between stem embolism resistance,
vessel size and wood density among these 24 species,

- to investigate how the drought-induced traits of those species are
phylogenetically controlled and associated with ecological variables.

11
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Chapter 3:
Develop findings chapter 1
- Macroecological and macroevolution analysis
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- Build theory

Predict embolism resistance and drought induced tree
mortality

Figure 1.2: This diagram provides an overview of the thesis structure; arrows show how
sections and chapters are connected to investigate the main thesis themes (grey box).

The overarching motivation for this work was to test the following hypotheses:

= Chapter 1: Pit membrane thickness increases when the water potential at 50% loss of
conductivity decreases and vessel diameter remains positively correlated with it;

= Chapter 2: The estimated water potential at 50% of discharged air volume measured
with the pneumatic method coincide with the measurements done with the flow-
centrifuge method and 15 sec duration is the optimal discharge time used for
measurements;

= Chapter 3: Drought-induced traits show a strong phylogenetic signal across congeneric
species and across families and there is a detectable trait-environment relationships
across congeneric species and across families.

12
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1.6. Project framework, methods and study area

In the following section, a brief overview of the measured parameters in this study are
described. Furthermore, in the corresponding chapters, additional methodological information
IS provided.

1.6.1. Experimental design and study area

This study was conducted on three areas (Fig. 1.3): the Stutel-Arboretum at the Bavarian State
Institute for Viticulture and Horticulture in Veitshdchheim, Germany (LWG) (49°51'49"N,
9°51'8"E), the Botanical Garden of the University in Wirzburg (49°45'56.7"N, 9°55'58.1"E)
and the University of Ulm in Germany (48°25'20.3"N, 9°57'20.2"E).

Located between latitudinal midpoints of approximately 25° and 75°, the arboretum is home to
more than 400 different tree species. Originally raised in nurseries in Europe and Asia, the trees
were brought to the arboretum as seedlings (maximum age of 2 years). As part of the extensive
project called "Klimabdume Stutel” by the Bavarian State Institute for Viticulture and
Horticulture (LWG), the trees have been planted in 42 rows with a spacing of at least 3 x 3 m
and raised in the arboretum since 2010. Trees shared a common soil, geographical setting
(south-west facing aspect and mild slope), climatic condition and were grown without
interference from neighbouring trees, or any major disturbance to their growth form. The trees
are monitored periodically by recording their growth but are maintained without disturbance to
their growth form with the exception of some minor pruning in the first year after planting.
The long-term mean annual temperature and mean annual precipitation are 10.0 °C and 591
mm in Veitshochheim, 9.6 °C and 560.4 mm in Wirzburg and 9.1°C and 947mm, constituting
a warm temperate continental climate according to the Képpen classification (Peel et al. 2007).
The location of all study sites is provided in Fig. 1.3. We investigated in total 153 trees including
38 species.

13
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Stutel Arboretum

Botanical garden
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Figure 1.3: Map of Germany with the location of the research sites at Stutel-arboretum and at
Wirzburg, Germany. An aerial view of the arboretum and of the Botanical Garden of (Google
Earth 2022) with the plots chosen for our experimental campaign.

1.6.2. Species selection

To answer our study questions (Section 2) 77 trees from 20 temperate angiosperm diffuse-
porous tree species from 10 genera were chosen from the nursery in the Stutel-Arboretum.
Additionally, 22 Acer monspessulanum trees were selected from the Botanical Garden of the
University of Wiirzburg, Germany. Then to answer our study questions presented in Section 3,
plant material from trees belonging to 12 temperate diffuse-porous tree species were collected
in the Stutel-Arboretum and three extra trees were sampled at the University of Ulm and at the
Botanical Garden of the Wirzburg, Germany. Finally in order to answer our study questions
presented in Section 4, plant material of 67 trees from 24 temperate angiosperm diffuse-porous
tree species from four families (Betulaceae, Rosaceae, Malvaceae, Sapindaceae) were used. We
selected the six species within each family based on their ability to withstand drought stress as
well as their similar and/or parapatric geographical distribution (i.e., northern temperate
climates). To capture trait differences based on the tree species evolutionary history rather than
an ecological context of the tree individuals, it is essential that the individuals were grown under
the same environmental conditions.

14
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1.6.3. Summary of the measured parameters

The following parameters were measured in the context of the present PhD thesis. Several of
them were not included in the different chapters of the study question but essential for the
general discussion.

All samples for the hydraulic, wood and leaf anatomy measurements were freshly collected,
and analysed between 2019 and 2021.

1.6.3.1. Tree structure measurements

To track changes in tree diameter, all trees studied (Part I, Chapter 1), were equipped with
dendrometer bands (UMS GmbH, Munich, Germany) to measure the diameter at breast hight
(DBH, cm) in September of each year 2019-2021. The annual stem increment (ASI) was
estimated using the difference between the initial plantation radial value and the 2021 radius
value.

The height (H, m) and crown volume (Crown, m?) of the experimental trees was measured in
February 2020 using a ground-based mobile laser scanning (MLS) (Geoslam ZEB-HORIZON,
Geoslam Ltd., UK 2019). The raw data were processed using the 3D SLAM algorithm in the
GeoSLAM Hub 6.0 processing software (Geoslam Ltd. UK). Open source CloudCompare
software (CloudCompare v2.10.1, https://www.danielgm.net/cc/) was then used for post-
processing the point clouds.

1.6.3.2. Hydraulic measurements

The vulnerability curves (VCs) where measured with the flow centrifuge (Cavitron) method
(Cochard et al. 2013) and with the Pneumatic method (Pereira et al. 2016). Based on VCs the
12%, 50% and 88% loss of hydraulic conductivity, (respectively P12, Pso, Pgg) was calculated.
All the xylem pressure (¥p, MPa) were taken with a Scholander pressure chamber (PMS
Instruments, Corvallis, Oregon, USA). Branch xylem hydraulic specific conductivity (Ks, Kg
m?* MPa! st) was determined using the Xyl’em Plus embolism meter (Bronkhorst, Montigny-
Les-Cormeilles, France).

Finally, the hydraulic safety margins (HSM, MPa) were calculated based on the difference of
the minimum water potential, measured during midday (Wmin, MPa) and the Psqo.

1.6.3.3. Wood anatomical traits

Wood anatomical trait were analysed following the hydraulic measurements. Stem wood
density (WD, g cm?®), saturated water content (SWC, %), vessel density (Vb, n mm?),
hydraulically-weighted average vessel diameter (Dn, um), solitary vessel index (Vs), grouping
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vessel index (Vg) and Vulnerability index (VI, pm? mm) where determined using transverse
sections of the wood anatomical samples which were made with a sliding microtome (G.S.L.1,
Schenkung Dapples, Zirich, Switzerland). Finally, one sample per species was prepared for
transmission electron microscope (TEM) analyses to measure pit membrane thickness (Tewm)
following the protocol by Jansen et al. (2009).

1.6.3.4. Leaf anatomical and hydraulics trait

For all branch samples used for vulnerability curve measurements, all distal leaves were
scanned and oven-dried at 70°C for at least 48h to determine the total leaf area (LA, cm?),
specific leaf area (SLA, cm? g1) and the Huber Value (i.e., the ratio between sapwood area and
leaf area, HV). The leaf turgor loss point (Wup, Mpa) which is the leaf water potential at which
turgor pressure is zero (i.e., of the tolerance of leaves to drought stress) was determined
following the osmometer method of Bartlett et al. (2012) and the vapor pressure osmometer
Wescor Vapro 5600 Vapor Pressure Osmometer.
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2. Chapter 1: Addressing controversies in embolism resistance —
vessel diameter relationships

This chapter is based on the following publication.

vessel diameter relationships.

Manuscript 1 (Revision in New Phytologist) Addressing controversies in embolism resistance —

Emilie Isasa, Roman Mathias Link Steven Jansen, Fon Robinson Tezeh, Lucian Kaack, Juliano
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2.1. Abstract

Although xylem embolism is a key process during drought-induced tree mortality, its relationship
to wood anatomy remains debated. While the functional link between bordered pits and embolism
resistance is known, there is no direct, mechanistic explanation for the traditional assumption that
wider vessels are more vulnerable than narrow ones.

We used data from 20 temperate broad-leaved tree species to study the inter- and intraspecific
relationship of water potential at 50% loss of conductivity (Pso) with hydraulically-weighted vessel
diameter (Dn), and tested its link to pit membrane thickness (Tpm) and specific conductivity (Ks)
on species level.

Embolism-resistant species had thick pit membranes and narrow vessels. While Dn was weakly
associated with Tpwm, the Pso — Dy relationship remained highly significant after accounting for Tewm.
The interspecific pattern between Pso and Dy was mirrored by a link between Pso and Ks, but there
was no evidence for an intraspecific relationship.

Our results provide robust evidence for an interspecific Pso — Dy relationship across our species.
As a potential cause for the inconsistencies in published Pso — Dy relationships, our analysis
suggests differences in the range of traits values covered, and the level of data aggregation (species,
tree, or sample level) studied.

Keywords: angiosperm xylem, embolism resistance, hydraulic conductivity, vessel diameter, pit
membrane, functional traits, data aggregation
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2.2. Introduction

Xylem embolism formation, i.e., the disruption of water flow by the formation of large gas bubbles
in xylem conduits, is a key process contributing to drought-induced tree mortality (Anderegg et
al., 2016; Adams et al., 2017; Powers et al., 2020; Arend et al., 2021; Hajek et al., 2022). Therefore,
recent work has been focused on analyzing the mechanisms that are at play during embolism
formation, and on identifying xylem functional traits that are associated with embolism risk (Lens
etal., 2022).

While the role of xylem embolism in mortality under drought is widely accepted, the exact
mechanistic processes involved in embolism formation remain not well known. Along the
hydraulic pathway from roots to leaves, the water column inside the xylem is under negative
pressure and hence in a metastable state (Tyree and Zimmermann, 2002). As the water potentials
necessary for a spontaneous transition from the liquid to the gas phase (i.e., homogeneous
cavitation) exceed water potentials observed in living plants by orders of magnitude (Herbert and
Caupin, 2005; Stroock et al., 2014; Kandu¢ et al., 2020), this process is unlikely to substantially
contribute to embolism formation. The prevailing assumption is hence that embolism formation is
triggered by ‘air seeding’, i.e., when gas bubbles enter functional conduits through the pores of pit
membranes that are connected to adjacent, embolized conduits (Sperry & Tyree, 1988; Brodersen
et al., 2013; Jansen et al., 2018; Roth-Nebelsick, 2019). Pit membranes hereby play the role of
safety valves that prevent embolism from spreading to neighboring vessels (Meyra et al., 2007;
Choat et al., 2008). Because pit membranes provide the largest pores and highest permeability
between adjacent vessels, their structure is directly linked to embolism resistance (Wheeler et al.,
2005; Jansen et al., 2009). More specifically, pit membrane thickness (Tem) has been singled out
as a key determinant of embolism resistance due to its direct relation to the size distribution of
pore constrictions in pit membranes (Li et al., 2016; Bai et al., 2020; Kaack et al., 2021).

How embolism propagation at the pit membrane level translates to larger-scale wood anatomical
features, particularly to vessel dimensions, is subject to current debate (Kaack et al., 2021;
Levionnois et al., 2021; Lemaire et al., 2021). Here, a long-term assumption is that vessel diameter
is negatively related to resistance against drought-induced embolism, which is thought to form the
basis for an apparent trade-off between embolism safety and hydraulic efficiency (Tyree et al.,
1994; Tyree & Zimmermann, 2002; Wheeler et al., 2005). However, there is no known mechanism
that constitutes a direct link between vessel size and embolism resistance (Anfodillo and Olson,
2021), while the evidence for a stability-efficiency trade-off is frequently weak (Gleason et al.,
2016), the existing evidence for a relationship is inconsistent (Anfodillo and Olson, 2021). In
studies focusing on interspecific patterns, it is often found that vessel diameter is positively
associated with the water potential at 50% loss of hydraulic conductivity (Pso) (Maherali et al.,
2006; Hacke et al., 2006, 2017; Domec et al., 2010; Fu et al., 2012). However, it is not always
clear whether embolism resistance measurements in some of these earlier studies were affected by
vessel size-related measurement artefacts (cf. Wheeler et al., 2013; Lamarque et al., 2018). While
vessel diameters tend to show a general pattern of widening from the leaves towards the roots
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(Olson et al., 2014; Rosell et al., 2017), studies focusing on patterns in embolism resistance
between plant organs within a single plant show less consistent results, indicating that diameter —
Pso relationships within individual plants do not follow the interspecific trend. Some authors report
leaves (Creek et al., 2018; Skelton et al., 2019) or roots (Maherali et al., 2006; Pratt et al., 2015)
to be more vulnerable then stems, some found similar embolism resistance in roots, stems and
leaves (Skelton et al., 2017; Wason et al., 2018, Libbe et al., 2022), while others reported leaves
to be more resistant than stems (Klepsch et al., 2018; Levionnois et al., 2020, Guan et al., 2022).
Finally, microCT observations of intact plants tend to show no (cf. Choat et al., 2016) or
inconsistent relationships between vessel diameter and embolism resistance (Losso et al., 2019).
Studies on relationships between wood traits tend to be based on aggregate variables. Prior to
analysis, observations from single vessels or pit membranes are usually averaged across samples,
individual trees, or species. These levels of aggregation correspond to different observational units
that are influenced by mechanisms acting on different scales (Clark et al., 2011), which may
partially explain aforementioned differences in outcomes between studies. The choice of the
adequate level of aggregation to answer a research question can have profound consequences for
the interpretation of a dataset and may result in very different interpretations of the same data
(Pollet et al., 2015). The question whether individual trees of the same species with different
average vessel diameters differ in embolism resistance, or whether species with different average
vessel diameters differ in embolism resistance at the interspecific level, may have fundamentally
different answers (cf. Poorter et al., 2018). So far, it is unknown to what extent the interpretation
of embolism risk — vessel diameter relationships can be affected by these scale and aggregation
issues.

Here, we investigate wood anatomical and hydraulic traits related to embolism resistance in a
dataset of 77 tree individuals belonging to 20 temperate broadleaved tree species. Additionally,
we focus on within-species patterns based on a dataset of 22 Acer monspessulanum trees. For both
datasets, embolism resistance and wood anatomical traits were derived from the same upper
canopy branches, and all trees were sampled at a consistent sampling height. Our design thus
intended to minimize confounding effects of tree height- and flow path length-related patterns in
vessel size. We use these datasets to address the questions whether embolism resistance (as
measured by Psp) is related to hydraulically-weighted vessel diameter (Dn), how it relates to pit
membrane thickness (Tem), and how the answer to these questions is affected by choices during
the data analysis. We hereby focus on a) whether or not an effect of Dn on Pso remains after
accounting for the confounding effect of Tem, b) to which extent the range of Dy covered by the
species and samples studied may affect the outcome, and c) whether the observed relationship
between Psg and Dy is consistent within and between species. To achieve the latter, we propose a
simple statistical model to decompose trait relationships into intra- and interspecific components.
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2.3. Materials and Methods

2.3.1. Study site and plant material

For this study, 77 trees from 20 temperate and diffuse-porous angiosperm tree species from 10
genera were chosen from the nursery in the Stutel-Arboretum from the Bavarian State Institute for
Viticulture and Horticulture (LWG) at Veitshdchheim, Germany (49°51'49"N, 9°51'8"E).
Additionally, 22 Acer monspessulanum trees were selected from the Botanical Garden of the
University of Wirzburg, Germany. The long-term mean annual temperature and mean annual
precipitation are 10.0 °C and 591 mm in Veitshochheim and 9.6 °C and 560 mm in Wirzburg,
respectively (Bavarian State Institute for Agriculture — LFL), constituting a continental climate
according to the Képpen classification (Peel et al., 2007).

Plant material from the Stutel-Arboretum was collected June — September 2019 and 2020 (Table
2.1) from trees aged ca. 11 years. Two samples each were taken from two to four individuals per
species, resulting in a total of 77 sampled trees (Table 2.1). Plant material from the 22 Acer
monspessulanum trees was collected November — December 2020 before the onset of frost. Three
replicate samples were taken per tree, resulting in a total of 66 samples, two of which had to be
discarded due to measurement problems. At both sites, at least 60 cm long twigs were cut from the
middle canopy at a height of ca. 4-5 m, wrapped in wet paper towels, bagged in dark, humidified
plastic bags, transported to the laboratory, and processed on the same day. For the trees from Stutel,
we measured vulnerability curves and wood anatomical traits on one sample, and hydraulic
conductivity on the other. The age of the branches at the basal end (determined from microtome
slides) was on average 3.7 yr (range: 2—7 yr) for the Stutel site, and on average 7.7 yr (range: 3—
15 yr) for the botanical garden.
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Table 2.1: Tree characteristics sorted by family. Given are the family, species name, sample code used in
subsequent figures, number of sampled individuals (nwee, With the number of trees for the individual level
relationships in parentheses for A. monspessulanum) and the mean and standard deviation of diameter at
breast height (DBH) and tree height (Height).

Family Species Code ngee DBH (cm) Height (m)
Aceraceac  Acer campesire ACCA 4 10.8 £0.6 7.0£0.2
Acer monspessulanum ~ ACMO 2 (22) 12.6+0.7 6.7 +£0.1
Acer platanoides ACPL 4 123+ 0.7 7.2+0.2
Acer rubrum ACRU 4 8.7+£0.6 6.2+0.2
Betulaceae  Betula pendula BEPE 4 10.7+1.2 84+0.8
Betula utilis BEUT 4 8.6 £0.7 6.6 £0.3
Carpinus betulus CABE 4 109+ 0.9 7.4+0.3
Crataegus persimilis CRPE 4 7.2+04 59+0.1
Ostrya carpinifolia OSCA 4 8.9+0.2 6.0+0.2
Platanaceae Platanus orientalis PLOR 4 11.8+0.9 7.7+0.1
Platanus x acerifolia PLAC 4 96+0.6 47+04
Rosaceae Prunus padus PRPA 3 10.7 £0.8 6.4+0.1
Prunus serrulata PRSE 4 11.7+0.5 5.8+04
Pyrus calleryana PYCA 4 11.2+£10 7.6+0.8
Sorbus latifolia SOLA 4 9.2+0.7 5.6+0.3
Sorbus x thuringiaca SOTH 4 94+06 59+03
Malvaceae  Tilia cordata TICO 4 11.4+0.8 6.5+04
Tilia mongolica TIMO 4 8.8+03 51+£0.1
Tilia platyphyllos TIPL 4 12.24+0.3 7.6 +0.2
Tilia tomentosa TITO 4 172+ 1.0 7.5+0.5

2.3.2. Quantification of xylem hydraulic conductivity

For measuring branch xylem hydraulic conductivity (Kn; kg m s MPa?), fresh samples were
allowed to rehydrate in water for at least 20 min, and then recut under water from both ends to a
length of 35 cm, which exceeds the maximum vessel length for all species analyzed (Paligi et al.,
unpublished). Subsequently, lateral twigs were removed and the cuts immediately sealed using
quick-drying adhesive (Loctite 431 with activator 7452; Henkel, Disseldorf, Germany) to prevent
leakage. Then, the samples were connected to a Xyl’em Plus embolism meter (Bronkhorst,
Montigny-Les-Cormeilles, France) with silicone tubes to measure stem hydraulic conductivity
using degassed, demineralized water containing 10 mM KCI and 1 mM CaCl,. After measuring
initial hydraulic conductivity at a low-pressure head of 6 kPa for 5 minutes, samples were
repeatedly flushed at high pressure of 120 kPa for 10 minutes to remove emboli to measure
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maximum hydraulic conductivity once the conductivity values were stable. Hydraulic conductivity
was calculated as Kn = f - L / AP, where f (kg s?) is the flow rate, and AP (MPa) is the pressure
drop along the length of the segment (L, m). The specific conductivity (Ks; Kg m™ MPa™ s1) was
then computed by dividing Kn™* by the basal cross-sectional xylem area (Across, M?), excluding
bark.

2.3.3. Vulnerability curves with the flow-centrifuge method

Vulnerability curves based on the flow-centrifuge method were measured with a Cavitron device
(Cochard et al., 2005) built from a Sorval RC 5 centrifuge with manual control of rotation speed,
and using the Cavisoft software (Cavisoft v.5.2.1, University of Bordeaux, Bordeaux, France). A
subset of the vulnerability curves in this paper were also used for a methodological comparison
with the pneumatic method (Paligi et al., 2021).

In total, vulnerability curves were constructed for 77 branches from the Stutel arboretum (basal
diameter: mean £ SD 8.87 = 0.88 mm; Fig. S1) and 64 Acer monspessulanum branches from the
botanical garden (diameter: 7.03 + 0.82 mm). After sampling, the branches were submerged in
demineralized water immediately upon arrival in the laboratory and recut several times using
pruning shears to release the negative pressure in the xylem (Torres-Ruiz et al., 2015). Then, lateral
twigs were removed and samples shortened to a final length of 27.5 cm. Subsequently, samples of
3-4 cm length were cut from the basal and apical sample end, and stored in 70% ethanol for
anatomical observations. Before inserting the branch segments in a custom-made rotor, the bark
was removed at both stem ends, and their diameters were measured. Conductance was measured
using the solution mentioned above, starting at a water potential of —0.834 MPa (equivalent to
3000 rotations per minute) and reducing the water potential stepwise until at least 90% loss of
initial conductance recorded with the Cavisoft software. For each increase in rotational velocity
and hence in pressure, we waited for 2 minutes before conductance was measured.

2.3.4. Vessel anatomical traits from light microscopy

For all species, thin (20 pum) traverse sections of the wood anatomical samples were made with a
sliding microtome (G.S.L.1, Schenkung Dapples, Zirich, Switzerland), stained with safranin-
alcian blue, rinsed with distilled water and ethanol (95%), and permanently embedded on glass
slides using Euparal (Carl Roth, Karlsruhe, Germany). Subsequently, the complete cross-section
was digitalized at 100-times magnification using a light microscope equipped with an automated
table and a digital camera (Observer.Z1, Carl Zeiss Microlmaging GmbH, Jena, Germany;
Software: AxioVision ¢4.8.2, Carl Zeiss Microlmaging GmbH). Anatomical measurements were
made by semi-automated image analysis using ImageJ version 1.52p (Schneider et al., 2012) and
GIMP version 2.10.6 (GIMP Development Team, 2018). While the majority of vessels could be
identified by applying this semi-automated approach, it was impossible to completely exclude
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tracheids in our measurements of some species because narrow vessels cannot be easily
distinguished from tracheids based on transverse sections. The equivalent vessel diameter
according to White (1991) (d, um), i.e., the diameter of a circular vessel with the same conductivity
as an elliptical one with minor and major radius a and b, was calculated as:

(32 (ab)3>0'25 (1)

aZ + b2

Based on d, the hydraulically-weighted average vessel diameter (Dn, um) was calculated according
to Sperry et al. (1994) as:

Yd> (2)

Dh:ﬁ

2.3.5. Pit anatomical traits from transmission electron microscopy

One sample per species was prepared for transmission electron microscope (TEM) analyses to
measure pit membrane thickness (Tem, nm) following the protocol by Jansen et al. (2009).

Small xylem slivers were cut with a fresh razor blade from the two outmost growth rings of the
fresh and hydrated wood samples used for hydraulic measurements on the day of sample
collection. The slivers were then cut to 1 mm?® cubes in water and fixed in a standard fixative (5%
glutaraldehyde in 0.1 mol cacodylate buffer). Then, the samples were washed in a 50 mmol
cacodylate buffer and post-fixed in 2% buffered osmium tetroxide in 0.1 mol cacodylate buffer for
2 h in ice. They were then stained with 0.5% uranyl acetate, and dehydrated through a gradual
ethanol series (30%, 50%, 70%, and 90%) for two to three minutes. Samples were embedded in
Epon resin (Sigma-Aldrich, Steinheim, Germany) at 60 °C. Transverse, semi-thin (500 nm thick)
sections were cut from the embedded samples with a glass knife, stained with 0.5% toluidine blue
in 0.1 mol phosphate buffer, and mounted on slides with Eukitt (Plano GmbH, Berlin, Germany).
Ultra-thin sections between 60 nm and 100 nm thick were cut with a diamond knife using an ultra-
microtome (Leica Ultracut UCT, Leica Microsystems, Vienna, Austria) and deposited on a copper
grid (Athena, Plano GmbH, Wetzlar, Germany). Several grids were prepared for each TEM
sample. Intervessel pit membranes were observed under a JEOL 1210 TEM (Jeol Germany GmbH,
Freising, Germany) at 120 kV accelerating voltage. TEM pictures were taken with a digital camera
(Soft Imaging System, Muinster, Germany). ImageJ version 1.52p was used to measure Tpm at least
three times per pit membrane at opposite sides near the pit membrane annulus (i.e., close to the pit
border) and in the center. Shrunken pit membranes were excluded because these were likely
showing artefacts by deformation, aspiration, or aging, and thus may not represent functional pit
membranes (Schmid & Machado, 1968; Sorek et al., 2021). Shrunken pit membranes were
identified based on their electron dense appearance under TEM, while fresh pit membranes in
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functional conduits generally have a low electron density, with a homogeneous, granular
appearance of lipids on and/or in pit membranes (Zhang et al., 2017, 2020; Kotowska et al., 2020).
While intervessel pit membranes were imaged as much as possible, it was not possible to
distinguish narrow vessels from tracheids in some species based on a transverse TEM section.
Therefore, both intervessel and vessel-tracheid pit membranes may be included in our analyses.

2.3.6. Statistical analyses

All statistical analyses were performed in R v. 4.2.2 (R Core Team, 2022) in the framework of the
tidyverse v. 1.3.2 (Wickham et al., 2019).

Vulnerability curves were fitted with nonlinear least squares using the logistic model by
Pammenter and Vander Willigen (1998) in the modified version based on hydraulic conductivity
(Ogle et al. 2009):

1
Ki~ Normal | Kg,¢ - | 1 — ,o |, (3)

1+ exp (= 32 (P — Pyo) )

where for each observation i, the conductivity K; is assumed to be normally distributed with
residual standard deviation ¢ around a logistic function of the water potential P;with the parameters
Pso (water potential at 50% loss of conductivity), Sso (corresponding slope on the percent loss of
conductivity scale) and Ksat (conductivity at full saturation).

The significance of linear associations at the species level was tested with linear models of species
averages fitted with ordinary least squares. To illustrate the effect of range restriction on regression
results, we further fitted an analogous model of Pso vs. Dn with a subsample of species (arbitrarily
restricted to a range of Dn of 35-45 um for demonstrational purposes). After constructing a
directed acyclic graph (cf. Shrier & Platt, 2008) to identify necessary covariate adjustments, we
used multiple linear regression to test whether relationships between Dy and Pso resulted from a
confounding effect of Tpm, or whether a diameter effect remained after accounting for Tem.

To illustrate the importance of the level of aggregation for the interpretation of relationships
between plant traits, we further fitted two models of Pso at the individual level. We hereby
contrasted the classical linear mixed-effects model (LME) formulation with random intercepts and
slopes with a modified LME that used within-species centering to separate within- and between-
species effects of Dy analogous to the within-subject centering in Van de Pol and Wright (2009).
In the classical formulation, the dependent variable y; for each observation i in (1...N) is expressed
as a linear function of the predictor variable x; with intercept a and slope £, which are allowed to
vary for each group jin (1...J)):
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yi=(a+uj)+(ﬁ+vj)-xi+ei (4)

Here, ¢ are the model residuals, while u; and v; are the species-wise random deviations from the
overall average parameters, and usually modeled as realizations of a multivariate normal
distribution with a covariance matrix estimated from the data. The slope g estimated by this model
is only a valid estimate of the average intraspecific slope if there is no between-species variation
in x (cf. Bafumi and Gelman, 2007; van de Pol and Wright, 2009), a condition that is likely not
met by most studies of relationships between evolutionarily constrained traits. Moreover, this
model provides no estimate of the interspecific slope, which often may be equally or more relevant
than the intraspecific slope.

We contrasted the model in (4) with an LME with within-species centering, an alternative
formulation that separates the effect of the predictor variable xi into the species averages X, and

the deviations from these averages (x; — ;). This allowed us to decompose the relationship
studied into an across-species and a within-species component with separate parameters facross and
Pwithin.

Yi = (a + uj) + Bacross " % + (ﬁwithin + Uj) : (Xi - )?]) + € (5)
The models in Eqgn. (4) and (5) were fitted in a Bayesian hierarchical modelling framework with

moderately informative priors (cf. Lemoine, 2019) using the R package brms v.2.18.0 (Burkner,
2017, 2018) (see Supplementary Material S1 for details).
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2.4. Results

2.4.1. Embolism resistance, hydraulic efficiency and wood anatomy across species

Our results covered a wide interspecific range of xylem embolism resistance, i.e. xylem water
potential at 50% loss of hydraulic conductivity (Pso), specific hydraulic conductivity (Ks) and
hydraulically-weighted vessel diameter (Dn) in the branch xylem. In our study across 20 temperate,
diffuse-porous, and broadleaved tree species (n = 77), Pso varied from —7.33 MPa to —1.70 MPa,
Ks from 0.46 to 1.98 kgm™* MPa* s, and Dy, from 25.25 um to 45.17 um (Fig. 2.1, Table S1,
Fig. S2). Within Acer monspessulanum (n = 66), Pso ranged from —7.99 to —6.00 MPa and Dy, from
25.910 35.4 pm.
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Figure 2.1: Observed ranges of a) the water potential at 50% loss of conductivity (Pso), b) the maximum
specific conductivity (Ks), and c) the hydraulically-weighted vessel diameter (D) of 20 angiosperm tree
species, with 3 to 4 (A. monspessulanum: 24) individuals per species. Shown are raw data from individual
plants overlaid with mean + standard errors, ordered by their mean values. For species codes, see Table 1.1.

In analyses of interspecific bivariate relationships (Fig. 2a-b, Table S2), species with a higher Dn
had a less negative Pso and hence a lower embolism resistance (R = 0.50, p < 0.001), while species
with a higher pit membrane thickness (Trpm) Were more embolism resistant (R? = 0.51, p = 0.001).
Pso further increased significantly with Ks (R? = 0.47, p = 0.001), i.e., species with high xylem
conductivity tended to have low embolism resistance (Fig. 2.2c, Table S2).
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Figure 2.2: Results of simple species-level linear regressions of water potential at 50% loss of conductivity
(Pso) vs. @) hydraulically-weighted vessel diameter (Dn), b) pit membrane thickness (Tem) and ¢) maximum
specific conductivity (Ks). Shown are the species level averages (blue) overlaid with the model predictions
+ 95% confidence bands (grey). For regression, parameters see Table S2.
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2.4.2. Determinants of embolism resistance

The hypothesized relationships between Dy, Tem and Pso are reflected in the directed acyclic graph
in Fig. 2.3 a, with the potential indirect path via intervessel pit area displayed as dashed arrows.
While there was a significant negative correlation between Dy and Tem (r = —0.463, t =—2.215, df
=18, p = 0.039), the direction and magnitude of this link were not nearly sufficient to explain the
association observed between Dn and Pso. A key result is that a sizeable positive effect (p = 0.006)
of D on Psg remained after accounting for the negative effect of Tem (p = 0.005), i.e., species with
the same value of Tpm Were more embolism resistant when they had narrower vessels (Fig. 2.3 b-
¢, Table S2). Together, Dn and Tpm explained 68.9 % of the variance in species-level Pso. At the
sample level, Psg was not significantly correlated with sample age, neither for the Stutel dataset (r
=—-0.032,t=-0.277, df = 75, p = 0.782), nor for the Acer monspessulanum dataset (r = —0.126, t
=-1.001, df =62, p = 0.321).
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Figure 2.3: An alternative way of looking at the relationships between Dy, Tem and embolism resistance.
a) directed acyclic graph for the relationships between water potential at 50 % loss of conductivity (Pso),
pit membrane thickness (Tewm), hydraulically-weighted vessel diameter (Dy) and total pit surface area (Ap).
Unidirectional arrows: causal relationships, bidirectional arrows: correlative associations. The dashed
arrows indicate the indirect effect of Dy on embolism safety via the unmeasured intervessel pit area per
vessel (grey) hypothesized under H2. b) partial predictions from a multiple regression model of Psp vs. a)
Dy and b) Tem. Shown are counterfactual predictions for Pso (predictions for one variable when the other
variable is held at its average value; blue lines) with 95% confidence bands (grey area), overlaid with partial
residuals. For regression parameters, see Table S2.
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2.4.3. Importance of trait value range and the level of aggregation

The range of trait values covered was found to strongly affect the results obtained (Fig. 2.4 a), with
the slope of a linear regression explaining 50% of the variance in the full species level dataset (p
< 0.001), and only 2% in a subset arbitrarily limited to a range of Dy between 35 and 45 pum (p =
0.676; Fig. 2.4 a, Table S2). Moreover, there was no evidence for a significant intraspecific
association of Pso with Dy (R? < 0.001, p = 0.961; Fig. 2.4b, Table S2) for the 22 individual Acer
monspessulanum trees.

The analyses of trait relationships on the individual level were strongly affected by model
specification. Fig. 2.5 contrasts two alternative specifications for linear mixed-effects models of
the association between Pso with Dy based on individual-level data. It is clear that the regular
random intercept and slope formulation (Eqn. 4) was not able to recover the interspecific
association observed (Fig. 2.5 a). The slope for the overall trend in this model was not credibly
different from zero (slope 0.019, 95% CI: —0.015-0.053; Table S3). In the model formulation with
within-species centering (Eqn. 5), we found evidence for a strong positive effect of Dy on species
level (slope 0.177, 95% CI: 0.085-0.267), while the average within-species slope was not credibly
different from zero (0.007, 95% CI. —0.029-0.042; Table S3, Fig. 2.5 b).
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Figure 2.4: The range of observations and the observational scale can affect the observed Pso-Dn-
relationships. a) Effect of range restriction on the outcome of a linear regression. The upper panel shows
the full range of the data shown in the first panel of Fig. 2.2 with the explained variance and p-value in a
linear regression, while the lower panel is based only on observations with a Dn between 35 and 45 pm.
Shown are the species-level observations overlaid with the linear regression predictions (blue) and 95%
confidence bands (grey). b) Within-species of Acer monspessulanum relationship of water potential at 50%
loss of conductivity (Pso) vs. hydraulically-weighted vessel diameter (Dn). For regression parameters, see

Table S2.
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Figure 2.5: Dependence of trait relationships on the aggregational level and the implications of within-
species centering for overall and species-specific predictions. a) Predictions from a mixed-effects model
using a regular random slope and intercept formulation (Eq. 4). b) Within- and between-species predictions
from a mixed model with random intercepts and slopes using within-species centering (Eqg. 5). Shown are
the raw data (small points) and species averages (big points with black contour) overlaid with marginal
predictions (black) with 95% credible intervals (grey) as well as conditional within-species predictions
(colored lines). For species codes, see Table 2.1; parameter estimates are provided in Table S3.
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2.5. Discussion

Our results provide evidence for an interspecific relationship of xylem embolism resistance (as
measured by the Pso-value) with both pit membrane thickness (Tem) and hydraulically-weighted
vessel diameter (Dy) in the branch xylem of temperate diffuse-porous angiosperm trees. They
further demonstrate that a potential link between vessel diameter and pit membrane thickness
cannot explain the lower embolism resistance of species with wider vessels. As such, our data
provide clear evidence that in the species studied, vessel dimensions have an effect on embolism
resistance, but that this relationship cannot be explained by pit membrane thickness only.

2.5.1. The role of pit membrane thickness for embolism resistance

The important role of pit membrane properties for embolism resistance has been demonstrated in
various studies (Choat et al., 2003; Lens et al., 2011, 2013; Scholz et al., 2013; Li et al., 2016;
Kaack et al., 2021). In our dataset, tree species with thicker intervessel pit membranes were more
resistant to drought-induced embolism than species with thinner pit membranes (Fig. 2.2), which
is in accordance with previous reports for angiosperm species both at the interspecific and
intraspecific level (Lens et al., 2011; Scholz et al., 2013; Li et al., 2016; Schuldt et al., 2016).

A mechanistic explanation for the link between embolism resistance and Tpwm is that due to the link
between the thickness and pore size distribution of nonwoven fibrous media (cf. Bai et al., 2020),
thicker pit membranes can be expected to have narrower maximum sizes of pore constrictions. If
embolism formation is triggered by air passing through pore constrictions, thicker pit membranes
should therefore result in reduced embolism risk (Jansen et al., 2018). The rare pit hypothesis
assumes that a vessel’s embolism risk depends on the size of its largest pore, which is predicted to
be linked to its total pit area (Ap) and hence vessel dimensions (Hargrave et al, 1994; Wheeler et
al., 2005). A corollary of this hypothesis is therefore that for given values of Ap, species with
thicker pit membranes should have a higher embolism resistance (cf. Christman et al., 2009).

However, it has been pointed out that the rare pit hypothesis is based on a simplistic, two-
dimensional view of pit membranes that does not capture the complexity of their spatial structure
(Kaack et al., 2019). Models of air-seeding processes based on the Young-Laplace equation
implicitly assume pit membranes to consist of a set of circular, parallel pores with constant
diameter that connect both sides of the membrane. In reality, the pore space between cellulose
microfibrils of pit membranes forms a large, highly interconnected pathway consisting of multiple
pore spaces and narrow pore constrictions (Zhang et al., 2020). In agreement, mechanistic
modelling and experimental data show that the minimum pore constrictions in pit membranes are
smaller than expected, and leaky pit membranes are by far not common enough to support the rare
pit hypothesis (Kaack et al., 2021). In addition, the presence of stable gas nanobubbles in the xylem
sap (Schenk et al., 2015, 2017), dynamic changes in surface tension induced by local concentration
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gradients of insoluble lipid-based surfactants (Yang et al., 2020), and uncertainties regarding the
mechanisms that drive the spontaneous snap-off of gas bubbles at the air-water interface in
membrane pore constrictions (Park et al., 2019) put into question whether direct bubble penetration
as based on the air-seeding hypothesis represents the main mechanism behind embolism formation
(Kaack et al., 2021). Indeed, pressure-driven gas diffusion across pit membranes may be as
important for the spread of emboli as the bulk flow of gas implied by air-seeding (Guan et al.,
2021). If the driving process for the formation of emboli is the spontaneous expansion of
previously stable gas bubbles that either entered vessels as nanobubbles, or came out of solution,
pit membrane thickness can be expected to have a strong effect on embolism resistance via its
permeability. However, in this case it is less clear why Pso should be associated with vessel
dimensions (Lens et al., 2022).

2.5.2. How can we explain the Pso— Dn relationship mechanistically

One potential reason for the observed link between Pso and Dn is the dependence of embolism
resistance on the connectivity of the conduit network, including vessels and tracheids (Loepfe et
al., 2007; Mrad et al., 2018, 2019; Wason et al., 2021). If larger vessels have a higher connectivity,
i.e., If each vessel shares bordered pits with a higher number of other vessels or tracheids as
potential sources of embolism spread, this may constitute a link between embolism resistance and
vessel dimensions, independent of the frequency of rare, leaky pits (cf. Levionnois et al., 2021).

The probabilistic argument that is at the core of the rare pit hypothesis (cf. Christman et al., 2009)
can also be extended to processes other than bulk flow of bubbles through pit membranes.
Embolism formation is a highly nonlinear process, where a slight state change can trigger the
complete and largely irreversible loss of conductive function of a vessel once a certain tipping
point has been crossed (cf. Arend et al., 2021; Johnson et al., 2022). If embolism formation depends
on any stochastic process that can happen with a certain probability anywhere in a vessel, it is
more likely to happen at least once in a vessel with a larger volume, which therefore will invariably
possess a higher embolism risk. Importantly, this applies to all the drivers of embolism formation
depending on gas dynamics discussed above. If embolism formation, for instance, was driven
predominantly by the expansion of nanobubbles that exceed a critical size (Schenk et al., 2017;
Park et al. 2019; Ingram et al., 2021), a single bubble exceeding this threshold size could cause the
complete loss of functionality of the corresponding vessel. Similarly, if emboli spread
predominantly via gas diffusion through pit membranes (Guan et al., 2021), it would only take one
large enough bubble coming out of solution, e.g., after a temperature increase (see Fig. 1 in Schenk
et al., 2016) to trigger a catastrophic state change. As both processes are more likely to happen at
least once in larger xylem sap volumes, they are consistent with a link between embolism
resistance and vessel dimensions that is independent of Ap. As all processes mentioned above
depend on the occurrence of rare events that are hard to observe, the possibility for empirical
testing is limited (Kaack et al., 2019). The most promising way of evaluating their importance is
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therefore via mechanistic modelling approaches as in Kaack et al. (2021). If the processes of
interest for embolism formation depend on the occurrence of rare events situated in the extreme
tails of highly skewed probability distributions, a promising route to improve existing models may
be to guide them by basic principles of extreme value theory (Coles et al., 2001; Reiss and Thomas,
2007). A recent application in an ecophysiological context is provided by Martinez-Vilalta et al.
(2021), who proposed the use of methods from this field to improve estimates of minimum water
potentials.

If embolism resistance indeed depended on vessel diameter, this relationship would establish a
mechanistic link between plant drought responses and pervasive trends in wood anatomy. This
provides a potential explanation for both large-scale patterns in the variation in vessel diameter
along climate gradients (Pfautsch et al., 2016; Hacke et al., 2017) and patterns observed in growth
rings of years differing in water availability (Zimmermann et al., 2021). Moreover, given the
universal scaling of vessel diameter with path length within individuals (Olson et al., 2014), the
existence of a xylem safety — vessel diameter relationship may help explain the higher embolism
risk of taller plants (Anfodillo and Olson, 2021), and thus why water availability dictates global
patterns in plant height (Moles et al., 2009). In addition, the link between Dn and Psp is at the basis
of a potential hydraulic safety — efficiency tradeoff (Hacke et al., 2006). Indeed, our results showed
a positive relationship between Pso and specific conductivity (Ks), with more embolism-resistant
species having less efficient xylem (Fig. 2.2 c). Notably, the correlation between Pso and Ks
observed here is strong compared to other values reported in literature (Gleason et al., 2016; Van
der Sande et al., 2019; Libbe et al., 2022). This strong link may result from using a sample of
similarly sized trees from species with diffuse-porous wood covering a broad range of embolism
resistance (Fig. 2.1), grown under identical conditions, and measured with consistent methods,
which highlights the importance of controlled experimental conditions to minimize the influence
of confounding covariates.

2.5.3. Reconciling discrepancies about the vessel diameter —embolism resistance relationship

One potential explanation for inconsistency in literature about the Dy — Psg relationship is bias
induced by missing covariates (Shrier & Platt, 2010), most importantly pit membrane thickness.
In our dataset, we observed a strong Dn — Pso relationship (Fig. 2.3-2.5). While a spurious
association induced by a link between Dn and Tem could be ruled out for our dataset, it is possible
that an unaccounted positive Dn — Tpm relationship may mask an existing relationship in other
datasets, especially when covering wider ranges of species with different pit morphologies. In
either case, it is important to point out that tests of bivariate associations (cf. Fig. 2.2) and
regression models with more than one predictor (cf. Fig. 2.3) answer fundamentally different
questions. While the former is a sensible approach when the question is whether and how two traits
are associated, the study of pairwise bivariate associations is generally not an adequate tool for
inference about causal relationships between variables, e.g., whether or not one trait has an effect
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on another trait (Pearl, 2000). If the latter is desired, it may be more adequate to use graphical
approaches based on directed acyclic graphs (DAGs, cf. Fig. 2.3 a) (Greenland et al., 1999; Shrier
& Platt, 2008) to identify the variables that have to be included in multiple regression models, or
to employ formal causal inference frameworks such as structural equation modelling (Grace et al.,
2012). One central takeaway from the DAG in Fig. 2.3 a is that if Tpm and Dy are correlated, it is
impossible to obtain unbiased evidence about the existence of a Dn — Pso link without accounting
for Tem.

A second potential explanation why some studies report a link between Dy — Pso, while others do
not, are differences in the range of trait values covered. As illustrated in Fig. 2.4 a, even if the Dn
— Pso relationship remains identical, a restricted range in the traits sampled results in a lower power
to detect an existing relationship (Bland & Altman, 2011). Hence, a weak correlation between two
traits is insufficient to conclude that there is no relationship if the sampling covers only a small
part of the potential variation of these traits. For instance, to identify a true relationship based on
a Pearson correlation test with a nominal power of 0.8 and a significance level of 0.05 for an
identical slope as in Fig. 2.4 a, one would need 12.4 observations, but 40.6 observations (i.e., over
three times more) would be required for an equally strong relationship if Dn was constrained to
values between 35 and 45 um (calculated with R package pwr 1.3-0; Champely 2020).
Accordingly, studies covering a restricted range of one or more traits are less likely to be able to
identify an existing relationship. This is especially relevant for studies of intraspecific patterns, as
hydraulic safety-related traits are evolutionarily conserved traits (Hajek et al., 2016; Fuchs et al.,
2021; Weithmann et al., 2021).

A third —and perhaps the most relevant — factor contributing to disparate results in studies of xylem
safety — vessel diameter relationships is the dependence of trait relationships on the level of data
aggregation. Our dataset illustrates that trait relationships are not consistent across levels of
aggregation, and that a strong interspecific pattern can be consistent with the complete absence of
any intraspecific relationships between the same traits (Fig. 5b). While trait relationships are often
analyzed at the species level, most processes that determine the fitness of plants, like competition
and plant-environment interactions, act at the individual level (Clark et al., 2011). However, when
focusing on the individual level, the trait relationships observed may be obscured or even reversed
by ontogenetic trends, size-related constraints, or variation across organs (cf. Li et al., 2019;
Zimmermann et al., 2021; Lubbe et al., 2022). For example, a major driver of intraspecific
variability in Dy is the widening of vessels along the flow path, which tends to follow relatively
static scaling relationships (Olson et al., 2014; Rosell et al., 2017). If not properly controlled or
accounted for, these intra-individual patterns in Dy may mask existing relationships with Pso at the
individual or species level. This would especially be the case if Tem changed along the flow path
(Kotowska et al., 2020; Guan et al., 2021). Accounting for size-effects that drive intratree and
intraspecific variation is especially relevant when analyzing trait associations measured on
different observational units, e.g., the relationship between branch Psg and stem Dy, or Dn and Pso
measured on different trees with different sizes. The design of this study, which focused on traits
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measured on the same branch samples and at similar positions along the flow path, permitted us to
minimize the effect of these confounding size effects.

The complete absence of a credible intraspecific effect of Dn on Psg in the presence of a strong
interspecific pattern (Fig. 2.5 b) illustrates that for analyses of trait relationships it is crucial to
consider which level of aggregation inference is desired. Importantly, conflating inference on
different levels of aggregation is not merely imprecise, but constitutes a logical fallacy
(ecological/individualistic fallacy) that may lead to erroneous conclusions (cf., Robinson 1950;
Subramanian et al., 2009; Pollet et al., 2015).

As illustrated in Fig. 2.5, the classical random slopes and intercepts LME only estimate the
intraspecific slope, which may not always answer the biologically most meaningful questions.
Moreover, its estimate of the intraspecific slope is biased when species are not independent of the
predictor variable (Bafumi and Gelman, 2007). The within-species centering model we propose
here (Egn. 5, Supplementary Material S1) allows to separate trait relationships into within- and
across-species components based on a standard LME syntax. As this model permits ‘borrowing
strength’ (Tukey, 1972) across species via partial pooling (Gelman, 2006) to estimate an average
within-species slope, it alleviates the issue of restricted trait ranges and small sample sizes within
species, which can strongly affect the power of intraspecific analyses performed separately for
each species (see above).

2.6. Conclusions

Our work provides clear evidence that across species, embolism resistance relates to both pit
membrane thickness and vessel diameter, and that this diameter effect cannot be explained by an
association of both diameter and embolism resistance with pit membrane thickness. Therefore, a
Dn — Pso relationship could be explained by a functional link between Dy and Ap, or could be
independent of Ap, driven for instance by multiphase processes at the gas-liquid-solid-surfactant
interface in pit membranes, such as the dynamics of bubble behavior. Future work should hence
be directed at identifying the mechanisms that drive the Dn — Psg relationship to reconcile recent
models of embolism formation with anatomical evidence at the pit and vessel level, including
vessel dimensions and connectivity. In this regard, both direct measurements of total intervessel
pit area or number and mechanistic modelling of the processes behind embolism formation are
crucial.

Further, our study illustrates those inconsistencies in the Dn — Psg relationship reported in literature
may be reinforced by differences in the size range of variables studied, missing covariates, and
most importantly, the conflation of different scales of aggregation. The latter is underlined by the
total absence of an intraspecific Pso — Dy relationship, which contrasts with the pronounced
interspecific trend in our dataset. The within-species centering model proposed expands the
toolbox of trait-based ecology by a simple tool to separate cross-species and within-species
patterns of trait associations.
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3.1. Abstract

The increasing frequency of global change-type droughts has created a need for fast, accurate and
widely applicable techniques for estimating xylem embolism resistance to improve forecasts of
future forest changes.

We used data from 12 diffuse-porous temperate tree species covering a wide range of xylem safety
to compare the pneumatic and flow-centrifuge method for constructing xylem vulnerability curves.
We evaluated the agreement between parameters estimated with both methods and the sensitivity
of pneumatic measurements to the measurement duration.

The agreement between xylem water potentials at 50% air discharged (PAD) estimated with the
Pneumatron and 50% loss of hydraulic conductivity (PLC) estimated with the flow-centrifuge
method was high (mean signed deviation: 0.12 MPa, Pearson correlation: 0.96 after 15 sec of gas
extraction). However, the relation between the estimated slopes was more variables, resulting in
lower agreement in xylem water potential at 12% and 88% PAD/PLC. All parameters were
sensitive to the duration of the pneumatic measurement, with highest overall agreement between
methods after 16 sec.

We conclude that, if applied correctly, the pneumatic method enables fast and inexpensive
estimations of embolism resistance for a wide range of temperate, diffuse-porous species, which
makes it attractive for predicting plant performance under climate change.

Keywords: Cavitron, drought tolerance traits, xylem embolism resistance, vulnerability curve,
methods comparison, Pneumatron, plant hydraulics.

62



Part 2: Chapter 2, Accuracy of the pneumatic method for estimating xylem vulnerability to
embolism in temperate diffuse-porous tree species

3.2. Introduction

In the last decades, unprecedented climate fluctuations and the resulting extreme drought events
have led to large-scale tree dieback events worldwide (Allen et al., 2010, 2015; Brando et al.,
2019). With the global rise in frequency, intensity and duration of drought spells predicted by
current climate projections (cf. Field et al., 2012; Trenberth et al., 2014), large-scale drought-
induced tree mortality events become increasingly likely (Brodribb et al., 2020).

To improve the prediction of demographic and compositional changes in forest ecosystems, a
better understanding of physiological mechanisms associated with the death of trees in response
26 to drought is necessary (Allen et al., 2010; McDowell et al., 2013a, 2013b). In this context,
traits that quantify the vulnerability of a tree’s xylem to drought-induced embolism have received
particular attention (Choat et al., 2018; Brodribb et al., 2020). Vulnerability to embolism is usually
expressed by the parameters of xylem vulnerability curves (VCs), i.e., curves describing the
consecutive loss of hydraulic conductance (percent loss of conductivity, PLC) as a function of
increasingly negative xylem pressures (cf. Sperry et al., 1988; Cochard et al., 2013). Most
commonly, VCs are described by the water potential at 12, 50 or 88% loss of hydraulic
conductance (P12, Pso and Pss, respectively) and the slope of the curve at one of the respective
locations. The parameters of VCs have been linked to mechanistic thresholds for xylem
functioning (cf. Brodribb & Cochard, 2009; Urli et al., 2013; Delzon & Cochard, 2014) and are
closely coordinated with stomatal regulation (Martin-StPaul et al., 2017). Across biomes, xylem
embolism resistance has been associated with the susceptibility of a species to drought-induced
mortality (Anderegg et al., 2016; Adams et al., 2017; Correia et al., 2019; Powers et al., 2020) and
thus mirrors the distribution of species along aridity gradients (Blackman et al., 2014; Trueba et
al., 2017; Oliveira et al., 2019). Due to their immediate mechanistic interpretation, VC parameters
and derived quantities such as hydraulic safety margins (Meinzer et al., 2009) are increasingly
incorporated in process-based vegetation models to describe plant drought responses and
associated drought-induced tree mortality (McDowell et al., 2013a, 2013b; Christoffersen et al.,
2016; Xu et al., 2016; Davi & Cailleret 2017; Eller et al., 2020).

Xylem VCs can be established through a large number of different techniques, such as the bench
dehydration (Sperry et al., 1988), air injection (Cochard et al., 1992), flow-centrifuge (Cochard et
al., 2005), micro-CT (Brodersen et al., 2010), pneumatic (Pereira et al., 2016), optical (Brodribb
et al., 2016) and relative water loss method (Rosner et al., 2019). However, none of these methods
is unequivocally reliable for angiosperm and gymnosperm species, either due to measurement
artefacts associated with vessel length and porosity (Cochard et al., 2013; Jansen et al., 2015) or
because they are not suitable for rapid measurements of large number of samples (Cochard et al.,
2013; Nolf et al., 2017). Given their usefulness to predictive models, methods for the measurement
of xylem embolism that are simple, accessible, reliable and applicable for a wide range of
taxonomic groups and xylem types are needed.
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A novel, promising route for fast indirect VC measurements is the pneumatic method (Pereira et
al., 2016; Jansen et al., 2020), which estimates the amount of xylem embolism by measuring the
increase of air volume in the xylem in bench-dried plant samples with increasingly negative xylem
pressure. Recently, Pereira et al. (2020) proposed an automated device, the Pneumatron, which
automatically measures air discharge from a plant sample at a high temporal resolution and permits
a high sample throughput. As the measurement principle of the Pneumatron does not directly
depend on the measurement of xylem water transport and embolism is induced by bench
dehydration, it is assumed to be relatively robust against measurement artefacts related to sample
excision and preparation as well as vessel length related artefacts (Pereira et al., 2016, 2020), which
are known to affect several hydraulic VCs methods (cf. Choat et al., 2010; Wheeler et al., 2013;
Martin-St Paul et al., 2014; Torres-Ruiz et al., 2014, 2015).

The pneumatic method has already been applied to construct VCs for branches, leaves and roots
of tropical, subtropical and temperate species, covering diffuse-porous, ring-porous and coniferous
species (Pereira et al., 2016, 2020; Zhang et al., 2018; Wu et al., 2020; Sergent et al., 2020). The
results from these studies indicate the suitability of the method for diffuse-porous (Pereira et al.,
2016; Zhang et al., 2018; Sergent et al., 2020) and for ring-porous species (though the latter only
after gluing growth rings other than the current year rings; cf. Zhang et al., 2018). However, Zhang
etal. (2018) reported that the pneumatic method resulted in lower estimates of embolism resistance
of two conifer species compared to the flow-centrifuge method. Similarly, in a recent
methodological comparison of VC techniques, Sergent et al. (2020) found the pneumatic method
to result in lower embolism resistance estimates compared to other methods in further two conifer
species and reported inconsistent estimates for long-vesseled species.

Several sources of uncertainty have been identified for the pneumatic method that leave room for
potential methodological improvements. Notably, its estimates are known to be sensitive to the
choice of the reservoir volume and the duration of the air discharge measurement (Pereira et al.,
2016, 2020). Prior studies have used vastly different time intervals to measure air discharge (AD)
from the xylem segment, ranging from 150 sec (Pereira et al., 2016; Chen et al., 2021), over 120
sec (Zhang et al., 2018; Sergent et al., 2020; Wu et al., 2020), to only 30 sec (Pereira et al., 2020).
Since a 15 sec duration was predicted as optimal discharge time based on the Unit Pipe Pneumatic
model (Yang et al., 2021), there is a need to test this hypothesis experimentally. Moreover, despite
considerable attention to measuring artefacts and methodological concerns, we currently lack a
rigorous statistical framework to compare embolism resistance methods.

This study uses a dataset of vulnerability curve measurements from 36 trees belonging to 12
temperate, diffuse-porous tree species to i) assess how well the parameters of the vulnerability
curves obtained with the pneumatic method (Pneumatron) agree with estimates obtained from the
flow-centrifuge method (Cavitron) in terms of systematic deviations, random deviations and
overall agreement and to ii) identify the optimal duration for air discharge measurements.
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3.3. Materials and Methods

3.3.1. Plant material

Plant material from trees belonging to 12 temperate diffuse-porous tree species (Table 3.1) was
collected between mid-July and mid-September 2019 from a nursery in Veitshdchheim
(49°50'24.3"N, 9°52'38.4"E) near Wirzburg, Germany. These trees were planted in the year 2011
in the framework of a long-term comparative experiment designed to identify appropriate tree
species for urban planting. The plant material cultivated in Veitshéchheim was obtained from
selected nurseries across Central Europe. Due to anomalies in the data for some of the species (see
below), additional branch samples were obtained from adult Tilia cordata and Tilia platyphyllos
trees growing at Ulm University, Germany (48°25'20.3"N, 9°57'20.2"E) and of Tilia japonica from
the Wirzburg botanical garden (49°45'56.7"N 9°55'58.1"E) in September 2020.

The samples were collected before 9:30 a.m. to assure sample excision took place in a relaxed
state, thus avoiding measurement artefacts associated with cutting under tension (Wheeler et al.,
2013). From each of the experimental trees, one sun-exposed branch - 120 cm in length or any
kind of damage to avoid leaks and consequent embolism overestimation. All suspicious leakage
points were sealed using a fast-drying contact adhesive (Loctite 431 with Loctite activator SF
7452, Henkel, Dusseldorf, Germany). Fruits present on the branches were removed and sealed
with the same glue, as they easily detach with progressing dehydration and are hence a potential
site of air-entry. Similarly, in the case of Crataegus persimilis, thorns were removed and sealed in
the same manner to ease the handling of the branches.
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Table 3.1: List of the 12 diffuse-porous tree species used in the present study, average midday leaf water
potential (Wmidday) Mmeasured in August 2020 and the average diameter at breast height (DBH) of the selected
trees per species (mean + SE); nP and nH indicate the number of xylem vulnerability curves measured for
the pneumatic and the flow-centrifuge method, respectively (values in brackets indicate when branch
samples were collected from a single tree). Asterisks (*) indicate xylem pressures measured with stem
psychrometers; hashes (#) indicate individuals from the same species measured with the pressure bomb.

Species Family fp My WYiigday (MPa) DBH (cm)
Betula pendula Betulaceae 3 3 -1.60£0.04 1093 +0.64
Betula utilis Betulaceae 3 3 -1.54 +0.06 08.88+0.42
Carpinus betulus Betulaceae 3 3 -2.47 + 0.06 10.75+£0.44
Crataegus persimilis Rosaceae 3 3 -342+0.18 07.55+0.16
Ostrya carpinifolia Betulaceae 33 2.97+0.11  09.18+0.11
Platanus x acerifolia  Platanaceae 3 3 -1.74£0.03  10.00£0.24
Platanus orientalis Platanaceae 3 3 -1.51 £0.04 12.07 £ 0.35
Pyrus calleryana Rosaceae 2 3 -3.52+0.30 11.88 £0.32
Sorbus latifolia Rosaceae 3 3 -3.64+£0.19 09.30+0.39
Tilia cordata™ Malvaceae  5(1) 5(1) 28.00 + 0.00
Tilia cordata# Malvaceae 3 3 -1.90 = 0.04 11.40 £ 0.46
Tilia japonica Malvaceae  3(1) 4(1) 30.40 +0.00
Tilia platyphyllos* Malvaceae  4(1) 7(1) 70.00 + 0.21
Tilia platyphyllos# Malvaceae 3 3 -1.80+0.08  12.38=+0.21

3.3.2. Measurements of vulnerability curves with the pneumatic method

Branch xylem vulnerability curves based on the pneumatic method (Pereira et al., 2016) were
obtained for 44 samples from 35 experimental trees (Table 3.1) using the Pneumatron, a device
that combines a microcontroller-activated vacuum pump and a pressure transducer to allow for
automated measurements of air discharge (Pereira et al., 2020; Jansen et al., 2020). The reservoir
pressure was tracked with the Pneumatron in 0.5 sec intervals over a span of two minutes per
measurement (including a pump time of approximately 2 sec in semi-automated mode and few
milliseconds in automated mode).

The amount of air discharged (AD) into the reservoir was calculated based on the ideal gas law
(Pereira et al., 2016). The semi-automated mode of the Pneumatron was used to measure AD for
the samples obtained from Veitshochheim and Wiirzburg, whereas the additional branch samples
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of T. cordata and T. platyphyllos processed in UIm were measured in automated mode. After each
AD measurement, the xylem water potential was measured (see below). The maximum detectable
amount of AD is associated with a change of pressure in the system by ~50 kPa (Pereira et al.,
2020). As the time necessary for a pressure change of 50 kPa depends on the ratio between the
reservoir volume (including the cut-open conduit volume) and the volume of gas extracted from
intact, embolised conduits, the choice of the optimal reservoir volume is crucial (cf. Pereira et al.,
2020).

For this study, reservoir volumes of 1.7 — 3.3 ml were selected based on the available information
about the species’ embolism resistance from the xylem functional traits database (Choat et al.,
2012), assuming that higher embolism resistance corresponds to a lower volume of gas extracted
from intact, embolised conduits and hence a lower optimal reservoir volume and vice-versa.
Meanwhile, however, Pereira et al. (2020), recommend determining the maximum reservoir
volume from a completely dried branch per species. Throughout the measurements, the volume of
the vacuum reservoir was kept constant for each branch. Once the branch was fully hydrated, a
clean cut was made in air at the basipetal end using a sharp razor blade to clear obstructions for air
flow (Pereira et al., 2016; Jansen et al., 2020). Although this seems counterintuitive at first glance,
cutting in air was done intentionally because the cut-open conduits need to be embolised when
starting pneumatic measurements.

The branch was then connected to the pneumatic apparatus using rigid and elastic tubing, plastic
clamps and three-way stopcocks (Fig. S1, S2). The volume of the elastic tube was kept as small as
possible to minimize pressure-dependent changes in reservoir volume. The elastic tubing was
tightened with a plastic clamp to ensure no leakage occurred during the measurement (Bittencourt
et al., 2018). Before each series of measurements and in case of suspicious increases in the amount
of AD, the connections and the plant material were thoroughly inspected to identify and seal
potential air-entry points.

Before AD measurements were taken, the branch samples were bagged in dark plastic bags to
equilibrate water potential. During AD measurement, the branches were kept bagged to minimize
transpiration. Between measurements, the branches were dehydrated at room temperature on a
laboratory bench to induce embolism (Sperry et al., 1988). The branches were initially dried for
intervals of about 15 — 30 min, which were subsequently increased to 1 — 4 h depending on how
quickly the sample dried. To allow xylem water potential to equilibrate after each drying interval,
the samples were bagged for about 30 min in the initial steps of dehydration and for at least one
hour in the later stages to account for the decrease in the leaf- stem conductance (cf. Pereira et al.,
2016). The AD measurements were made on multiple branches on the same day (see Fig. S1 —
S3). The elastic tubing was always kept connected to the branch samples when switching branches
to keep the reservoir volume constant throughout all measurements. The AD measurements were
taken until the branches were completely dehydrated and no considerable variation was observed
in the amount of AD in consecutive measurements over at least 24 h, or until the maximum
absolute xylem water potential measurable with the Scholander pressure chamber (10 MPa) was
reached. This resulted in measurement durations of 3 — 7 days as well as in 10 — 20 AD and leaf
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water potential measurements per branch when following the semi-automated mode of the
Pneumatron. The percentage of air discharged (PAD) was calculated as described by Pereira et al.
(2016):

PADi = 100 = (ADi - ADmin) / (ADmax - ADmin) (1)

where AD; is the amount of air discharged for measurement i, ADmin is the minimum amount of air
discharged from the fully hydrated branch and ADmax is the maximum amount of air discharged
from the branch when completely desiccated.

3.3.3. Xylem water potential measurement

For the 35 branch samples measured in semi-automated mode, the xylem pressure was measured
with a Scholander pressure chamber (PMS Instruments, Corvallis, Oregon, USA) after every AD
measurement. At each pressure step, two leaves were cut-off from the branch and xylem water
potential was averaged over two pressure chamber measurements. When the petiole was too small
for measurement in the pressure chamber, small terminal twigs were used. The cut was
immediately sealed using an instant adhesive (Loctite 431) to prevent leakage during the
subsequent AD measurements. For the nine branches of T. cordata and T. platyphyllos measured
using the automated mode of a Pneumatron, a stem psychrometer (ICT International, Armidale
NSW Australia) was installed at a distal part of the branch to record xylem pressures for every 15
min. To obtain pressure estimates for each point in time and to reduce the impact of measurement
uncertainty in the psychrometric water potentials, the psychrometer measurements for each sample
were smoothed with shape-constrained additive models using monotone decreasing P-splines
based on R package scam v. 1.2-8 (Pya, 2020).

3.3.4. Measurement of vulnerability curves with the flow-centrifuge method

The flow-centrifuge technique (Cavitron; Cochard et al., 2005) was used as a reference method for
comparing the agreement of xylem vulnerability curves based on hydraulic measurement methods
with curves based on the Pneumatron. Flow-centrifuge measurements were performed for 49
samples from 36 trees with a Cavitron device built from a Sorval RC 5 series centrifuge with
manual control of rotation speed and using the Cavisoft software (Cavisoft version5.2.1,
University of Bordeaux, Bordeaux, France). Samples were recut several times under water to a
final length of 27.5 cm to release the tension in the xylem (Torres-Ruiz et al., 2015).

Subsequently, the non-flushed branch segments were inserted in a custom-made rotor after
removing the bark at both ends. They were then spun using the principle of centrifugal force to
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generate a negative pressure in the xylem segment while simultaneously measuring hydraulic
conductance. Flow centrifuge measurements were performed with filtered (0.2 um) and degassed
demineralized water that was enriched with 10 mM KCI and 1 mM CaClz2. Measurements began
at xylem water potentials of around -0.8 MPa and were continued under increasingly negative
xylem pressures until the percentage loss of hydraulic conductivity (PLC) reached at least 90%.

3.3.5. Statistical analysis

All data handling and statistical analyses were performed in R version 4.0.2 (R Core Team, 2020)
in the framework of the t idyverse (Wickham etal., 2019). Both the vulnerability curves based
on pneumatic and flow-centrifuge measurements were described with tree-level nonlinear
regression models using the logistic function by Pammenter & Van der Willigen (1998). For the
flow-centrifuge method, vulnerability curves were based on the raw conductivity measured by the
Cavitron (cf. Ogle et al., 2009):

X 2)
K; =Normal | kg, | 1 — S , O
1+exp (25—%}1 (P; — P50H))

where K;jand P; are the measured hydraulic conductivity and xylem pressure for observation i,
respectively, ksat is the hydraulic conductivity under fully saturated conditions and Ssow is the slope
at 50% loss of conductivity (Pson). For the pneumatic measurements, analogous models were
constructed based on PAD for estimating Psop (Eq. 1):

100 (3)

g
S )
1+ exp (232 (P, — P5op))

PAD; = Normal

To evaluate the effect of the air-discharge time on the accuracy of the estimates of vulnerability
curve parameters, separate pneumatic vulnerability curves were fit on PAD calculated for all
measurement durations between the initial pressure immediately after pumping and variable final
pressures in 0.5 sec intervals, from 4.5 to 115 sec. The P12 and Pgs (xylem pressure at 12% and
88% loss of conductivity, respectively) were calculated from the estimated model parameters (Pso
and the corresponding slope at this pressure) by rearranging the model equation (Egs. 2 & 3) and
with confidence intervals based on parametric bootstrap (n = 10,000). The uncertainty in VC
parameters was taken into account for the calculation of species averages of VC parameters and
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their standard errors by using inverse-variance weighting analogous to a fixed-effects meta-
analytical model (cf. Rosenberg et al., 2013).

We subsequently calculated a set of statistics that describe the degree of agreement of the
Pneumatron parameter estimates with the flow-centrifuge based values in terms of systematic
deviations, random deviations and overall agreement. For the Pneumatron measurements from
Tilia japonica, T. cordata and T. platyphyllos, these calculations were based on tree averages of
the flow-centrifuge parameters when replicate measurements were performed per tree (Tab. 1).
Systematic deviations between Pneumatron and flow-centrifuge based VC parameter estimates
were quantified by the mean signed deviation (MSD). The MSD only measures additive bias
between the parameter estimates obtained by the pneumatic and flow-centrifuge methods (6P and
OH, respectively) and does not penalize scatter in the relationship.

1

Random deviations between the estimates of both methods were evaluated by the Pearson
correlation p between OP and OH. The correlation coefficient only penalizes the degree of scatter
around a hypothetical line through 6P and 6H and does not include information about systematic
differences.

_ cov(fp,0p) (4)
~ SD(6,) SD(8y)

p

The overall agreement of the parameter estimates was evaluated by the root mean square deviation
(RMSD). Unlike the aforementioned metrics, the RMSD penalizes both systematic and random
deviations between 6P and 6H.

(6)

1
RMSD = j;Z(eP — 02

In addition, as a pragmatic measure to quantify the overall match of the flow-centrifuge and
pneumatic vulnerability curves over their entire range, we calculated the L2 distance (cf. Cramér,
1928) between each pair of flow-centrifuge and pneumatic vulnerability curves

o' 1/2 7
L, = <f (PLCy(P) — PLCp(P))" dP) 7
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This quantity describes the degree of similarity of the two vulnerability curves and approaches
zero for identical curves.

In addition to the comparison of metrics describing the agreement between estimates, we used
linear mixed effects models based on R package 1me4 version 1.1-23 (Bates et al., 2015) to test
for statistically significant differences between the Cavitron-based estimates of P12, Pso, Pgg and
(natural log-transformed) Sso and their Pneumatron-based equivalents for AD intervals of 15, 30,
60, 90 and 115 sec from the initial pressure at 4 sec. Each model was fit to each parameter using
restricted maximum likelihood with “method” as a fixed effect and random intercepts for species
and individual trees nested in species. The flow-centrifuge was considered as baseline and
contrasted with each one term for the Pneumatron estimates in five different intervals. Model
assumptions were checked by residual diagnostic plots. Inference was based on Wald t-tests with
Sattherthwaite’s approximation to the degrees of freedom using R package 1merTest version
3.1-2 (Kuznetsova et al., 2017).

3.4. Results

3.4.1. Estimated vulnerability curves

The average Pson estimates obtained from the flow-centrifuge method covered a wide range of
embolism resistance from -1.85 MPa to -6.02 MPa for Platanus x acerifolia and Crataegus
persimilis, respectively. Parameters estimated with the pneumatic method largely fell into the same
range (cf. Table S1). In general, there was a good agreement in overall shape between the flow-
centrifuge and pneumatic vulnerability curves (VCs) for most of the species studied.

However, the estimates in P12p, Psop and Pggp for T. cordata and T. platyphyllos based on the
pneumatic method were on average at least 0.5 MPa higher than the corresponding estimates of
the flow-centrifuge method when their xylem pressure was measured using a pressure chamber
(Table S1). Additional measurements performed to explain this discrepancy showed that embolism
resistance was largely within a comparable range when xylem pressure was determined by stem
psychrometers (with the exception of Pggp for T. cordata; Table S1; Fig. S4). As there were reasons
to assume that the differences observed were caused by inaccurate xylem water potential
measurements with the pressure chamber, results for the best AD measurement intervals are based
only on the observations with xylem pressure measurements based on stem psychrometers.

3.4.2. Overall agreement between methods

The parameters of the vulnerability curves estimated with the two methods were generally highly
correlated, with Pearson correlations above 0.54 for all parameters and over 0.74 for P12, Pso and
Pgs for all AD times considered in Table S2 and all 12 tree species (Table S2). In particular, this
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was true for the Pso estimates, where correlations exceeded 0.95 in all cases. Moreover, the Pso
estimates of the two methods were very close to the 1:1 line (cf. Fig. 3.2 b, Table S2). The
Pneumatron-based estimates of the slope of the vulnerability curve, however, on average showed
a negative systematic deviation that ranged from —25.5% (retransformed from log scale, 15 sec
AD time) to —28.1% (115 sec AD time; cf. Fig. 3.1, 2d; Table S2). The deviation was notably
larger in samples with lower slopes and was not observed for the samples measured with stem
psychrometers (Fig. 3.2). Due to the direct relationship between slope and Pso, the systematically
lower slope estimates translated to a higher Pi2p (by up to 0.77 MPa on average at 115 sec AD
time) and, in some cases, a lower Pggp (by up to —0.26 MPa on average at 15 sec AD time; Fig.
3.2, Table S2).
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Figure 3.1: Xylem vulnerability curves obtained with the pneumatic method after a measurement duration
of 15 sec (green) and the flow-centrifuge method (blue) for 12 diffuse-porous tree species. Circles: observed
values (for the centrifuge data, rescaled from conductance to PLC using the estimated ksa); solid lines:
predicted PLC/PAD; dashed lines: estimated Pso. Asterisks (*) at the end of species names indicate xylem
pressure measurements with stem psychrometers.
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Figure 3.2: Relationship between estimates from the flow-centrifuge method (x-axis) and the pneumatic
method with 15 sec air discharge interval (y-axis). a) P12, b) Pso, €) Pss (Xylem water potentials at 12%,
50% and 88%, respectively) and d) slope at 50% loss of conductivity (displayed on a log scale). Colours —
species identity (empty circles indicate pressure chamber-based Tilia measurements); solid black line —
standardized major axis (SMA) regression fit through all points + 95% bootstrap confidence interval; grey
dashed line: 1:1 line.

3.4.3. Influence of discharge time

The pneumatic estimates of all VC parameters were sensitive to the chosen discharge time (Table 3.2,
S2, Fig. 3.3, 3.4, 3.5). However, the change in agreement with air discharge time was neither consistent
between parameters nor between species (Table S2, Fig. 3.4, 3.5). Consequently, the discharge interval
associated with the lowest deviation between flow-centrifuge and pneumatic estimates of Pso (Fig. 3.3)
and other parameters differed largely between species, with an increasing deviation with discharge
time for some species (Betula, Carpinus, Crataegus and Tilia) and a decreasing deviation for others
(Ostrya, Platanus, Pyrus and Sorbus). After accounting for random variation between species and
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trees, significant systematic differences between the reference value based on the flow-centrifuge
method and the pneumatic method at all analysed AD times remained for all parameters, with the
exception of Pss (Table 2).

Table 3.2: Parameter estimates of the linear mixed effect models for the xylem water potential at 12%,
50% and 88% loss of conductivity (P12, Pso and Pgs, respectively) and the natural log-transformed slope at
50% loss of conductivity (Sso). Given are estimates for the intercept (average for flow-centrifuge based
reference value) as well as the differences from the reference for different AD times, with the corresponding
standard errors, t-statistics, approximate degrees of freedom based on the Satterthwaite approximation and
corresponding P-values.

Parameter Treatment Estimate Std.error 7-statistic edf P-value

P
A 165 0.498 0.077 6.435 189.23 <0.001
A 30s 0.564 0.077 7.279 189.23 <0.001
A 60s 0.663 0.077 8.559 189.23 <0.001
A 90s 0.734 0.077 9472 189.23 <0.001
AllSs 0.790 0.077 1020 189.23 <0.001
P s
A 165 0.125 0.050 2.504 195.53 0.013
A 30s 0.183 0.050 3.647 195.53 <0.001
A 60s 0.258 0.050 5.152  195.53 <0.001
A 90s 0.304 0.050 6.069 19553 <0.001
All5s 0.331 0.050 6.608 195.53 <0.001
Pgg
A 16s -0.247 0.09 -2.736 193.5 0.007
A 30s -0.198 0.09 -2.192 193.5 0.030
A 60s -0.146 0.09 -1.619 193.5 0.107
A 90s -0.125 0.09 -1.386 193.5 0.167
Allss -0.127 0.09 -1.41 193.5 0.160
S50
A 165 -0.277 0.068 -4.08 194.68 <0.001

A 30s -0.287 0.068 -4.228 194.68 <0.001
A 60s -0.307 0.068 -4.528 194.68 <0.001
A 90s -0.324 0.068 -4.775 19468 <0.001
All5s -0.347 0.068 =511 194.68 <0.001
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Figure 3.3: Comparison of Pso values between the flow-centrifuge and different air discharge intervals for
the pneumatic method (compared on the same branch). C indicates the Pso values from the flow-centrifuge
method, 15, 30, 60, 90 and 115 indicate AD measurement intervals (in seconds) evaluated from the
pneumatic method. Shown are the raw estimates overlaid with their mean £ SE. Asterisks (*) at the end of
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Figure 3.4: Statistics describing the agreement between the estimated vulnerability curve parameters from
the pneumatic method and the flow-centrifuge method vs. the duration of air discharge measurement
(estimates + 95% bootstrap confidence intervals based on 1,000 bootstrap draws). The metrics shown are
the Pearson correlation (Pearson p) as a measure of random deviation between the two methods (values
close to one indicate a perfect linear relationship), mean signed deviation (MSD) as a measure of systematic
deviations (values close to zero indicate a low bias) and root mean square deviation (RMSD) as a measure
of overall agreement (low values indicate a high agreement between methods).
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Figure 3.5: Average L, distance between the pneumatic and flow-centrifuge vulnerability curves vs. air
discharge time as a measure of overall accuracy (raw averages and £5 s running average). Vertical lines
indicate the minimum of the running average at 16 sec; the shaded area indicates the range with a running
average differing from the minimum by less than 1% (10.5 — 44.5 sec).

The response of the pneumatic estimates of the vulnerability curve parameters to AD time was not
consistent between parameters (Fig. 3.4). Depending on the parameter, the overall agreement with
the flow-centrifuge method was either highest at low AD times (P12), remained relatively stable
over a wide range of AD times (Pso, Sso0) or increased continuously with increasing AD time (Pss;
cf. Fig. 3.4). In any case, the L2 distance (which describes the overall match of the curves over
their entire range instead of focusing on a point estimate) was lowest at relatively low AD times
with a minimum at 16 sec and a relatively broad range of equivalent values from 10.5 to 44.5 sec
(Fig. 5). This indicates that the lowest degree of dissimilarity between the curves corresponded to
AD times in this range, which moreover was associated with the lowest systematic differences in
Psoestimates (Table 3.2, S2; Fig. 3.4).
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3.5. Discussion

In agreement with previous assessments of the pneumatic method for vulnerability curve(VC)
measurements (Pereira et al., 2016, 2020; Zhang et al., 2018; Sergent et al., 2020), we find that the
estimated water potential at 50% of discharged air volume (Psor) coincide well with the water potential
at 50% loss of conductance (PsoH) measured with the flow-centrifuge method for the 12 diffuse-porous
temperate tree species studied, with low systematic and random deviations and a high overall
agreement (MSD = +0.117 MPa, pp= 0.956, RMSD = +0.538MPa, respectively for 15 sec AD time,
TableS2). However, we find evidence for a high variance and systematic differences in the estimates
of the slope of the VC(Fig. 3.1), that were on average at least 25.5% (15 sec air discharge time, cf.
Table S2) lower for the pneumatic method, which also resulted in a lower agreement in the estimates
of P12p and Pssp. Similar conclusions were found based on a pneumatic modelling approach (Yang et
al.,, 2021) and based on experimental evidence by comparing the pneumatic and the optical
method(Pereira et al., 2020; Guan et al.,2021). A mechanistic explanation for the difference in P12and
Pss values is provided by the open-xylem artefact, which suggests that embolism spreading could be
enhanced by the proximity to gas under atmospheric pressure in the open-cut conduits (Guan et al.,
2021). Moreover, our results demonstrate that the estimates obtained with the pneumatic method are
sensitive to the choice of air discharge time (cf. Pereira et al., 2016, 2020), to which they respond in a
nonlinear and species-specific manner. For the analysed set of species, the best overall match between
the flow-centrifuge and pneumatic VCs could be achieved for air discharge times of around 15 sec (cf.
Fig. 3.4), which experimentally confirms the ideal AD time identified by a modelling approach (Yang
etal., 2021).

Moreover, our results demonstrate that the estimates obtained with the pneumatic method are
sensitive to the choice of air discharge time (cf. Pereira et al., 2016, 2020), to which they respond
in a nonlinear and species-specific manner. For the analysed set of species, the best overall match
between the flow-centrifuge and pneumatic VCs could be achieved for air discharge times of
around 15 sec (cf. Fig. 3.4), which experimentally confirms the ideal AD time identified by a
modelling approach (Yang et al., 2021).

3.5.1. Agreement between flow-centrifuge and pneumatic vulnerability curves

The gradual loss of conductance and the increasing amount of gas extracted, which are quantified
by the PLC and PAD, are necessarily positively associated as they share a common cause, namely
embolism spreading under progressing dehydration. However, PAD quantifies the air volume
inside embolised vessels, while PLC measures their contribution to the conductance of the branch.
Thus, both arise from vessel properties that scale with different powers of their length and diameter
(Pereira et al., 2016). While the volume of a vessel scales with the second power of diameter and
is proportional to its length, its flow resistance (i.e., the inverse of its conductance) can be
approximated by the sum of the resistance posed by its lumen and the resistance posed by the
transition through pit membranes (Sperry et al., 2005; Wheeler et al., 2005). According to the
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Hagen-Poseuille-equation, the flow resistance of the lumen scales with the inverse of the fourth
power of its diameter and is proportional to its length. The flow resistance posed by the transition
through pit membranes can be assumed to scale with the inverse of expected vessel length (Sperry
et al., 2005). Due to these different scaling relationships, the association between PAD and PLC
does not necessarily have to be linear. Observed systematic differences between the parameters of
curves obtained with different methods (cf. Table 3.2) might therefore not be surprising and
deserve further testing.

It should also be noted that an additional downward bias in the slope might be introduced by
treating the unknown true minimum and maximum amount of air discharged (ADmin and ADmax,
cf. Eq. 1) as fixed quantities measured without error. For hydraulic vulnerability curves, problems
induced by treating maximum conductivity as fixed can be circumvented by treating the saturated
hydraulic conductivity as a model parameter (ksat in Eq. 2; Ogle et al., 2009; Duursma & Choat,
2017). Implementing a similar solution for the pneumatic method is not straightforward due to the
common identifiability issues in sigmoidal models where the lower and upper bound are both
treated as model parameters.

Given the direct mathematical relation between the model parameters, a bias in slope can be
expected to result in a bias in P12 and/or Pgg, which may be problematic in process-based vegetation
modelling that use these VC parameters to describe drought resistance. Our results indicate that
while the pneumatic method produces reliable estimates of the Pso for diffuse-porous tree species,
the curves obtained might not always be interchangeable with curves constructed with the flow-
centrifuge method.

3.5.2. Effect of the air discharge interval on measurement accuracy

The observed sensitivity of the pneumatic method to the AD interval provides experimental
evidence that is in line with predictions by the Unit Pipe Pneumatic model (Yang et al., 2021). To
understand the relationship between the AD interval and the amount of air discharged in that
interval, it is necessary to focus on the underlying assumptions about the gas flow between sample
and reservoir. One central assumption of the pneumatic method is that the amount of air discharged
into the vacuum reservoir over a given time span is a function of the amount of air N inside
embolised conduits at different points during the dehydration process (Jansen et al., 2020; Yang et
al.,2021).

This assumption is necessary to be able to use PAD measurements to infer the degree of
embolization. Further, if the PAD calculated over different AD times t is to result in identical
vulnerability curves, the change in AD with time must have the same shape at different dehydration
steps and only differ by a multiplicative constant proportional to the amount of air N in the xylem,
i.e., AD (t, N1) / N1 = AD (t, N2) / N2 must hold. This assumption is likely only approximately
met under typical measurement conditions. During the drying process, the xylem undergoes
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substantial changes that may affect the shape of AD (t, N), such as an increase in gas conductivity
with progressing embolism.

Moreover, it is possible that embolised conduits that were not disconnected from to the cut surface
at earlier drying steps subsequently become connected to the network of open vessels connecting
to the vacuum reservoir (Pereira et al. 2016). In such cases, the amount of air in these spaces would
not be included in the earlier estimates. For these reasons, the relationship between the AD
measured in different desiccation steps after a certain discharge interval and the total amount of
air within the xylem at those points in time is likely empirical. This may explain the pronounced
species differences in the response to AD time (Table S2, 4, Fig. 3.3) and contribute to the
previously reported differences in accuracy for species with different types of wood anatomy (e.g.,
Zhang et al., 2018).

While the effect of AD time depended on species identity and was different for different
parameters, Fig. 3.4 indicates that overall mismatch between flow-centrifuge and pneumatic VCs
could be minimized by choosing low AD times of ca.16 sec. In our setting, this might be a
consequence of small amounts of air-entry into the xylem where the branch is damaged, which—
unlike the other discussed factors influencing AD — will have an effect that accumulates with
discharge time. Thus, the net gains in accuracy due to integrating over a larger time interval are
overcompensated by the increasing contribution of potential leakage to the total AD. Interestingly,
the higher agreement with hydraulic reference values at lower AD times contrasts with the higher
accuracy for longer AD times reported in earlier works using the manual pneumatic method (cf.
Fig. S3 in Pereira et al. 2016). Most likely, this difference results from the higher temporal
resolution and more accurate AD time measurement enabled by the automated Pneumatron device
(Pereira et al. 2020). When using a Pneumatron, the choice of short AD times therefore is a
pragmatic way to improve the accuracy of the pneumatic method.

3.5.3. Species-specific drying behaviour

As noted previously (Zhang et al., 2018; Sergent et al., 2020), the degree of similarity between
VCs measured with the pneumatic method and hydraulic reference methods differs between
species. In this study, we observed a mismatch for T. cordata and T. platyphyllos when xylem
pressure was expressed based on leaf water potentials measured with a pressure chamber However,
the difference largely disappeared when a stem psychrometer was used to determine xylem
pressure (Fig. 3.1, S4).

Possible explanations for the observed differences are the presence of abundant mucilage in the
xylem tissues of Tilia species (Franz & Kram, 1985; Pigott et al., 2012), which has been reported
to affect xylem pressures measured with the pressure chamber technique (Zimmermann et al.,
2002). Furthermore, it could be speculated that the truncated shape of the pressure-chamber based
Pneumatron VCs for the Tilia species (especially T. cordata, cf. Fig. S4) and the fact they never
reached water potentials substantially more negative than -3 MPa, indicates that the measurements
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were terminated before the stems of the specimens were fully dehydrated. This results in
underestimated values for ADmax, thus shifting the curve towards less negative water potentials.
As detailed before, the desiccation was continued until a near constancy in the measured AD values
over at least 24 h was reached. This criterion to finish AD measurements may not be ideal, as the
drying process may slow down notably after full stomatal closure, which especially for isohydric
species may happen in a relatively well-hydrated state.

Notably, while Tilia species have often been considered to be relatively anisohydric (cf. Leuzinger
et al., 2005; Galiano et al., 2017; Kiorapostolou et al., 2018; but see Niinemets et al., 1999), recent
work by Leuschner et al. (2019) indicates that at least T. cordata has a fairly stringent, more
isohydric stomatal control mechanism. Due to the anticipated hydraulic segmentation between leaf
petioles and stem xylem in drought-avoiding and more isohydric species (Hartmann et al., 2021),
this may have contributed to the mismatch between flow-centrifuge and pneumatic VCs. It is well
documented that certain species rely on early drought-induced leaf shedding (Wolfe et al., 2016;
Hochberg et al., 2017), most likely caused by a pronounced hydraulic segmentation (cf. Pivovaroff
et al., 2016; Zhu et al., 2016; Klepsch et al., 2018). As these processes decouple leaf and branch
water potentials, measuring leaf water potential with a Scholander pressure chamber may result in
extreme water potential readings that do not reflect the actual status in the xylem. Conversely, the
slowdown of dehydration induced by leaf shedding may result in prematurely terminated
measurements when measuring

branch water potentials with e.g., a stem psychrometer, or when determining the end of the
dehydration process based on the state of the leaves. As a cautionary example, the leaves of C.
persimilis were almost fully dehydrated on the third day of measurements, while the branch water
potential values continued to decline for seven days. Similar behaviour was reported by Wolfe et
al. (2016) for the tropical species Genipa americana.

Due to these species-specific differences in drying behaviour, the stability of ADmax can have a
strong influence on the shape of the vulnerability curves because all pneumatic PAD values are
normalized against ADmin and ADmax. It may therefore be advantageous to continue the drying
process until the constancy of ADmax has been confirmed based on several measurements to avoid
bias resulting from underestimating ADmax. An important corollary of the observed problems
associated with water potential measurements is that the same kind of bias in water potential may
also affect hydraulic VC measurements in other methods that rely on bench dehydration.

3.5.4. Implications for future vulnerability curve method comparisons

An important limitation that affects all evaluation studies of VC methods — as well as most other
measurement methods in biology — is the lack of true reference values for VC parameters. While
in this study, we used measurements with the flow-centrifuge method as a reference, there are
many indications that this method may be affected by measurement artefacts that arise during
sample excision (Wheeler et al., 2013) and preparation (Torres-Ruiz et al., 2015) or as a result
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from vessel lengths exceeding the sample dimensions (Choat et al., 2010; Martin-StPaul et al.,
2014; Torres-Ruiz et al., 2014). A mismatch between curves obtained with the pneumatic method
and the flow-centrifuge method may thus in part also be attributed to the imperfections of the latter.
While there is hardly a way to overcome the limitation of imperfect reference values, we argue
that methodological comparisons of VC methods may benefit from adopting a more principled
approach of quantifying the agreement between different methods in terms

of different components of accuracy (cf. Fuchs et al., 2017; Flo et al., 2019). To our knowledge,
none of the previously published methodological comparisons (see e.g., Li et al., 2008; Choat et
al., 2010; Hacke et al., 2015; Brodribb et al., 2017; Lépez et al., 2019; Venturas et al., 2019; Chen
etal., 2021; Pratt et al., 2020; Sergent et al., 2020; Zhao et al., 2020) formally differentiate between
systematic and random differences in parameter estimates and none provide metrics that quantify
the similarity over the entire curves. While our choice of the L2-distance as a measure of overall
agreement between curves is relatively arbitrary and there are many equally appropriate distance
metrics, it is most definitely an improvement compared to the common practice of comparing
methods by the Pearson correlation between parameter estimates, as the latter only penalizes
deviations from a bivariate linear relationship while being insensitive to systematic deviations. We
hope that our framework can serve as a starting point for more formal VC method comparisons
based on rigorous metrological principles and theory.

3.6. Conclusion

Our data indicate a high degree of agreement between the Psop estimated with the pneumatic
method and the Pson estimated with the flow-centrifuge method for the analysed diffuse-porous
temperate tree species, especially when using short air discharge times of around 15 sec. The
relatively low effort required to construct a curve with this method and its high degree of
automation when using a Pneumatron device in conjunction with a stem psychrometer allow for a
high throughput. The method is therefore attractive in descriptive or predictive contexts where the
main purpose is to generate a good proxy for plant drought resistance. However, the observed
systematic deviation in slope estimates as well as potential artefacts associated with xylem water
potential determination and species-specific drying behaviour deserve further attention.
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4.1. Abstract

Drought-induced tree mortality is primarily influenced by tree hydraulic mechanisms and
anatomical characteristics. These traits and their combination might be under selective pressure
and thus assessing the environmental-trait relationships should provide insights on potential
responses to environmental change.

The study examined the relationship between water potential at 50% loss of conductivity (Pso),
hydraulically-weighted vessel diameter (Dn) and wood density (WD) of 24 species of four diffuse-
porous tree Holarctic genera and families. Phylogenetic generalized least squares were used to
control for phylogenetic constraints when examining preferences in six temperature and
precipitation-related climate variables.

Our results provide a strong correlation between Pso and Dy across families, but no correlation
between Psp and WD. The WD varies independently of the other two traits, providing a
physiological flexibility. We observed phylogenetic conservatism in Pso and WD across families
but not for Dp.

There was a significant correlation between drought-related traits and the precipitation preferences
for the Sapindaceae as well as with the temperature preferences for the Rosaceae, Malvaceae and
Sapindaceae families. According to this study, trees are relatively flexible within their functional
trait space to cope with climatic conditions: by decreasing Pso, Dy in drier conditions (e.g.,
Sapindaceae) or by increasing Pso and decreasing WD with higher temperature (e.g., Rosaceae).

Keyword: climate change, drought, plant hydraulic traits, evolution, phylogeny, species
distribution, angiosperms.
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4.2. Introduction

A central target in plant ecology and evolutionary ecology is to understand fitness and its
components (survival, growth, reproductive effort). Fitness is linked to environmental conditions
as well as to phenotypic characteristics that improve the performance of individual species in
specific environments (Ackerly 2003).

It is essential to understand why some plant lineages shift among different climatic regions
whereas others maintain their ancestral climatic niche (Wiens et al., 2010; Edwards and Donoghue,
2013). Being long-lived, sessile organisms with slow vegetative and population dynamics, tree
individuals and species can react to changing climate. They can change by genetically or
phenotypically adapting to the new environmental conditions or by shifting the occurrence range
to stay at their environmental requirements. They can combine these responses, or, in the worst
scenario, they can go extinct by failing to adapt or to migrate (Aitken et al., 2008). Indeed, they
are already experiencing increasingly warmer and more frequent extreme climate events that cause
heat and drought stress, both of which are associated directly with recent widespread forest dieback
(Allen et al., 2010, Matusik et al., 2013; McDowell et al., 2020, Yi et al 2022). Hence, improving
our understanding on tree responses to drought stress is urgent because the high pace of impending
climate change will catch up with the evolutionary changes of tree populations (Davis and Shaw,
2001).

Functional traits are often associated with environmental stress and have been largely used in plant
ecology to explore functional strategies at different environments (Esperon-Rodriguez et al., 2020;
Martinez-Vivalta et al., 2010; Nardini et al., 2013). In this sense, the tree’s preferences in water
availability (Pockman and Sperry, 2000; Choat et al., 2007; Nardini et al., 2012) and temperature
(Blackman et al., 2017; Cochard et al., 2000) can be related to the plant vascular function, also
called plant hydraulic system (e.g., resistance to dehydration), to anatomy (e.g., Xylem vessel size,
wood density), to phenology (Alberto et al., 2013) or to species distributions (Blackman et al.,
2012; Larter et al., 2017; Skelton et al., 2020). It is thus paramount to understand how the plant
vascular function and the various related traits evolved under environmental selection.

Water movement in terrestrial vascular plants is driven by the process of transpiration at the leaf—
atmosphere level. A large number of traits (e.g., vessel diameter, pit membrane thickness, wood
density) has been associated with the research on the drought resistance of plants (Hacke et al.,
2001, 2006; 2017; lIsasa et al., 2022; Maherali et al., 2006; Markesteijn et al., 2011). All those
studied traits characterize the physical tolerance to dehydration, which has a main vulnerable point:
the risk of xylem embolism. In fact, xylem vulnerability to cavitation and, more precisely, the risk
of hydraulic failure, has been described as the main cause of the dieback and death of tree
individuals (Brodribb and Cochard, 2009; Venturas et al., 2017).

To quantify this risk, species are commonly compared by the water potential at 50% loss of
hydraulic conductivity (Pso) (Gleason et al., 2016a). This happens when water potential in conduits
decline to levels that provoke embolism formation (Tyree and Zimmermann, 2002). This
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phenomenon is provoked by the direct entry of gas nanobubbles between an embolised and a
functional conduit, which blocks the water flow in more xylem conduits (Cochard et al., 2009;
Guan et al., 2021; Jansen et al., 2018). Besides Pso, Xylem vulnerability to cavitation results from
the interactions between several physiological and anatomical traits (e.g., leaf habit, stomatal
closure, minimum cuticular conductance, vessel size - Dy, wood density - WD) related to the
mechanical properties of wood (Brodribb et al., 2014; Chave et al., 2009; Choat et al., 2018;
Martinez-Vilalta et al., 2010; Martin-StPaul et al., 2017; Poorter 2008). To unravel the causes of
the diversity of physiological functions found in woody species, we need to identify evolutionary
convergence between drought tolerance and eventual trade-offs with other traits (Skelton et al.,
2020).

We have selected 24 species of four Holoarctic Angiosperm genera and families to compare
drought-related traits (Pso, Dn and WD), for which we have chosen congeneric parapatric species
with different environmental preferences, as well as allopatric species that may also occur in the
same environment. Because of their geographic distribution within each family, both latitude and
longitude, they represent an ideal group for studying plant ecophysiology and drought tolerance
from both evolutionary and ecological perspective. Still, to understand the relationship among the
traits and between them and the environment, it is essential to control for phylogenetic constraints
to detect the selective pressure imposed by the environment on the species.

Here, we address the following questions: (1.1) What is the interspecific trait range capacity to
prevent xylem embolism in six species from each plant family: Betulaceae, Rosaceae, Malvaceae
and Sapindaceae? (1.2) What is the relationship between stem embolism resistance (Pso), vessel
size (Dn) and wood density (WD) among these 24 species? (2) To what extent are the drought-
related traits of those species phylogenetically controlled? (3) Are drought-related traits associated
with ecological variables (i.e., preferences to bioclimatic environmental variables)?

We expect that drought-related traits show a strong phylogenetic signal across congeneric species
and across families (Larter et al., 2017). Nevertheless, we assume that there are detectable trait-
environment relationships across congeneric species and across families as drier and warmer
conditions should exert directional selective pressure towards lower Psg, lower Dy and higher wood
density WD.
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4.3. Materials and Methods

4.3.1. Study site and plant material

Six temperate Angiosperm diffuse-porous tree species from each of four families (Betulaceae,
Rosaceae, Malvaceae, Sapindaceae) were used (Table 4.1). We selected such species based on
their ability to withstand drought stress as well as their similar and/or parapatric geographical
distribution (i.e., northern temperate climates).

To capture trait differences based on the tree species' evolutionary history rather than an ecological
context of the tree individuals, it is essential that the individuals were grown under the same
environmental conditions. To control this, all samples were obtained from the nursery in the Stutel-
Arboretum from the Bavarian State Institute for viticulture and horticulture in Veitshdchheim,
Germany (LWG) (49°51°49°°N, 9°51°8”’E) and from the Botanical Garden of the University of
Wirzburg, Germany. The long-term mean annual temperature and mean annual precipitation are
10.0 °C and 591 mm in Veitshochheim and 9.6 °C and 560.4 mm in Wirzburg, respectively
(Bavarian State Institute for agriculture,—LFL), constituting a warm temperate continental climate
according to the Képpen classification (Peel et al., 2007).

The samples were collected between June and September for three consecutive years (2019, 2020
and 2021; Table 4.1). Samples were taken from two to four individuals per species, resulting in a
total of 67 sampled trees. At both sites, 60 cm long twigs were cut and wrapped in wet paper
towels, bagged in dark humidified plastic bags and transported to the laboratory where they were
analysed on the same day. For each sample, we measured the vulnerability curves, as well as pit
and xylem properties and wood density.

95



Part 2: Chapter 3, Relationship between drought — related traits and environmental preferences
across four genera of temperate trees

Table 4.1: Summary of the analysed functional traits. The number of trees for the wood anatomical and
hydraulic measurements (nwee), the mean + standard deviation of the water potential at 50% loss of hydraulic
conductivity (Pso), hydraulically-weighted vessel diameter (Dy), wood density (WD).

Family Specie Code N tree Pso (MPa) Dn (um) WD (g cm®)
Betulaceae  Betula alleghaniensis ~ BEAL 4 -1.86 +0.06 37.76+2.84 0.60+0.02
Betula lenta BELE 4 -1.78+£0.34 43.83+239 0.63+0.03
Betula BEMA
maximowicziana 4 -1.77+£0.04 43.83%+6.45 0.51+0.04
Betula pendula BEPE 4 -2.32+0.19 33.13+234 0.72+0.13
Betula pubescens BEPU 4 -1.87+0.07 3084+£175 0.59+0.02
Betula utilis BEUT 4 -2.02+0.16 39.01+146 0.62+0.05
Rosaceae Prunus avium PRAV 3 -445+0.10 26.33+£1.02 0.66+0.06
Prunus mahaleb PRMA 4 -410+£051 4195+228 0.73+£0.07
Prunus padus PRPA 3 -3.16+£0.04 37.76+1.21  0.58+0.03
Prunus pensylvanica PRPE 4 -2.86+0.12 3419+209 0.61+0.03
Prunus sargentii PRSA 4 -3.40+0.12 3333+7.12 0.68+0.05
Prunus serrulata PRSE 4 -413+£0.29 31.75+122 0.74+0.14
Malvaceae  Tilia americana TIAM 4 -230+0.08 34.27+396 0.34+0.02
Tilia cordata TICO 4 -3.14+0.24 38.63+£249 0.44+0.16
Tilia japonica THA 4 -2.66+0.13 37.64+4.02 0.36+0.03
Tilia mongolica TIMO 4 -291+£0.08 40.42+261 0.39+0.08
Tilia platyphyllos TIPL 4 -3.39+£0.11 40.02+3.17 0.49+0.05
Tilia tomentosa TITO 4 -3.27+£0.09 43.86+3.35 0.38+£0.06
Sapindaceae Acer campestre ACCA 4 -545+0.12 33.22+2.23 0.62 £ 0.08
Acer monspessulanum  ACMO 2 -7.32+0.04 27.27+1.23 0.75+0.12
Acer platanoides ACPL 4 -435+£0.29 4239+0.28 0.50+0.09
Acer rubrum ACRU 4 -292+0.05 39.79+297 0.64 +0.04
Acer saccharinum ACSA 3 -294+1.06 3057+3.27 050+0.04
Acer tataricum ACTA 3 -5.01+£152 27.06+7.12 0.48+0.08
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4.3.2. Hydraulic measurements

4.3.2.1. Vulnerability curves with the flow-centrifuge method

All hydraulic measurements were done with the Cavitron device (Cochard et al., 2005), built from
a Sorval RC 5 series centrifuge with manual control of rotation speed and using the Cavisoft
software (Cavisoft v.5.2.1, University of Bordeaux, Bordeaux, France). The principle of the flow
centrifuge method is to use centrifugal force to induce a negative pressure in the xylem to provoke
drought-induced embolism. A subset of the vulnerability curve measurements discussed in this
paper were used for addressing controversies in safety-vessel diameter relationships (Isasa et al.,
unpublished; Paligi et al., 2021).

In total, 67 branches were measured (mean diameter at basipetal end £ SD: 7.18 £ 0.85 mm),
immediately submerged in demineralized water and recut several times using pruning shears to a
final length of 27.5 cm to release the tension in the xylem (Torres-Ruiz et al., 2015). Thereafter,
lateral twigs were removed. Lateral branches were evened with a razor blade and shortened to a
final length of 27.5 cm. Subsequently, samples of 3—4 cm length were cut from the basipetal and
acropetal sample ends and stored in 70% ethanol for anatomical analyses.

Branch segments were removed from the bark and measured at both ends before being inserted
into a custom-made rotor. Cavisoft software was used to measure conductance using degassed,
demineralized water containing 10 mM KCI and 1 mM CaCl; and starting at a water potential of -
0.834 MPa (equivalent to 3,000 rotations per minute) and progressively reducing the water
potential until 90% of the initial conductance had been lost. To ensure stable conductance values,
a two minutes waiting period was maintained before each pressure step.

Vulnerability curves were fitted in R v. 4.1.0 (R Core Team 2021) with nonlinear least squares
using the logistic model by Pammenter and VVander Willigen (1998) in the modified version based
on hydraulic conductivity (Ogle et al., 2009):

1
Ki~ Normal | Kg,¢ - | 1 — ,o |, (1)

1+ exp (- F2 (A - Pso) )

where for each observation i, the conductivity K; is assumed to be normally distributed with
residual standard deviation ¢ around a logistic function of the water potential P;with the parameters
Pso (water potential at 50% loss of conductivity), Sso (corresponding slope on the percent loss of
conductivity scale) and Ksat (conductivity at full saturation).
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4.3.2.2. Xylem anatomy measurements

For all species, semi-thin (20 pum) transverse sections of the wood anatomical samples were made
with a sliding microtome (G.S.L.1, Schenkung Dapples, Zirich, Switzerland), stained with
safranin-alcian blue, rinsed with distilled water and ethanol (95%) and permanently embedded on
glass slides using Euparal (Carl Roth, Karlsruhe, Germany). Subsequently, the complete cross-
section was digitalized at 100-times magnification using a light microscope equipped with an
automated table and a digital camera (Observer.Z1, Carl Zeiss Microlmaging GmbH, Jena,
Germany; Software: AxioVision ¢4.8.2, Carl Zeiss Microlmaging GmbH). Anatomical
measurements were made by semi-automated image analysis using ImagelJ version 1.52p
(Schneider et al., 2012) and GIMP v. 2.10.6 (GIMP Development Team, 2018). The equivalent
vessel diameter was calculated according to White (1991) (d, um), i.e., the diameter of a circular
vessel with the same conductivity as an elliptical one with minor and major radius a and b:

i (32 (ab)3>0'25 2)

~ \ a2+ b2

Based on d, the hydraulically-weighted average vessel diameter (Dn, um) was calculated according
to Sperry et al., (1994) as following:

Yd® ©)

Dh:ﬁ

4.3.3. Phylogeny

The DNA sequences for the 24 species studies here along with two species used as outgroup
(Ceratophyllum demersum L., Ceratophyllum submersum L.) were obtained from the GenBank
database (Table S1; Benson et al., 2013). The phylogeny was built using four markers, three plastid
genome regions (matK-trnK, atpB-rbcL and ycfl) and one nuclear region, the internal transcribed
spacer (ITS). For each marker, the sequences from all species were aligned by MAFFT v.7.453
software using its progressive alignment and iterative refinement methods (Katoh and Standley
2014; Katoh et al., 2019). The aligned sequences were trimmed manually optimized on UNIgene
software (Okonechnikov et al., 2012) and the final concatenated matrix was analysed under
Maximum Likelihood (ML).

The ML analysis was performed using IQ-TREE2 (Minh et al., 2020). The nucleotide substitution
models were chosen by ModelFinder applying the Bayesian Information Criterion (BIC;
Kalyaanamoorthy et al., 2017): K3Pu+F+G4 to matK-trnK, K3Pu+F+G4 to atpB-rbcL,
TVM+F+G4 to ycfl and K2P+G4 to ITS, with each model being applied to its partition on the
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concatenated matrix (Chernomor et al., 2016). We used 100 bootstrapping to assess branch
supports. The phylogenetic tree was edited with FigTree v.1.4.4
(http://tree.bio.ed.ac.uk/software/figtree/) and GIMP v. 2.10.6 (GIMP Development Team, 2018)
(Fig. 4.1) The matrix is available under request. For macroevolutionary analysis, the outgroup was
removed using the function drop.tip from the ‘ape’ package in the R v. 4.1.0 (R Core Team, 2021).
To ensure that the differences between plant families would not overshadow the differences among
congeneric species, one phylogeny per plant family was also constructed by removing the tips of
remainder plant families using the same function.
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Betula maximowicziana
1100 Betula lenta
Betula alleghaniensis
{99 Prunus padus
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Figure 4.1: Maximum likelihood phylogenetic tree based on matK—trnK, atpB-rbcL, ycfl and ITS markers.
Insets of the phylogenetic tree show stem anatomical cuts representative of all families: Betulaceae,
Rosaceae, Malvaceae, Sapindaceae and the outgroup Ceratophyllum. Photos credits: E. Isasa

4.3.4. Occurrence data

For all 24 species, we extracted occurrence points from two online databases: GBIF (Holstein
2001; https://www.gbif.org) and BIEN (Enquist et al.,, 2016; Maitner et al., 2018;
http://bien.nceas.ucsb.edu). We excluded duplicate occurrence entries, flawed geographic
coordinates and dubious entries, retaining a total of 94572 occurrence points. Betula
maximowicziana showed the fewest points with 148 occurrences.
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4.3.5. Bioclimatic data and variable selection

From each occurrence point, we extracted information on 19 bioclimatic variables provided by
WorldClim 2.0 (https://www.worldclim.org; Fick and Hijmans 2017) at a spatial resolution of 30
arc seconds (approx. 1 km?) based on historical values of the climate variables (1970-2000).

For the subsequent analysis, species climatic range was characterized by the key environmental
variables, based on their relevance to the characterization related to water availability and
temperature stress, both of which are related to drought-related traits and for a given species
distribution (Blackman et al., 2014, 2017; Larter et al., 2017; Martinez-Vilalta et al., 2010; Skelton
et al., 2020). In this sense, we focused on the following six environmental variables: isothermality
(Bio3), mean temperature of the warmest quarter (Bio10), mean temperature of the coldest quarter
(Bioll), mean annual precipitation (Biol2), mean precipitation of the driest quarter (Biol7), mean
precipitation of the warmest quarter (Biol18) (Table S2).

The environmental preferences were obtained for each species by averaging each of the six chosen
variables across all the occurrences where the species was natively present. We assumed the non-
independence of different variables. Subsequently, a multiple comparison tests based on Tukey
contrasts were performed on the environmental preferences (i.e., the mean environmental variable
values across occurrence points) across families, which represents a robust non-parametric
procedure for comparing multiple means under heteroscedasticity (Herberich et al. 2010) (Fig. S1,
Table S2).

4.3.6. Environmental preferences

We found that across the geographical range of the different families, average realized
isothermality varied from 23.98 °C (Table S2) for Acer platanoides in central Europe to over 35.89
°C for Betula utilis in Southern Asia. Variation was found also for the mean temperature of the
warmest quarter, ranging from 13.97 °C for Betula pubescens in Northern Europe to 21.23°C for
Prunus sargentii in Eastern Asia. The mean temperature of the coldest quarter varied from -9.16°C
for Prunus pensylvanica in East America to 4.03 for Acer monspessulanum in Western Europe.
Concerning the mean annual precipitation, a variation was observed from 657.33 mm year™ for
Acer tataricum in Asia from 1624.43 mm year™ for Tilia japonica in Eastern Asia. Regarding the
precipitation in the driest quarter, variations were observed from 825.78 mm for Betula utilis in
Southern Asia to 241.60 mm for Betula lenta in Eastern America. Finally, the mean precipitation
of the warmest quarter variations changes from 152.34 mm for Acer monspessulanum in Western
Europe to 605.38 mm for Prunus sargentii in East Asia.
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4.3.7. Ecological and Macroevolutionary analyses

To answer question (1.1), we determined the range of variation in key hydraulic traits by
comparing the minimum and maximum trait values among the angiosperms tree species.
Vulnerability curves were fitted in R v. 4.1.0 (R Core Team, 2021) with nonlinear least squares
using the logistic model. For our question (1.2), the significance of linear associations between
drought-related traits on the species level was tested with regular linear models of species averages
fitted with ordinary least squares.

Regarding our question (2), macroevolutionary analyses were performed using the constructed
phylogenies. We used a time-resolved phylogeny for the four families to assess phylogenetic
relatedness of our 24 sample species and two as the outgroup. Phylogenetically independent
contrasts for all trait data were calculated using the trait correlation function in the ape package in
Rv.4.1.0 (R Core Team, 2021).

We verified the mode of evolution of Pso, Dnand WD and checked whether they show phylogenetic
signals within and across family. Using the ‘geiger’ package (Pennell et al., 2014), we tested three
evolution models across all families to confirm the best macroevolutionary model for our hydraulic
traits: Brownian motion (Felsenstein, 1973), Ornstein—Uhlenbeck (Butler and King, 2004; Cressler
et al., 2015) and Early Burst (Felsenstein, 1973; Harmon et al., 2010). Given the overall effect of
phylogeny on variation in drought-related traits, we estimated the phylogenetic signal using
Pagel’s A (Pagel, 1999) under maximum likelihood (ML). According to their Akaike Information
Criterion corrected for small sample sizes (AICc), the best models (BMs) were identified,
considering that AAICc < 2 are putative most parsimonious models (Burnham and Anderson,
2002, 2004) (see Supplementary Material S5, S6). The macroevolutionary models were separately
repeated for each family.

To answer question (3), a principal component analysis (PCA Biplot) (PCA1) was performed using
species-mean trait values per compartment type (i.e., Pso, Dnand WD) as data points to evaluate
how the traits were associated. The second PCA (PCA2) assessed relationships among the
environmental preferences of the species across the six chosen bioclimatic variables. We ran the
PCAs using the ‘factoextra’ package in R v. 4.1.0 (R Core Team, 2021). Following Villeger et al.,
(2012), we standardized all traits to make them dimensionally homogeneous and put equal weight
on each trait in the calculations of functional diversity. The first and second axes of both PCAs
(PCAL.1, PCA1.2, PCA2.1 and PCA2.2) were kept, consistently containing over 70% of the
variation (see Supplementary Material S7, S8). Each axis separately from the PCA2 was further
used for the macroecological analyses with the six environmental variables together.

To determine whether drought-related traits are influenced by environmental PCA, we used
phylogenetic generalized least squares regression (PGLS, Freckleton, Harvey & Pagel 2002)
accounting for phylogenetic relationships. We considered both PCA2.1 plus PCA2.2 as
independent variables in the maximum model (MM). We fitted each PGLS model assuming a
Brownian model of character evolution (Martins and Hansen, 1997). The PGLS models were run
using the CAPER package v.0.5.2 (Orme, 2013) in Rv. 4.1.0 (R Core Team, 2021).
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4.4. Results

4.4.1. Embolism resistance, wood density and wood anatomy across species

Our results revealed a wide interspecific range of Pso, Dn and WD. Across the studied 24 temperate
broadleaved tree species (n = 67), Pso varied from -1.77 £ 0.04 MPa in Betula maximowicziana to
-7.32 £ 0.04 MPa in Acer monspessulanum (mean * SD; Table 4.1). The Dy values varied from
26.33 = 1.02 in Prunus avium and to 43.86 + 3.35 in Tilia tomentosa. The WD values varied from
0.34 + 0.02 in Tilia americana to 0.75 £ 0.12 in Acer monspessulanum. In the cross-species
bivariate relationships, we observed hydraulic and structural trade-offs with embolism resistance.
The Pso values were significantly correlated with Dn (r = 0.48, p = 0.018) while not showing
correlation with WD. No relationship for Pso vs. WD and Dy vs. WD (Fig. 4.2 A-B-C, Table 4.1).
In summary, higher embolism resistance was associated with reduced conduit diameter.
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Figure 4.2: Results of simple species-level linear regressions of water potential at 50% loss of conductivity
(Pso) vs. A) hydraulically-weighted vessel diameter (Dn), B) Wood density (WD). C) hydraulically-
weighted vessel diameter (Dn) vs. Wood density (WD). Shown are the species level averages (black)
overlaid with the model predictions +95% confidence bands (grey). For regression parameters see Table
4.1.
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4.4.2. Macroevolution analyses

We mapped the evolution of xylem vulnerability to embolism, vessel diameter and wood density
onto the phylogeny across all the four families. Each trait was indicated to evolve under BM and
Pagel’s A for Psp and WD reveal a significant phylogenetic signal (A = 0.99 and A = 0.61,
respectively; Fig. 4.3 A-B-C, Table S3) but no phylogenetic signal was found for Dn.

When assessing trait evolution separately per family, the results showed some variation among
families (Fig. S3, S4, S5, S6, Table S3). For Betulaceae, all traits were indicated to evolve under
EB, but Pagel’s A revealed no phylogenetic signal (A = 0) for all Psg, Dn and WD. For Malvaceae,
all traits were indicated to evolve under BM and Pagel’s A for Pso revealed a strong phylogenetic
signal (A = 1.000) while Dn and WD did not show a phylogenetic signal (A = 0). For Rosaceae, all
traits were indicated to evolve under BM, but Pagel s A revealed no phylogenetic signal (A = 0) for
all Pso, Dn and WD. Finally, for Sapindaceae we were unable to choose among the three
macroevolutionary models for Ps, as their BIC values differed by less than two units. This is not
surprising, since a large amount of variation in trait distributions and phylogenetic signal can be
generated under BM and both the EB and the OU models represent deviations from BM. However,
both Dy and WD followed BM for Sapindaceae. Pagel’s A for Pso revealed a strong phylogenetic
signal (A = 1.000), while Dy and WD did not show a phylogenetic signal (A = 0).
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Figure 4.3: The spectrum of traits evolution variation in six Betulaceae, six Rosaceae, six Malvaceae and
six Sapindaceae species. A) 50% loss of conductivity (Pso), B) hydraulically-weighted vessel diameter (Dy),
C) wood density (WD). Branch colors reflect changes in traits evolution through time (reconstructed using
maximum likelihood).
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4.4.3. Macroecological analyses

4.4.3.1. Plant architecture and environmental preferences

The first principal component analysis (PCA1) showed that there is a high degree of coordination
among the three drought-related traits (Pso, Dh and WD). The first axis of this first PCA (PCA1.1
with 51.1% of explained variability) was coherent with all three traits variable across the 24 species
(loadings >0.4). The second axis of this PCA (29.7% of explained variability) was coherent with
only WD (loadings >0.4). Species with more negative Psg values tended to have smaller Dy and
higher WD. The PCAL1 also showed that the Tilia species clustered together, contrary to the other
families which showed a spread of values within the trait space (Fig. 4.4 A).

The second PCA (PCA2) showed that there is a high degree of coordination of the chosen
bioclimatic variables. The mean temperature of warmest quarter, mean annual precipitation, mean
precipitation of driest quarter and mean precipitation of warmest quarter are negatively correlated
to isothermality and mean temperature of the coldest quarter. The first axis of this second PCA
(PCA2.1) explained 51.1% of the variability and was coherent with the mean annual precipitation,
mean precipitation of the driest quarter, mean precipitation of the warmest quarter (loadings >0.4).
This axis can be called precipitation preference axis. The second axis (PCA2.2) explained 29.7%
of the variability and was coherent with mean temperature of the coldest quarter and isothermality
(loadings >0.4). This axis can be called temperature preference axis (Fig. 4.4 B).
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Figure 4.4: A) Principal-component analysis based on drought-related traits variation in 24 angiosperm
tree species. The first two axes of the PCA (PCAL1.1, PCA1.2) (accounting for 82.6% of the variance) show
the coordination of stem Pso, Dy and WD. B) Principal-component analysis based on six bioclimatic
preferences (isothermality, mean temperature of the warmest quarter, mean temperature of the coldest
quarter, mean annual precipitation, mean precipitation of the driest quarter, mean precipitation of the
warmest quarter) variation in 24 angiosperm tree species (Table 4.1). The first two axes of the PCA
(PCA2.1, PCA2.2) (accounting for 80.8% of the variance) show the coordination of the six bioclimatic
preferences.
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4.4.3.2. Correlation between drought-related traits and environmental preferences

We detected significant correlations between drought-related traits and bioclimatic preferences for
the Betulaceae, Rosaceae and Sapindaceae families (Table 4.2; Table 4.3).

Table 4.2: Summary of phylogeny-corrected regressions aiming to explain variation in drought-resistance
traits four Angiosperm families using the PCA2.1 (precipitation axis) loadings of environmental
preferences (six bioclimatic variables) associated with species distribution.

A Residual Adjusted Degree
Family Traits Intercept PCA2.1 [maximum standard R- of F-statistic P-value
likelihood] error  squared freedom
Py -1.92 -0.07 0.00 3.10 0.38 4 418o0n1 0.11
Betulaceae Dy 36.61 -1.40 0.00 88.57 0.14 4 1.81onl 0.24
WD 0.61 0.02 0.00 1.07 0.26 4 277onl 0.17
Py -2.85 -0.20 0.96 940 0.65 4 1021on1 0.03
Malvaceae Dy 39.05 1.18 0.00 80.18 0.12 4 1.67on1 0.25
WD 0.39 0.02 0.00 136 0.17 4 203onl 0.23
Py -3.69 -0.02 0.00 9.75 -0.24 4 00lonl 0.92
Rosaceae Dy 34.69 1.11 0.00 83.19 -0.10 4 0.55on1 0.50
WD -0.67 -0.01 0.00 093 -0.09 4 0.57onl1 0.49
Psp -4.66 0.81 0.00 15.18 0.68 4 11920on1 0.02
Sapindaceae Dy 34.31 3.67 1.00 81.72 0.74 4 157lon1 0.01
WD 0.58 -0.03 0.00 147 0.25 4 269onl1 0.17

Table 4.3: Summary of phylogeny-corrected regressions aiming to explain variation in drought-resistance
traits in four Angiosperm families (six species from each plant family) using the PCA2.2 (temperature axis)
loadings of environmental preferences (six bioclimatic variables) associated with species distribution.

S Residual Adjusted Degree

Family Traits Intercept PCA2.2 [maximum standard R- of F-statistic ~ P-value
likelihood]  error  squared freedom
Pso -1.91 -0.03 0.00 4.20 -0.11 4 0.46o0nl1 0.53
Betulaceae Dy 39.49 1.17 0.00 95.29 0.004 4 1.02onl1 0.37
WD 0.61  0.006 0.00 1.37 -0.21 4 0.14on1 0.72
Pso -3.05 -0.18 1.00 16.18 0.91 4 5279 on1 1.9*103
Malvaceae Dy 39.78 0.75 0.00 91.36 -0.14 4 037on1 0.58
WD 0.41 0.02 0.00 1.51 -0.03 4 0.84on1 041
Pso -3.67 0.44 0.00 2.69 0.91 4 48960n1 2.1*10°3
Rosaceae Dy 35.05 -0.03 0.00 88.77 -0.29 4 0.0002onl1 0.99
WD 0.66  -0.04 0.00 0.55 0.50 4 868onl1 0.04
Pso -5.12 -0.05 1.00 27.82 -0.24 4 0.03onl1 0.86
Sapindaceae Dy 34.01 -0.16 0.00 114.6 -0.25 4 0.0050n1 0.94
WD 0.61 0.05 1.00 0.64 0.65 4 10.63on1 0.03
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For Sapindaceae, the PGLS analysis revealed a significant positive effect of PCA2.1 on Pso (F =
11.92, p = 0.02, A = 0.00) and on Dy (F = 15.171, p = 0.01, A = 1.000), whereas it showed no
relationship with WD (Table 4.2). For Malvaceae, only a significant negative effect of PCA2.1 on
Pso was found (F = 10.21, p = 0.03, A = 0.96; Table 4.2). For the Betulaceae and Rosaceae, no
significant effect of PCA2.1 on the traits was found (Table 4.2).

A significant positive effect of PCA2.2 was revealed in WD for the Sapindaceae (F =10.63, p =
0.03, A = 1.000; Table 4.3). Whereas it showed no relationship with Psoand Dn. A significant
negative effect was found in Pso for the Malvaceae (F = 52.79, p = 0.0019, A = 1.000; Table 4.2)
whereas it showed no relationship with Dy and WD. A significant positive effect of PCA2.2 was
revealed in Psg for the Rosaceae (F = 48.96, p=0.0021, A = 0.000; Table 4.2) and a negative effect
on WD (F = 8.68, p =0.04, A = 0.000; Table 4.2), whereas it showed no relationship with Dn. No
significant effect was found of PCAZ2.2 on the traits of the Betulaceae species (Table 4.3).

4.5. Discussion

4.5.1. Functional traits related to embolism resistance

In terms of the coordination among functional traits, our results are generally consistent with the
relationships reported previously across species. Furthermore, our results focused on stems since
stem xylem vulnerability to embolism is more commonly reported than leaf xylem vulnerability.
In particular, we provide evidence for an interspecific scaling of xylem embolism resistance (Pso)
and hydraulically-weighted vessel diameter (Dp) in the branch xylem of temperate diffuse-porous
angiosperm trees. Species with larger vessel diameters have a higher embolism risk (Fig. 4.1).
Nevertheless, embolism spread depends on multiple anatomical features which play a role such as
pit membrane pore constrictions and intervessel connectivity (Schenk et al., 2015; Jansen et al.,
2018; Kaack et al., 2021). The existence of a vessel diameter-xylem safety relationship has been
shown in previous studies (Hacke et al., 2006, 2017; Lobo et al., 2018; Maherali et al., 2006;
Sperry et al., 2006). However, it is also important to point out that this vessel diameter hypothesis
can differ from one study to another depending on the datasets used, on how measurements were
made and on how analyses were run (Isasa et al., unpublished). The relationship between xylem-
safety and vessel diameter aligns our understanding of plant drought responses with the widespread
findings inferred from wood anatomy who varies along climate gradients, since large vessels
increase with increasing precipitation (Nola et al., 2020; Zimmermann et al., 2021).

Wood density has a correlated component with the other traits (Fig. 4.3 A), but an independent
component as well. There was no significant correlation between WD and Psg in this study. This
could be explained by the insufficient range of traits covered in the studied species (Isasa et al.,
unpublished). The WD can vary independently from the other traits, which provides some
physiological flexibility to cope with environmental conditions. Two key factors affect WD: the
climatic conditions (e.g., temperature) and the soil nutrient concentrations (Chave et al., 2006;
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Swenson & Enquist 2007; Heineman et al., 2016). Considering the combination between climatic
responses with wood anatomy, we can gain a better perception of how plants react to weather
patterns along climate gradients as well as large-scale variations in vessel diameter (Pfautsch et
al., 2016; Hacke et al., 2017).

As aresult, anatomical traits implied with embolism resistance can adaptively change from species
to species to cope with the environment (Sperry et al., 2006) and climate preferences are likely to
independently influence trait values (Chave et al., 2009). However, the adaptive ability might vary
from lineage to lineage, as trait-environment relationships depended on the studied family.

4.5.2. Evolutionary component in related drought tolerance traits

In contrast to Dn, which showed a random variation and evolutionary flexibility inside each plant
familie, we found phylogenetic conservatism for Pso and WD (Ackerly et al., 2003; Baas et al.,
2004; Cavender-Bares et al., 2004; Oliveira et al., 2019; Preston et al., 2006; Skelton et al., 2020).
The phylogenetic conservatism assumes that close relatives tend to be more similar than to distant
related taxa (Davies et al., 2013) and suggests (Hietz et al., 2016) that such traits are under strong
selection in the evolutionary short term due to a limited capacity for adaptations (Lamy et al.,
2014). Concerning our data, probably the evolutionary trajectory-maintained xylem embolism
resistance and wood density constant while vessel diameter changes in both directions across
families.

However, similarity in a trait among species cannot be explained by phylogeny alone, but instead
must be explained by eco-evolutionary processes. For example, a trait strongly associated with
fitness could present lower heritability than those less strongly associated with fitness (Gustafsson,
1986; Mousseau and Roff, 1987) when the environmental variance is high (Houle, 1992). Besides,
there is a combination of ecological processes influencing biogeographical change (e.g., species
travel along aridity gradients based on their physiological tolerances) and deeper evolutionary
processes of biogeography influencing traits (e.g., evolution toward greater capacity to avoid
embolism in arid or drying regions) (Ackerly, 2009). As a result, some lineages have followed
similar environments to those their ancestors were already adapted to, preserving ancestral traits
over time, such as the Sapindaceae. It is therefore essential to conduct large-scale studies to
identify phylogenetic signals indicative of evolutionary trends (Coelho de Souza et al., 2016).

4.5.3. Trade-off between drought resistance traits and bioclimatic variables

The analysed bioclimatic variables across families are comparable and a distinct scheme between
environmental correlations with drought-related traits was observed across families. We would
have expected a more significant relationship between drought-related traits and the bioclimatic
preferences across families. According to our results, drought-related traits are described by

109



Part 2: Chapter 3, Relationship between drought — related traits and environmental preferences
across four genera of temperate trees

specific ecological axes depending on the family, but on a global scale, more traits and families
are affected by temperature than precipitation, indicating that temperature plays a key role in
understanding drought vulnerability (Table 4.2; Table 4.3).

Sapindaceae species showed a strong relationship between xylem embolism resistance and
precipitation (Larter et al., 2017) as well as vessel diameter besides wood density showed
relationships only with temperature. Some species may adopt strategies that do not need to amplify
resistance to embolism, decrease vessel diameter or increase wood density, especially where water
is not a limiting resource (Reich, 2014). We found that our studied drought resistance traits cannot
be explained by responses to environmental conditions in the Betula. The absence of relationships
among functional traits and climate of origin at occurrence points among Betulaceae may be
because mean or median climate parameters do not represent the range of climatic conditions
experienced by the plants, particularly where habitats can have large interannual or seasonal
variation in rainfall or aridity. Alternatively, those species could exhibit plasticity in how they
express traits based on environmental conditions and may not be strongly genetically controlled
(Guerin et al., 2012; Stotz et al., 2021).

Plant traits collected in habitats with vastly different environmental conditions, but from species
with a narrow geographical range, tended to correlate with the environment, but not if collected in
offspring grown in gardens (Baruch et al., 2018). Therefore, if trait expression is highly plastic and
the adaptive potential of a species is realized by functional acclimation, it is unlikely that trait
differences among subspecies will be conserved genetically. Hence, rapid and plastic trait
response, not long-term evolutionary processes, may be more important in responding to changes
in environmental conditions and climate (Xu et al., 2021). Due to high genetic variation the
Betulaceae are an excellent model system for adapting northern trees to climate change (Oksanen
et al., 2021). In addition, high plasticity and genotypic variation lead to an excellent adaptation to
rapidly changing environments.

4.6. Conclusion

Drought-related traits associated with the capacity to withstand xylem embolism have a strong
relationship with both evolutionary histories and bioclimatic variables, while showing different
functional strategies. We found evidence that some families could expand ligneously under
increasing drought conditions due to their long-term adaptation to drought and different
environmental conditions (e.g., Acer), whereas other families may favour trait plasticity to drought
response (e.g., Betula). This plasticity should further be studied, especially with other drought-
related traits such as rooting depth and leaf area adjustments.

A physiological explanation for the current drought-induced shift toward embolism resistance,
smaller xylem vessels and denser wooded trees in temperate regions can be derived from the
coordination between drought tolerance and ecological strategies. Identifying and predicting plant
responses to environmental change will be greatly enhanced if we can unravel the internal
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mechanisms of plant tolerance to water deficits while developing useful plant functional types for
modelling and predicting plant responses to future environmental changes.
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5. Synthesis

In the following, I will start with a general discussion, where | summarize the main findings from
the three manuscripts presented in this dissertation. Thereafter, I discuss the outcome of my work
based on the current state of knowledge regarding plant ecophysiology related to drought-induced
tree embolism. As a final note, | provide an overview of the research and provide my overall
conclusions.

The present work was motivated by the following research objectives (Section 1.5):

e plant drought-induced tree embolism trait relationships (Chapter 1)

e calibration of widely applicable methods by estimating xylem embolism resistance traits
using a fast accurate technique (Chapter 2)

e evolution and adaptation of drought-related traits due to climate variation (Chapter 3)

5.1. Summary of present findings and discussion

In the previous chapters, | examined traits associated with drought-induced embolism in temperate
species. At first, | started by exploring whether wood anatomical attributes correlated with
embolism resistance. Then I showed that vessel dimensions and embolism resistance are related.
However, this cannot be explained by a common scaling of both traits’ values, but rather by many
structural parameters of the pits. | also showed that differences in the studied ranges of trait
variables, missing covariates and conflation of different scales of aggregation may reinforce
existing controversies about vessel diameter and embolism resistance relationships.

In a following step, | explored the possibility of the fast, precise and unexpansive method, the
pneumatic method. | verified that the xylem embolism resistance measured by the pneumatic
method and the flow centrifuge method is comparable. Furthermore, | found that, in some
instances, there is an existing potential artefact associated with xylem water potential
determination and species-specific drying behavior that requires further study.

Lastly, to determine how drought-related traits are phylogenetically controlled and their
associations with ecological variables, | conducted time-resolved phylogenies and generalized
least squares regressions. According to my analyses, traits which are associated with xylem
embolism resistance have a strong relationship with both evolutionary histories and bioclimatic
factors, depending on the studied families. In that sense, it supports our knowledge of how distinct
families adopt different strategies.

Finally, I discuss my overall conclusions and an overview of the research. Hence, in the following
sections, | will discuss the implications of leaf traits and tree architecture traits in diffuse-porous
angiosperm trees that are associated with embolism. In the conclusion of my thesis, | will give a
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short overview of all my fundings, how they can be improved by further work and how to
contribute to develop mechanistic models for prediction of xylem safety.

5.2. Using diverse tree predictor traits to enhance drought-induced embolism
research

In Chapter 1, I showed that, vulnerability to drought-induced embolism is a major trait for
assessment of species’ drought resistance since it is linked to major hydraulic failure (Brodribb
and Cochard 2009, Brodribb et al. 2009). In this study, we therefore provided unique reliable data
for xylem embolism resistance in a selection of diffuse-porous angiosperm tree species.

As hypothesized, our analysis showed that easy measurable wood anatomical traits are related to
embolism resistance. Nevertheless, there is a wide range of traits linked to drought induced-
embolism, such as leaf trait and structural features. A combination of trait measurements
concerning the fields of wood anatomy, tree structure, hydraulics, leaf physiology and anatomy,
would further contribute to a better understanding of the strategies of trees with respect to drought-
tolerance.

5.2.1. Drought-induced embolism associated with leaf measurements

It has been particularly difficult to model and predict drought-induced embolism due to uncertainty
regarding traits and mechanisms underlying tree death (Powell 2013, McDowell 2011). It is also
possible to determine an individual species’ embolism level based on the hydraulic, leaf and
stomatal characteristics of the plant (Anderegg et al. 2016, Rosas et al. 2021). As the organs at the
interface with the atmosphere, leaves have evolved multiple properties to mitigate evaporative
demand (Sack et al. 2015).

A leaf's hydraulic resistance can account for 30% or more of the whole-plant hydraulic resistance
(Sack and Holbrook 2006). Through transpiration, leaves lose water as their stomata open to
capture CO> for photosynthesis, which needs to be replaced by flow through the hydraulic system.
The turgor of guard- and adjacent-cells play a crucial role in regulating water flow within the cells,
determines stomatal aperture and play arole in cellular structural integrity, metabolism and whole-
plant performance (Kramer and Boyer 1995). These water relations are important and measured
as water potential, which consists of two components: pressure (turgor) and osmotic potential.
Turgor loss point defines the leaf water potential below which the plant cannot take up sufficient
water to recover from wilting and it has been described as a functional trait clarifying the species-
level drought responses and biogeographic trends (Barlett et al. 2012). It also has been proposed
that this trait quantifies plants' and leaves' drought tolerance (Sack et al. 2003).

In addition, leaf turgor loss and stomatal closure thresholds were observed at leaf water potentials
just above Pso stem water potential, suggesting that stomatal closure plays a protective role in
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preventing extensive embolisms from occurring in the stem (Jones & Sutherland 1991, Sparks &
Black 1999).

A trade-off between xylem cavitation risk and leaf gas exchange is thought to be responsible for
the tight coordination of leaf gas exchange and stem hydraulics (Tyree & Sperry 1988, Sperry et
al. 2002). Therefore, another relevant parameter is the pressure safety margins within the xylem,
which is identified as the difference between Wso/ Wss and the minimum water potential trees
experienced and between single tree compartments (e.g., leaf — twig) are imperative for tree
survival (Johnson et al. 2012).

To sum up, stomatal closure before embolism formation is another fundamental component of
drought tolerance in plants (Delzon and Cochard 2014, Martin-StPaul et al. 2017). With early
stomatal closure, plants are able to reduce water loss and maintain a positive safety margin between
water potential and water potential-inducing embolism, which prevents water deficit-induced
damage (Hochberg et al. 2017, Skelton et al. 2017). Nevertheless, long droughts associated with
high temperatures may ultimately lead to complete stomatal closure and even tightly closed
stomata can leak water if evaporative demand is too high (e.g., through cuticular conductance;
Duursma et al. 2019).

These different hypotheses, linking to different potential mechanisms. Our finding in Chapter 1
and Fig. 5.1 suggested the existing link between multiple traits determinants and embolism
resistance. In this view, embolism resistance results from the association of several anatomical and
physiologic traits inter-related together. Finally Studying at different organ level such as at the
roots level and integrating it into our findings is important, as well as understanding the interactions
with the environment (e.g., soil-plant interactions).
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Figure 5.1: Correlation matrix of the species level averages of the analysed variables. Shown are the annual
stem increment (ASI, cm yr?), height (H, m), Crown volume (Crown, m?), stem water content (SWC, %),
wood density (WD, g cm) , hydraulically-weighted vessel diameter (D, um), vulnerability index (VI, pm?
mm-2) vessel density (Vo, n mm-2), vessel grouping index (Vg), vessel solitary index (Vs), water potential at
12% loss of conductance (P12, MPa), water potential at 50% loss of conductance (Pso, MPa), water potential
at 88% loss of conductance (Pgs, MPa), hydraulic safety margin (HSM, MPa), leaf turgor loss point (%up,
MPa), Huber Value (HV), leaf area (LA, cm?), leaf specific area (SLA; cm? g?), pit membrane thickness
(Tem, Nm). The upper panel shows the Pearson correlations, the lower panel observed values overlaid with
linear regression fits with 95% confidence intervals and the plot diagonal histograms for the corresponding
variables. Figure created with R package corrmorant v. 0.0.0.9007 (https://github.com/r-link/corrmorant).
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5.2.2. Tree architecture and seed dispersal mechanism as drought-related trait

5.2.2.1. Tree architecture study

The purpose of this section is to present the preliminary results of a study carried out at the Stutel-
Arboretum which quantified relationship between xylem safety and tree structural complexity from
Terrestrial Laser Scanning. The results are part of a manuscript, Dorji et al. (in preparation) that
is intended for publication in 2023. A brief discussion of theory and results is presented below.

The results presented in Chapter 2 clearly demonstrate a relationship between embolism resistance
and vessel size across species. An explanation of this link cannot be found by comparing the
characteristics of pit membranes to both traits. The study of embolism resistance involves a
complex relationship between several drought-related traits (Fig. 5.1).

Water relations, gas exchanges throughout the crown of trees, distribution of trees in different
habitats and perhaps even the maximum height a particular species can reach can all be influenced
by the hydraulic architecture of trees. It is for this reason that tree architecture should be studied.
In the general introduction (Section 1.1) it is pointed out that the structure and function of a forest
ecosystem is ultimately determined by the composition and structure of its trees (West et al. 2009,
Seidel et al. 2019). Furthermore, the diversity of tree species in forest stands affects the growth
pace and health of forest ecosystems by varying crown sizes and light gradients (Sterck et al. 2001,
Poorter et al. 2006).

The stochastic growth of a tree is the outcome of the interaction between the genetic growth plan
and both the biotic and abiotic environment (Busov et al. 2008). In fact, various environmental
factors influence tree shape and form, including wind (Watt et al. 2005), sunlight angle
(Kuuluvainen 1992), seed distribution strategy (Dorji et al. 2021), water availability (Niinemets
and Kull 1995), elevation (Barij et al. 2007) and competition (Castagneri et al. 2022).

The plasticity of tree architecture in response to environmental variables (Borchert and Slade,
1981) was described to be the outcome of an individual’s drive to maximize certain
ecophysiological or life-history functions, such as reproductive potential and sunlight absorption
(\Valladares and Niinemets 2007, Hollender and Dardick 2015).

Due to the development in light detection and ranging (LiDAR), in modelling of tree architecture
and in the use of fractal analysis, tree architecture can be analysed accurately in three-dimensions
(3D) (Fig. 5.2). A variety of studies have found that the study of tree structure and their form in
3D is of great importance, including functional ecology of tree drought-related traits (Section II,
Chapter 1), phylogenetics (Section Il, Chapter 3), ecosystem modelling (Section I11, 5.3), remote
sensing of forest landscapes, carbon stock computation and the suitability of urban trees for climate
change (Chave et al. 2005, Arseniou et al. 2021).

While tree architecture is of great importance, 3D quantification has been a challenging task
(destructive, laborious and time-consuming). Besides, there have only been studied of small trees
(Bentley et al. 2013). Due to insufficient data, it has been difficult to develop and test theories
linking tree structures to their physiological function and mechanism (Malhi et al. 2018). Tree
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architecture, like geometry, is a direct result of both inborn and variable morphological traits that
determine the tree’s growth and survival. Furthermore, fractal approaches are increasingly used to
model and analyse ecosystems at landscape scales, including ecological phenomena that are non-
linear and unevenly structured (Halley et al. 2004). Trees' structural complexity can be quantified
by the box-dimension (Dy) using fractal analysis (Seidel 2018, Saarinen et al. 2021).
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Figure 5.2: Two examples of 3D tree point clouds with the highest and lowest box-dimension (Dy) values

observed in our research study. A) Tilia cordata (D, = 2.04) and B) Crataegus persimilis (D, = 1.55).
(Edited from Dorji et al. Unpublished).

Our preliminary findings revealed that the tree's structural complexity (Dy), at species-level, is
significatively related to xylem safety (Pso) measure (p < 0.001) (Fig. 5.3). Also, we found that the
Dy of trees in our study had a greater effect on hydraulic vulnerability than their height or DBH.
Additionally, we found that that the tree's structural complexity (Dy), at species-level had a clear
tendency to significance related to xylem safety (Dn) (p = 0.057; Fig. 5.4 A) and a positive

significative correlation with the branch xylem hydraulic specific conductivity (Ks) (p = 0.02; Fig. 5.4
B).
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Figure 5.3: Results of simple species-level linear regressions of water potential at 50% loss of conductivity
(Pso) vs Dy (box-dimension). (Edited from Dorji et al. Unpublished).
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Figure 5.4: Results of simple species-level linear regressions of Dy (box-dimension) vs. A) hydraulically-
weighted average vessel diameter (Dn), B) branch xylem hydraulic specific conductivity (Ks).

To conclude, there is a possibility that a more complex crown could be associated with a greater
total leaf area, which would result in increased water demand and hydraulic conductivity, resulting
in larger xylem vessels that are more susceptible to drought-related dysfunction (Tyree and Ewers,
1991). Consequently, more complex trees are more susceptible to drought.
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5.2.2.2. Tree architecture and seed dispersal strategies

The purpose of this section is to present the results of a study carried out at the Stutel-Arboretum
which quantified the tree architecture using three-dimensional and geometry analyses conducted
with mobile laser scanning. A brief discussion of the theory and the results is presented in this
passage. The final publication is available on Tree journal (Dorji et al. 2021).

As environmental factors influence the tree shape (Section 5.2.2) it is likely that trees adaptive
geometry is a result of an individuals need to optimize fitness in a given location, including
structural stability, light intercept and reproductive success (Valladares and Niinemets 2007,
Hollender and Dardick 2015, Horn 1971).

There has been an increase in studies that investigate genetic predispositions that can influence
tree growth and branching patterns (Scotti-Saintagne et al. 2004, Kenis and Keulemans 2007).
Many trees are distinguished by their particular form according to their environment at the growing
site (Lindh et al. 2018). Few studies have examined the relationship between seed dispersal
strategy and tree architecture (Malhi et al. 2018), despite extensive research only based on seed
dispersal strategies (Tiebel et al. 2020).

Our results showed that tree structural complexity was positively correlated with tree growth. In
addition, there was a difference in tree architectural complexity as a result of different seed
dispersal strategies. Additionally, we found that the tree geometry at our study site differed
depending on the latitude of the species origin. Particularly, lower latitude trees had a wider
horizontal crown area than those from higher latitudes.

We also found that wind-dispersed seeds were more structurally complex than those dispersed by
animals (p < 0.001). Finally, tree architectural complexity was positively related to the growth
performance (expressed as the annual radial increment) of the trees (p < 0.001).

From this and the previous subsection, we demonstrate that the growth patterns and architecture
(e.g., box dimension, structural complexity) of individual tree species affect the structure and
dynamics of a forest. A variety of physiological and functional motif in trees and forests can be
correlated with this measure of complexity. We have demonstrated that laser scanning provides a
unique way to examine the relationship between tree structure and function. Hence, it may be the
most effective method for developing functional-structural plant models that are needed to better
explain mixed stand growth. In order to get a deeper understanding of terrestrial ecosystems
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5.3. Study of macroevolutionary processes and embolism resistance within 17
Sapindaceae species

The purpose of this section is to present the preliminary results of a study carried out at the Stutel-
Arboretum and Botanical Garden of Wiirzburg which present the relationships between drought-
related traits and environmental preferences across 17 Acer species. The results are part of a
manuscript Isasa et al. in preparation that is intended for publication in 2023. A brief discussion
of the theory and the results is presented below.

Presented and discussed in the previous section (Section Il, Chapter 1 and Chapter 3), Xylem
embolism resistance traits exhibit a strong relationship with evolutionary histories and bioclimatic
variables, while exhibiting different functional strategies. Because some families, such as
Sapindaceae, have adapted to drought and different environmental conditions over time, they can
expand linearly under increasing drought conditions.

Temperate regions can benefit from drought tolerance and ecological strategies that are
coordinated to reduce embolisms, decrease xylem vessel diameters and increase tree wood density.
By unraveling the internal mechanisms of plant tolerance to water deficits and developing useful
functional types for modelling and predicting plant responses to future environmental changes, we
will greatly enhance our ability to identify and predict plant responses to environmental change.
A specific family, the Sapindaceae, is highlighted in this study. The Acer genus is one of the most
important tree genera in the deciduous forests and is mainly native to temperate zones of the
northern hemisphere (Grimm et al. 2007, Grossman 2021). About 152 species of deciduous and
evergreen trees and shrubs can be found in eastern Asia and in Europe and North America (Gao et
al. 2020). The most common maples in Central Europe are Acer campestre, Acer pseudoplatanus
and Acer platanoides (Caudullo and Rigo, 2016, Rohrig et al. 2020). Acer plants are an interesting
topic of research due to their diversity and extraordinary wide range of distribution, which is
attributed to the availability of water, as well as the fact that little research is done on interspecific
variability of hydraulic traits. Using anatomical and physiological measurements, this study aims
to quantify maple species' drought resistance and establish evolutionary relationships with regards
to their climatic preferences.
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Figure 5.4: Observed ranges of the water potential at 50% loss of conductivity (Pso). Shown are raw data
from individual plants overlaid with mean * standard errors, ordered by their mean values.

The studied Acer species covered a wide range of Pso values (Fig. 5.4). Our drought-related trait
analysis shows high pair-wise correlations between all the measured traits, particularly between
50% loss of hydraulic conductivity (Pso) and leaf thickness (L:), between vessel density (Vp) and
hydraulically-weighted vessel diameter (Dn) and between the surface leaf per area (SLA) and the
Huber-Value (HV) (Fig. 5.5). A strong positive correlation was found between the lumen to
sapwood area ratio (Y%Lumen) and the stem hydraulic conductivity (Kp), Dn with Kpand K, and the
turgor loss point (¥rLe). A weak correlation was found between Pso and ¥re.
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Figure 5.5: Correlation matrix of the species level averages of the analysed variables. Shown are the water
potential at 50% loss of conductance (Pso, MPa), leaf turgor loss point (TLP, MPa), vessel density (Vp, n
mm?2), the lumen to sapwood area ratio (Y%oLumen), the hydraulically-weighted vessel diameter (Dn, pm),
the conductivity (K, kg m™ MPa™! s7!), leaf thickness (L;, mm), leaf specific area (SLA, dm? g!) and the
Huber-Value (i.e., the investment of stem tissue per unit leaf area fed, HV).The upper panel shows the
Pearson correlations, the lower panel observed values overlaid with linear regression fits with 95%
confidence intervals and the plot diagonal histograms for the corresponding variables. Figure created with
R package corrmorant v. 0.0.0.9007 (https://github.com/r-link/corrmorant). (Edited from Isasa et al.
Unpublished)
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According to our preliminary phylogenetic analysis (Fig. 5.6), the species can be divided into
different groups according to the degree of relatedness.
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Figure 5.6: Maximum likelihood phylogenetic tree based on matK—trnK, atpB-rbcL, ycfl and ITS markers.

Insets of the phylogenetic tree show leaf anatomy representative of all Acer species and the outgroup
Ceratophyllum. Photos credits: A. Maxi Lea Wagner.

135



Part 3: Synthesis

rAcer platanoides
Acer miyabei

Acer fruncatum

Acer cappadocicum

EAcer palmatum

Acer tataricum

=Acer griseum

=Acer glabrum

{Acer mono
Acer lobelii

=Acer pseudoplatanus

l=Acer sempervirens

== Acer carpinifolium

EAcer monspessulanum

Acer saccharinum
=Acer campestre
7.69 P50(Mpa) 1.789
length=0.224

136

Acer rubrum

Figure 5.7: The spectrum of estimated trait evolution variation in 17 Sapindaceae species in 50% loss of
conductivity (Pso) Branch colors reflect changes in trait value through time (reconstructed using maximum
likelihood).

The measurement show (Fig. 5.7) that the genus Acer is diverse and variable, which is also proven
by the literature (Gao et al. 2020). Acer platanoides, Acer truncatum, Acer tataricum, Acer
griseum, Acer sempervirens, Acer monspessulanum, Acer saccharinum and Acer campestre are
shown to be drought-resistant tree species. Acer campestre will play an important role in our forests
as a mixed tree species, as it has proven to be a drought-tolerant species. While Acer
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pseudoplatanus, currently of economic importance and thus widely planted in European forests, is
considered as a drought-sensitive species. Acer monspessulanum is less suitable for our forests but
better as a low-maintenance drought-resistant urban tree. Further aspects like identifying
bioclimatic relations and drought-related traits in the Acer genus are necessary for a better
understanding of their evolution and adaptation to a future climate.

Finally, I would like to highlight one of our main goals for this study, which is to understand how
global change affects drought-related traits in the Sapindaceae family. The persistence of tree
populations and diversity is determined by phenotypic plasticity, evolutionary changes in
phenology (Alberto et al. 2013), the evolution of plastic responses in functional traits (Gienapp et
al. 2008) or species distributions (Blackman et al. 2012, Larter et al. 2017, Skelton et al. 2020).
We would identify the possibility of a link between the adaptation of the xylem hydraulic system,
the drought-related traits and the native range's climate in the Sapindaceae family. Natural
selection promotes range-wide adaptation to different environmental factors over generations.

A deeper understanding of the patterns and sources of intraspecific trait variation is needed. There
has been extensive research on the inter-specific variation of traits related to water regulation and
many of these traits vary systematically along an aridity gradient. The pattern of intraspecific trait
variation, however, is less clear, with the environmental drivers not fully understood. Variation in
hydraulic traits among species follows a similar pattern, with traits generally shifting toward
drought tolerance as habitat water availability decreases. Despite variations in environmental
dryness, hydraulic traits can be highly conservative in other species. The traits of a population may
also change over time, but studies focusing on this issue are rare. According to Guo et al. 2020;
Sorek et al. 2021 and Wu et al. 2021, certain hydraulic traits, such as vulnerability to embolism or
hydraulic capacitance, may change seasonal or interannually, changing overall water regulation
strategies at different times. Ontogenetic differences or shifts in environmental conditions over
time can cause this type of variation. In order to uncover the source of variation within species, it
is helpful to separate observed differences into genotype variation and phenotypic plasticity.

As a result, it is necessary to develop global databases to improve models in order to evaluate
accurately whether natural selection and migration may again allow populations to adapt
adequately to their new climates. If genetics determine trait expression, then we should expect
small differences in targeted traits across populations and we should be able to apply a single trait
value to models regardless of growth conditions. However, a controlled environment experiment
or transect study in the field will be required to uncover the environmental driver and then calculate
the trait value in models based on environmental variables.
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5.4. Outlook

5.4.1. Implication on plant functional trait databases

Trees in general show a large variation in the anatomy, physiology and structural roles of xylem.
This applies to intra-species relationships as well as between the different tree species. The
importance of xylem research can be transferred to the terrestrial water balance, since 80% of the
evapotranspiration is made by plants. (Hammond et al. 2021). The xylem plays an essential role
in many complex processes, more precisely in the water and carbon cycle. Moreover, the xylem
possible deficiency can provoke damages and devastating consequences for plants and life
dependent on plants.

A great deal of research has never been possible due to the lengthy process of compiling functional
trait data into global databases. A database not only keeps data current, but it also allows
widespread access to information and helps us to avoid duplication. Indeed, for mapping and
analysing spatial distributions, databases on occurrence are needed (e.g., the Global Biodiversity
Information Facility, GBIF). With the help of statistical models of phylogenetic signal in traits,
missing values of closely related species can often be predicted with high accuracy. Plant
functional ecologists and ecosystem modelers must explore alternative methods to deal with a lack
of information. Functional trait databases can be rapidly imputed using evolutionary comparative
methods (Swenson 2013) because of the phylogenetic signal in traits (Chapter 3). Several recent
improvements have made it possible to compile large trait databases (Kattge et al. 2011) and
generate massive phylogenetic trees using this signal in many cases. At a continental scale, this
facilitates the mapping of plant function.

As a result, it is crucial to continue compiling large trait databases, such as TRY (Kattge et al.
2011) and the xylem functional traits database (XFT), which is currently being built. The XFT
contains more than 4,500 unique observations of xylem vulnerability on six continents (Hammond
et al. 2021).

5.4.2. Model optimisation to predict drought induced embolism

Identifying drought-prone species and predicting embolism resistance remain a challenge (Li et al.
2022), which is why a collection of structural and physiological traits is crucial. Different species
of plants exhibit many functional traits that are mathematically correlated. There can be positive
correlations due to shared ancestry, functional convergence, or co-selection, while negative
correlations can result from trade-offs in function or structure (Wright et al. 2007, Reich 2014;
Bartlett et al. 2016). This approach allows us to gain an understanding of the principles, species
coexistence, as well as traits variation across species.

Due to a lack of knowledge, we are unable to predict embolism resistance and when plants will
die under extreme drought. A simple hydraulic branch-level trait model can be used to determine
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how long it takes trees and other woody plants to desiccate to lethal water potentials after stomatal
closure (Blackman et al. 2016).

In one hand we can find process-based vegetation models (VMs) that simulate plant physiological
processes (e.g., photosynthesis and transpiration) and ecological interactions (e.g., competition for
scarce resources, governing forest responses to climate) (Trugman et al 2021). In order to
determine whether certain mechanisms are sufficient to produce patterns observed in nature,
vegetation models are an important hypothesis testing tool. VMs that are hydraulically enabled
could be used to predict embolism resistance, but they are still very simplistic. Moreover, VMs
have not yet been able to predict mortality at broad spatial scales, which is a critical goal for
predicting the terrestrial carbon cycle under climate change.

On the other hand, land surface models (LSMs) can also be useful tools to capture vegetation
dynamics on spatiotemporal scales and simulate vegetation growth, mortality and reproduction,
but they are rarely able to accurately predict vegetation responses to environmental perturbations,
especially in drought conditions. Plant embolism has emerged as a key determinant of tree death
in the past few years as significant progress has been made regarding the physiological
mechanisms supporting drought response (Barros et al. 2022, Guan et al 2022, Shao et al 2022).
Despite this, current LSMs are unable to predict drought-induced embolism and drought-related
tree mortality.

Furthermore, dynamic forest models can be used to predict future forest changes and/or analyse
their ecosystem functions. The level of detail, time resolution and spatial resolution of these
models differ significantly. Additionally, it is necessary to describe the physiological processes
and trade-offs that affect tree structure and development over time. As a result, a mechanistic
approach examining these processes explicitly would allow us to assess the impact of
environmental change across a large spatial area (Urban et al. 2016, Cabral et al. 2017). Although
large-scale vegetation dynamics and carbon cycle predictions are made, forest structure is typically
simplified (Cramer et al. 2001, Purves and Pacala 2008). In temperate forests, there are few well-
studied tree species that allow models to be parameterized at the species level. For dynamic forest
models, temperate trees present a particular challenge because of their high species numbers and
diverse ecological strategies.

With functional-structural tree models (FSTMs), it is possible to simulate tree structure even more
in detail. FSTMs depict trees as interconnected structural and functional units, such as branches,
leaves, or reproductive organs, in 3D space (Godin and Sinoquet 2005, Sievénen et al. 2014). With
these 'virtual tree' models, structural tree growth and the interaction between tree architecture and
physiological processes can be modelled (Petter et al. 20214, b).

In drought conditions, we are especially interested in species that can withstand negative xylem
pressure. In models of global dynamic vegetation described before, static functions are used to
simulate species distributions, but these fail to incorporate hydraulic characteristics that vary by
species (Anderegg 2015). A trait-based approach to predicting drought impacts is therefore more
relevant than a functional type-based approach.
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Plant hydraulic traits would need to be available for a large number of species and biomes to be
integrated into vegetation models. This is why databases are so useful.

Many leaf traits have been associated with xylem safety, both at the branch and foliar levels (Part
I, Chapter 2 and Part Ill, Section 5.2), including wood density, conduit size, pit membrane
properties, hydraulic safety margins, stomata control, sapwood-to-leaf area ratios and many others.
There is, therefore, no way to predict how traits will change across species.

A recently developed tree and forest model that adequately describes the three-dimensional
structure of trees based on physiological principles of photosynthesis, carbon allocation and
structural growth can be used to develop mechanistic models for predicting xylem safety (Petter
et al. 2021). Based on the pipe theory (Shinozaki et al. 1964), leaf and wood traits are combined
to simulate tree performance and growth. Dynamic variables such as biomass, tree growth and
forest structure dynamics should be added to emergent patterns in addition to structural details of
trees. Petter et al. 2021 have successfully calibrated this model to fit Neotropical Forest data.

The model could be calibrated to temperate trees with standardized conditions (age and
environment) and replicated across individual trees of the same species to conduct further
simulation experiments.

Due to this, the model will serve as a starting point for calibrating hydraulic, wood and leaf traits.
For instance, if the calibrated model underperforms when predicting structure, it may be possible
to incorporate additional traits (such as hydraulic efficiency, embolism resistance, stomatal
conductance, vessel size and density) to understand their impact on model performance when
predicting tree growth and structure. The calibrated model will be used to forecast tree distributions
under environmental change (e.g., as in Cabral et al. 2013). This will thus be able to predict tree
survival based on physiological constraints.

5.5. Final conclusion

In the end, | expect that this thesis helps fill gaps in knowledge about plant drought-induced tree
mortality trait relationships, evolution and adaptation of drought-related traits due to climate
variation.

In the first chapter, | provide the information concerning the wood anatomical attributes which are
easy measurable traits. Those traits were correlated with embolism resistance. Furthermore, it is
shown that wood anatomical attributes, such as vessel dimensions and embolism resistance, are
linked. However, these relationships cannot be explained by a common scaling of both traits, but
rather by many structural parameters of the pits. This section also showed that differences in the
studied ranges of variables, missing covariates and conflation of different scales of aggregation
may reinforce existing controversies about diameter - embolism resistance relationships.

The second Chapter provides a methodological comparison of common embolism resistance
measurements method. It explored the possibility of a new fast, precise and expansive method (the
pneumatic method). These findings verified that the xylem embolism resistance measured by the
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pneumatic method and the flow centrifuge method are comparable. Nevertheless, the method
should be tested on long vessel species (i.e., tropical species). Furthermore, our study points out
that there is an existing potential artefact associated with xylem water potential determination and
species-specific drying behavior that requires further study.

In the third Chapter of this dissertation, | present how drought-related traits are phylogenetically
controlled by their associations with ecological variables. In this regard, it is important to point out
that wood traits and xylem embolism resistance have a strong relationship with both evolutionary
histories and bioclimatic factors, depending on the studied families. In agreement with our
knowledge, distinct families adopt different strategies. Contributing to the development of a shared
database is useful for predicting xylem safety using mechanistic models because stem embolism
resistance predicts species growth and survival ecological distribution and both macro- and micro-
evolutionary patterns.

To conclude, drought-related tree embolism is a ramification of complex interactions, consisting
of multiple physiological processes associated with carbon and hydraulic dynamics. In future
research, generating trees and forests can be routinely modelled in a standardized way to
mechanistically account for and calibrate species dynamics. A fundamental knowledge of drought-
related traits values as well as their relationships with one another will help to calibrate and expand
these models. Furthermore, high genetic variation may allow species to survive longer than
expected in novel climates (i.e., evolutionary extinction debt). Nevertheless, eco-evolutionary
dynamics are still rarely considered. A more ambitious, but perhaps even more motivating
inclusion of such a platform in Earth Science modelling would allow for the interaction between
biodiversity and other components of the Earth system, such as the atmosphere, the hydrological
cycle and land use, as well as initiatives for a common biodiversity modeling platform in addition
to such earth system dynamics.
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6. Appendices

6.1. Chapter 1
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Appendix 1, Figure S1: Raw data for the Cavitron vulnerability curves measured on the samples
from the Stutel dataset. Shown is the change of conductivity with decreasing water potential for
each of the measured samples (rescaled to PLC based on the model estimate of Ksat according to
Eqgn. (3)). Given are the model estimates (colored lines) = 95% confidence bounds (shaded areas)
for each sample, as well as the species level average Pso (dashed vertical lines).
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Appendix 1, Figure S2: Correlation matrix of the species level averages of the analyzed variables. Shown
are the water potential at 50% loss of conductance (Pso, MPa), the hydraulically-weighted vessel diameter
(Dn, um), the pit membrane thickness (Tem, NM), the specific conductivity (Ks, kg m™ MPa™! s7!), the tree
diameter at breast height (DBH, cm) and the tree height (Height, m). The upper panel shows the Pearson
correlations, the lower panel observed values overlaid with linear regression fits with 95% confidence
intervals and the plot diagonal histograms for the corresponding variables. Figure created with R package
corrmorant v. 0.0.0.9007 (https://github.com/r-link/corrmorant).
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Appendix 2, Table S1: Summary of the analyzed variables. Shown are the species (A. monspessulanum from the botanical garden Wirzburg listed
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separately as BGWU), the number of trees for the wood anatomical and hydraulic measurements (Nyee, including the number of replicate samples in

parenthesis for A. monspessulanum), the number of pit membranes analyzed for each pit membrane measurement (nyit) and the mean + standard
deviation of the water potential at 50% loss of hydraulic conductivity (Pso), hydraulically-weighted vessel diameter (Dn), the central, edge and mean
pit membrane thickness (Tem center, edge and mean, respectively), specific conductivity (Ks), diameter at breast height (DBH) and tree height

(Height).
Species Hiyee Ny Psog (MPa) D, (um) Tpycenter (nm) T'py edge (nm) T'py;mean (nm) K (kg m® MPa? s’l) DBH (¢m) Height (m)
Acer campestre 4 27 -545+0.12 33.2+22 364.1£40.3 262.7+19.4 313.4+24.7 046+0.15 108+0.6 7.0+02
Acer monspessulanum 2 16 -7.33+0.04 273+1.2 458.6+111.0 236.4 + 38.8 347.5+63.7 0.52+0.01 12.6+0.7 6.7+0.1
Acer monspessulanm BGWU 22 (64) 16 -6.90+0.31 30.5+1.8
Acer platanoides 4 15 -435+0.29 424+0.3 404.9+42.1 249.7 + 26.6 327.3+319 0.61+£0.16 123+£0.7 72+02
Acer rubrum 4 9 -292+0.05398+3.0 312.6 +£40.5 240.5 + 56.6 276.6 +37.8 1.19+030 87+06 62+02
Betula pendula 4 27 -232+0.19 33.1+£2.3 225.5+50.2 184.3 £33.1 204.9 £ 40.0 1.34+0.11 107+12 84+038
Betula utilis 4 3 -2.02+0.16 39.0+ 1.5 261.7 £ 68.3 216.0 = 68.6 238.8 £ 65.5 1.35+0.13 8.6+0.7 6.6=0.3
Carpinus betulus 4 16 -4.70+0.25 36.8+ 1.7 3744+ 584 255.3+27.1 3148 +£37.1 1.36 £0.11 109+09 74+03
Crataegus persimilis 4 16 -5.69+0.82 26.9£0.8 416.6 +112.1 253.8+50.6 335.2+£70.0 0.79+0.04 72+04 59=£0.1
Ostrya carpinifolia 4 10 467024 40.2+1.7 359.6 £55.3 278.0+47.7 318.8+46.9 143021 89+02 6.0x02
Platanus orientalis 4 10 -1.93£0.10 45.2£3.2 313.0£32.3 191.2+352 252.1 £ 28.6 1.98+0.13 11.8£09 7.7+0.1
Platanus x acerifolia 4 10 -1.70+0.19 38.2+3.1 3094 +25.1 2552+29.5 282.3+249 1.67+023 96+0.6 47+04
Prunus padus 3 11 -3.16+0.04 37.8+£1.2 320.3 +£40.2 21824427 269.3 +£36.3 1.65+0.28 10.7+0.8 64+0.1
Prunus serrulata 4 12 -414+029 31.7+1.2 306.1 £71.2 221.3+36.2 263.7£50.6 1.09+046 11.7£0.5 58=x04
Pyrus calleryana 4 9 -5.83x0.16 26.8 = 1.7 371.8+£96.2 234.2+58.5 303.0+73.7 077028 11.2x1.0 76=038
Sorbus latifolia 4 16 -592+043 253+£2.7 3249 £60.5 245.5+44.2 285.2 £48.8 0.79+0.07 92+£07 56+03
Sorbus x thuringiaca 4 8 -511+023280+1.4 440.0 + 65.2 323.2+529 381.6 +£55.7 1.21+0.05 94406 59+03
Tilia cordata 4 6 -3.14+0.24 38.6+25 232.8+32.5 193.0+19.7 212.9+23.9 1.69+0.17 114+£08 6504
Tilia mongolica 4 13 -2.92+0.08 40.4+2.6 256.6 £43.8 187.2+32.3 221.9 +36.6 0.73£0.23 88=x03 5.1=x0.1
Tilia platyphyllos 4 13 -3.39+£0.11 40.0£3.2 166.5 £25.1 164.4 = 18.6 1654+ 18.4 0.89+0.17 122+03 7.6=x02
Tilia tomentosa 4 7 -3.28+0.09 43.9+3.3 265.7+24.9 169.4+£9.9 217.6 £ 14.7 0.99+£0.10 17.2£1.0 7.5£0.5
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Appendix 3, Table S2: Parameter estimates of the linear regression models of the water potential at 50%
loss of hydraulic conductivity (Pso) against hydraulically-weighted vessel diameter (Dy), pit membrane
thickness (Tpwm) and specific conductivity (Ks) that are shown in Figure 2—4 in the main text. For each model
term, given are the regression estimate with the corresponding standard error, t-value and the p-value for
the null hypothesis that the parameter is equal to zero.

Model Term Estimate Std.error Z-value  p-value
Psy~D, (Int.)  -10.383 1.523 -6.819 <0.001 ***
Dy 0.178 0.042 4262 <0.00] *%*x*
Py~ Tpy (Int.) 0.632 1.102  0.574 0.573
Tom -0.014 0.003 -4.294 <0.00] ***
Psy~K, (Int.) -6.687 0.730 -9.157 <0.00] ***
K, 2.404 0.608  3.958 <0.001 ***
P sy~ D, (restr. range)  (Int.) -0.593 6.260 -0.095 0.927
Dy -0.068 0.157 -0.432 0.676
P sy ~D,(ACMO) (Int.) -6.896 0.627 -11.003 <0.001 ***
Dy -0.001 0.021 -0.048 0.961
Psy~D,+ Tpy (Int.) -5.181 2.044 -2.534 0.021 *
Dy 0.122 0.038 3.166 0.006 **
Tom -0.010 0.003 -3.198 0.005 **
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Appendix 4, Table S3: Parameter estimates of the mixed-effects models for the Pso — Dy, relationship (note
that D was centered around O to obtain an interpretable intercept). Above: regular linear mixed-effects
model (LME); below: LME with within-species centering. Shown are the parameter estimates with their
MCMC standard error, 95% credible intervals, the R-statistic and bulk and tail effective sample sizes. 95%
credible intervals excluding zero are displayed in bold. Note that the regular LME misses the strong cross-
species relationship and that the within-species relationship is biased upwards compared to the alternative

model formulation.

Model Parameter Estimate SE 95% CI Rhat Bulk ESS Tail ESS
Regular LME Intercept -3.992 0.349 -4.690 —3.295 1.002 1303 2384
Slope 0.019 0.018 -0.015-0.053 1.001 6539 6325
SD(Intercept) 1.528 0.273  1.094-2.175 1.001 2027 3932
SD(Slope) 0.031 0.018 0.005-0.073 1.000 4155 Sl6l
cor(Int., Slope) -0.243 0.371 -0.844-0.576 1.001 9036 6887
Residual SD 0.297 0.025  0.254 -0.350 1.000 8706 7692
Within-species centering Intercept -4.195 0.268 -4.710—-3.663 1.003 1829 3600
Slope (between) 0.177 0.046  0.085-0.267 1.003 2166 3364
Slope (within) 0.007 0.018 -0.029-0.042 1.000 13069 7134
SD(Intercept) 1.186 0.221  0.842-1.704 1.001 2541 4411
SD(Slope) 0.029 0.017 0.005-0.071 1.000 6680 6129
cor(Int., Slope) -0.005 0.406 -0.749-0.756 1.000 11011 7380
Residual SD 0.297 0.025  0.254-0.350 1.000 11069 7853
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Appendix 5, Table S1: Comparison of the estimated xylem water potential at 12%, 50% and 88% loss

of conductivity / percent air discharged (P12, Pso and Psg, respectively) and slope of the vulnerability

curve (Sso) for the 12 studied diffuse-porous tree species for the pneumatic (15 sec AD interval) and
flow-centrifuge method. Given are the means and propagated standard errors including the inferential
uncertainty of the PLC measurements. Asterisks (*) indicate xylem pressures measured with stem
psychrometers; hashes (#) indicate individuals from the same species measured with the pressure bomb.

P, (MPa) P 5, (MPa) P g (MPa) 850 (-% MPa™)
Species Cavitron  Pneu. (16 s) Cavitron  Pneu. (16 s) Cavitron  Pneu. (16 s) Cavitron Pneu. (16 s)
Betula pendula -2.07+0.03 -1.36+0.05 -2.38+0.01 -1.85+0.02  -2.69+0.03 -2.49+0.05 1341105 774+ 54
Betula utilis -1.92+0.01 -1.37+0.05 -2.09+£0.00 -2.05+£0.02 -2.24+0.01 -2.71+£0.05 267.0£11.9 714+ 45
Carpinus betulus -3.74£0.06 -2.65+0.08 -4.75+0.03 -4.06+£0.03 -5.76+0.05 -5.47+0.08 48.0+ 2.1 344+ 1.7
Crataegus persimilis  -4.96 +0.17 -3.36+0.21 -6.02+0.06 -5.63+0.09 -7.05+0.16 -7.56+0.23 469+ 54 170+ 14
Ostrya carpinifolia  -4.09 +0.04 -3.53 =0.07 -4.72+0.02 -4.98+0.03 -5.32+0.04 -6.44+0.07 75.7+ 4.0 335+ 1.4
Platanus acerifolia  -1.55+0.02 -1.00=0.05 -1.85+0.01 -1.42+0.02 -2.14+0.02 -1.97=0.04 1547+ 81 947+ 8.0
Platanus orientalis  -1.73£0.04 -1.510.04 -1.97+£0.02 -1.71 £0.02 -225+0.04 -1.91+0.04 1359+ 160 130.6+17.9
Pyrus calleryana -4.73 £ 0,10 -3.91£0.30 -3.79+£0.04 -6.31x0.13  -6.82+£0.09 -9.00£0.43 459+ 34 191+ 22
Sorbus latifolia -3.94+0.18 -4.40+0.15 -5.69+0.07 -6.34+0.06 -7.39+0.14 -8.13x0.13 281+ 22 203+ 1.3
Tilia cordata* -245+0.02 -2.26 £0.00 -3.02+0.01 -255+0.00 -3.60+0.02 -2.84+0.00 844+ 27 1142+ 1.0
Tilia cordata# -245+£0.04 -1.46+0.07 -3.15+0.02 -221+0.03  -3.85+0.04 -3.03+0.06 56.0+ 28 61.0+ 43
Tilia japonica -2.354+0.02 -1.35+0.15 -3.00+£0.01 -292+0.05 -3.64+0.02 -449+0.14 744+ 1.7 310+ 24
Tilia platyphyllos®  -1.82+0.03 -2.20+0.01 -2.68+£0.01 -270+0.00 -3.54+0.02 -3.19+0.01 555+ 1.5 835+ 09
Tilia platyphyllos# 295+ 0.02 -1.43 £0.05 -3.43+£0.01 -1.91+0.02 -3.92+0.02 -2.42+0.05 825+ 32 912+ 8.2
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Appendix 6, Table S2: Summary of a set of metrics describing the agreement between the two analyzed
methods for the estimated parameters for the xylem water potential at 12%, 50% and 88% loss of
conductivity (P12, Psoand Pgs, respectively) and the slope at 50% loss of conductivity (Sso). Given are
the comparisons between the flow-centrifuge method and the pneumatic method at 15, 30, 60, 90 and
115 sec air discharge intervals. The values indicating the highest agreement are highlighted in bold.

Parameter AD time

Pearson p

MSD

RMSD

P 16 sec
30 sec

60 sec

90 sec

115 sec

Pso 16 sec
30 sec

60 sec

90 sec

115 sec

Pgg 16 sec
30 sec

60 sec

90 sec

115 sec

log(S s0) 16 sec
30 sec
60 sec
90 sec
115 sec

0.834 (0.761-0.917)
0.834 (0.749-0.911)
0.803 (0.696-0.902)
0.770 (0.642-0.885)
0.739 (0.579-0.879)
0.955 (0.932-0.978)
0.959 (0.937-0.978)
0.961 (0.939-0.978)
0.962 (0.940-0.979)
0.962 (0.939—0.980)
0.937 (0.908—0.963)
0.939 (0.912-0.962)
0.938 (0.910-0.962)
0.937 (0.909-0.961)
0.937 (0.906-0.960)
0.555 (0.367-0.717)
0.549 (0.357-0.722)
0.544 (0.374-0.722)
0.544 (0.348-0.721)
0.545 (0.342-0.722)

0.517 ( 0.286— 0.733)
0.574 ( 0.349— 0.774)
0.662 ( 0.429— 0.898)
0.720 ( 0.463— 0.972)
0.771 ( 0.498 1.036)
0.129 (-0.048— 0.302)
0.189 ( 0.014— 0.355)
0.269 ( 0.106— 0.425)
0.315 (0.170- 0.458)
0.343 ( 0.202— 0.493)
-0.259 (-0.572— 0.068)
-0.196 (-0.529- 0.134)
-0.125 (-0.472— 0.175)
-0.090 (-0.398— 0.196)

-0.085 (-0.409- 0.196)
-0.298 (-0.523—-0.053)
-0.300 (-0.541—-0.063)
-0.306 (-0.539—--0.067)
-0.311 (-0.537—--0.070)
-0.330 (-0.554—-0.074)

0.827 (0.658-0.992)
0.861 (0.713-1.012)
0.957 (0.775-1.137)
1.034 (0.812-1.280)
1.102 (0.845-1.348)
0.542 (0.412-0.651)
0.521 (0.402-0.631)
0.519 (0.394-0.638)
0.529 (0.397-0.647)
0.538 (0.400-0.671)
1.018 (0.706-1.301)
0.971 (0.687-1.248)
0.929 (0.651-1.178)
0.905 (0.658—1.143)
0.896 (0.667-1.131)
0.758 (0.636-0.883)
0.756 (0.631-0.871)
0.758 (0.631-0.880)
0.763 (0.631-0.884)
0.771 (0.638-0.898)
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Appendix 6, Figure S1: Documentation of the applied set-up. A — Pneumatron: device for air discharge
measurements; B1 and B2: — branch 1 and branch 2; C — Plastic clamps to tighten the connection of
elastic tubing and branch to avoid leakage; D — Elastic tube to connect the branch to the vacuum
reservoir; R1, R2, R3 — Vacuum reservoir; S1, S2, S3 and S4 — three-way stopcocks for switching the
connection between the pneumatic apparatus and the two branches.

160



Appendices

]
-*‘IL:
23

Appendix 7, Figure S2: Documentation of the stopcock, plastic clamps and elastic tubing used for
connecting the pneumatic apparatus with rigid tubing to the branch. The red color marks the point to
where the branch was inserted into the tubing. To calculate the volume of elastic tubing, the empty
weight of stopcock, plastic clamps and elastic tubing was measured and filled up to the red mark with
water after measurement and weighed again. The weight of the water was later converted into the
corresponding volume at the temperature at the time of measurement.
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Appendix 8, Figure S3: Storage of branch samples during the measurement. a) Samples being dried
on the bench to induce embolism. Drying intervals between air discharge measurements varied from
about 15 min at the initial stages to 6-8 h at higher desiccation levels. All of these branches were
measured simultaneously, which highlights the advantage of the high sample throughput of the
pneumatic method. b) Branch samples kept for equilibration by covering them in black plastic bags
before measurement. Initially, the branches were kept for 30 min for equilibration before each
measurement, which was increased to at least one hour at the later stages.
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Appendix 9, Figure S4: Comparison of VC and Ps estimates measured using stem psychrometer and
pressure chamber a) Xylem vulnerability curves obtained with the pneumatic method for 15 sec air
discharge interval (green) and curves from the flow-centrifuge method (blue) for two Tilia species.
Circles: observed values (for the centrifuge data, rescaled from conductance to PLC using the estimated
ksat); solid lines: predicted PLC/PAD; dashed lines: estimated Pso. b) Comparison of Pso values between
the flow-centrifuge and different air discharge intervals for the pneumatic method (compared on the
same branch). C indicates the Pso values from the flow-centrifuge method, 16, 30, 60, 90 and 115
indicate AD measurement intervals evaluated from the pneumatic method. Shown are the raw estimates
overlaid with their mean £ SE. Asterisks (*) indicate xylem pressures measured with stem
psychrometers; hashes (#) indicate individuals from the same species measured with the pressure bomb.
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6.3. Chapter 3

Appendix 10, Table S1: GenBank accessions for DNA sequences used in the phylogenetic analyses.

Phylogeny
Specie GenBank
chloroplast nuclear
atpB-rble | yefl |  matK ITS
Betulaceae (6 species)
Betula alleghaniensis X MN531412.1 X MN3531354.1
Betula lenta FJ423682.1 KP642954.1 NC 039992.1 MN531372.1
Betula maximowicziana X MN531416.1 X MN531358.1
Betula pendula LT996895.1 KX676526.1 LT996895.1 MNS531378.1
Betula pubescens NC 039996.1 MNS531422.1 NC 039996.1 MHO014809.1
Betula utilis X MH659707.1 X MHS808501.1
Malvaceae (6 species)
Tilia americana GU981686.1 MKS520755.1 X KF694729.1
Tilia cordata X MK608699.1 KP088239.1 KF897521.1
Tilia japonica X LT671650.1 X KF694724.1
Tilia mongolica MW386998.1 MW386998.1 MW386998.1 KF445430.1
Tilia platyphyllos AJ233113.1 KPO089346.1 KPO088234.1 MT227678.1
Tilia tomentosa X MG221044.1 X KF694727.1
Rosaceae (6 species)
Prunus avium EF513128.1  HQ235112.1 MK622380.1 KY749331.1
Prunus mahaleb X MW369056.1 X JQ776828.1
Prunus padus X MW369034.1 X MK180726.1
Prunus pensylvanica MN427872.1 MN427872.1 MN427872.1 X
Prunus sargentii MW392082.1 MW369042.1 KPO088418.1 MN644321.1
Prunus serrulata MN652612.1 MT220838.1 KP088397.1 MT227741.1

Sapindaceae (6 species)

Acer campestre MWO067033.1 KX220835 MWO067033.1 KY649427.1
Acer monspessulanum MW067056.1 KU549987 MWO067056.1 KT587665.1
Acer platanoides MN315279.1 KX677002 MN315279.1 LEKO022679.1
Acer rubrum MN864509.1 MG220697 MNS864509.1 AJ634586.1
Acer tataricum HQ266407.1 EUT749289.1 NC 056228.1 AY605463.1
Acer saccharinum MWO067085.1 KP088939.1 KP088229.1 MH711104.1
Outgroup (2 species)

Ceratophyllum submersum AF293860.1 IN895363.1 X GU206356.1
Ceratophyllum demersum D89552.1 MG220983.1 AMT712908.1 GU206359.1
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Appendix 11, Table S2: Average values over the occurrence points for the six selected bioclimatic
variables. For each variable (1) indicates the lowest average value and (2), the highest average value.

Six selected bioclimatic variables

Specie Isothermality Mean temperature teml;t:;::ure Meal} .?nn.ual Mean Precip_itation Pre?ii)ei:i:tion
h of the warmest Precipitation of the driest .
(%0) of the coldest warmest of the
quarter (°C) quarter (°C) (mm) quarter (mm) quarter (mm)
Betulaceae (6 species)
Betula alleghaniensis 28.14 18.18 -6.51 1037.51 204.59 28533
Betula lenta 3191 20.09 -2.25 113232 241.60 303.66
Betula maximowicziana — 26.04 18.68 -3.17 1501.70 22227 541.62
Betula pendula 29.16 16.36 -2.62 749.76 131.62 219.75
Betula pubescens. 27.12 13.97 -4.79 794.52 136.16 22536
Betula utilis 35.89 14.01 -1.89 743.35 82.78 300.40
Malvaceae (6 species)
Tilig americana 31.90 20.56 -2.66 988.07 172.53 290.79
Tilig cordata 28.81 16.54 -1.94 764.16 137.96 220.52
Tilia japonica 25.80 20.06 -1.94 1624.43 233.40 583.33
Tilia mongolica 29.38 20.79 -3.07 788.71 101.13 336.33
Tilia planpinlios 33.00 16.86 1.59 803.47 154.50 213.73
Tilig tomentosa 32.91 17.82 1.80 787.79 149.24 210.84
Rosaceae (6 species)
Prunus avium 32.86 17.16 1.42 83583 151.72 211.80
Prunus padys 2792 15.64 -3.81 760.68 130.93 23223
Prunus pensylvanica 26.79 17.03 -9.16 912.32 168.42 269.48
Prunus sgrgentii 26.67 21.23 -1.65 1397.88 160.22 605.38
Prunus serrulata 31.35 2044 234 1261.60 171.50 45586
Prunus mahaleb 33.41 17.98 1.69 765.68 144.57 195.65
Sapindaceae (6 species)
Acer campesire, 32.63 17.42 1.56 793.98 150.17 211.98
Acer monspessulanom 35.09 19.34 4.03 762.39 131.77 152.34
Acer platanaides 23 98 14 86 -5.35 702.91 112.62 212.65
Acer rubrum 27.03 17.29 -71.75 965.03 178.96 269.30
Acer saccharinum. 30.85 16.72 -1.08 763.30 141.07 23927
Acer tatqricum, 25.23 17.73 -5.79 657.33 108.91 217.45
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Appendix 12, Table S3: Evolution model test. For each trait, three evolutionary models were
tested, Brownian Motion (BM), Ornstein—Uhlenbeck (OU) and Early Burst (EB). The AlCc value
for each model is presented and the lowest value for each trait is presented in bold. Model
parameters: "Pagel's Lambda"(for BM), "alpha" rate of adaptation (for OU), "a" rate change (for
EB).

Specie Trait Model AICe Model parameters
Parameters Rate of evolution (sigsq) Root state (z0)
Betulaceae Psp BM 23.62819 lambda = 1.000000 sigsq = 4821.222890 20 =-2.023688
ou 33.613980 alpha=2.718282 sigsq = 4821.250160 20 =-2.023689

EB 17.673472 a=-3476.757310
Dy BM 54.632769 lambda = 1.000000

ou 54.618205 alpha=2.718282

EB 44.63277 a=-1533.057902

sigsq = 7594.751548

sigsq = 159778.749879
sigsq = 159770.342297
sigsq = 319519.493534

z0=-2.023289
z0=31.598189
20 =31.598203
z0 =31.607560

WD BM 9.171723 lambda = 1.000000 sigsq = 433.274274 z0 =0.629423
ou 19.157423 alpha=2.718282 sigsq = 433.270560 z0 =0.629424
EB 6.660122 a=3266.645588 sigsq = 1021.740135 z0 =0.629238
Malvaceae Pso BM 15.03465 lambda = 0.000000 sigsq = 18.931543 z0=-2.999104
ouU 25.015193 alpha=2.718282 sigsq = 42.064378 z0=-3.017887
EB 25.034652 a=-0.000001 sigsq = 41.680568 z0 =-3.020223
Dy BM 37.78767 lambda = 0.000000 sigsq = 1158.703017 20 =39.541242
ouU 47.787672  alpha = 0.000000 sigsq = 1849.107590 z0=39.926160
EB 47.787674 a=0.000001 sigsq = 1848.639491 z0 =39.926160
WD BM -7.9093 lambda = 0.000000 sigsq = 0.399456 z0 = 0.405805
ou 2.055673 alpha=2.718282 sigsq = 0.916324 z0 =0.406854
EB 2.090700 a=-0.000001 sigsq = 0.910322 z0=0.407211
Rosaceae Pso BM 24.60274 lambda = 0.000000 sigsq = 52.308844 z0 =-3.672455
ou 34.557207 alpha=2.718282 sigsq = 267.198987 z0 =-3.603989
EB 34.602741 a=-0.000001 sigsq = 266.335307 z0=-3.604188
D BM 45.47143 lambda = 0.000000 sigsq = 3616.537761 20 =34.019171
ou 55.435657 alpha=2.718282 sigsq = 8670.966572 z0=35.711552
EB 55.471430 a=-0.000001 sigsq = 8628.887367 z0 =35.684419
WD BM -8.073958 lambda = 0.000000 sigsq = 0.461390 z0=10.661102
ou 1.908763 alpha=2.718282 sigsq = 1.157875 z0=10.640242
EB 1.926042 a=-0.000001 sigsq = 1.148704 z0=10.639732
Sapindaceae Pso BM 30.37812 lambda = 1.00000 sigsq = 211.787446 z0=-4.352846
ou 30.36996 alpha=2.718282 sigsq = 216.837958 z0=-4.352854
EB 30.3781 a=-0.000001 sigsq = 211.787467 z0 =-4.352846
Dy BM 44.26077 lambda = 0.763637 sigsq = 4789.010335 z0=42.390216
ou 54.211884 alpha=2.718282 sigsq = 11531.111164 z0=42.390382
EB 54.260751 a=-0.000001 sigsq = 11339.140987 z0=42.390531
WD BM -5.256082 lambda = 0.422736 sigsq = 0.931946 z0=10.501249
ou 4.645487 alpha=2.718282 sigsq = 2.979447 z0=10.501241
EB 4.743891 a=-0.000001 sigsq = 2.954201 z0=0.501241
All Species Pso BM 109.2783 lambda = 0.997803 sigsq = 283.249468 z0=-3.377076
ou 111.029831 alpha=2.718282 sigsq = 3149.859398 z0=-3.325041
EB 111.906679 a=-0.000002 sigsq = 3147.896196 z0 =-3.381656
D BM 224.4076 lambda = 0.007178 sigsq = 376.645768 2z0=36.163733
ou 226.145660 alpha=2.718282 sigsq = 381400.780588 z0=36.202135
EB 227.035946 =-0.000001 sigsq = 381833.435878 z0 =37.590520
WD BM 54.06307 lambda =0.618337 sigsq = 0.182901 z0=10.572138
ou 55.799779 alpha=2.718282 sigsq = 315.406069 z0 =10.566535
EB 56.691527 a=-0.000001 sigsq = 315.338447 z0=10.573086
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Isothermality
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Mean temperature of the coldest quarter

Mean precipitation of the driest quarter
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Appendix 13, Figure S1: Distribution of the six genera for six bioclimatic variables of A) isothermality,
B) mean temperature of the coldest quarter, C) mean precipitation of the driest quarter, D) mean temperature
of the warmest quarter, E) mean precipitation of the warmest quarter. Shown are raw data from genus
overlaid with mean + standard errors. Significant differences among groups were determined using a
modified one-way analysis of variance (ANOVA) accounting for heteroscedasticity (Herberich et al. 2010)

167



Appendices

f=——————————————mlcer tataricum

JE————— acer tataricum [ ) Acer tataricum
B )Aacer monspessulanum __— T T er
. Acer rubrum Acer rubrum Acer subrum
B/ cer saccharinum Acer saccharinum Acer saccharinum

Acer platanoides Acer platanoides Acer platanoides

Acer campestre Acer campestre Acer campestre

-7.327 PSO0(Mpa) -2.92 27.062 _Dh{um) 42394

08 Whig.em 31075
length=0.003 length=0.003
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Appendix 14, Figure S2: The spectrum of traits evolution variation in six Acer species. A) 50% loss
of conductivity (Pso), B) hydraulically-weighted vessel diameter (Dn), C) wood density (WD).

Branch colors reflect changes in traits evolution through time (reconstructed using maximum
likelihood).
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Betula aileghaniensis (| Betula alleghaniensis f| Betuia atieghaniensis

R 5ciila lenta PR Cctu/a lenta === Getula lenta
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Betula utilis Betula utilis Betula utilis
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Appendix 15, Figure S3: The spectrum of traits evolution variation in six Betula species. A) 50%
loss of conductivity (Pso), B) hydraulically-weighted vessel diameter (Dy), C) wood density (WD).

Branch colors reflect changes in traits evolution through time (reconstructed using maximum
likelihood).
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Appendix 16, Figure S4: The spectrum of traits evolution variation in six sample Tilia species. A)
50% loss of conductivity (Pso), B) hydraulically-weighted vessel diameter (Dn), C) wood density

(WD). Branch colors reflect changes in traits evolution through time (reconstructed using
maximum likelihood).
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Appendix 17, Figure S4: The spectrum of traits evolution variation in six sample Prunus species.
A) 50% loss of conductivity (Pso), B) hydraulically-weighted vessel diameter (Dn), C) wood

density (WD). Branch colors reflect changes in traits evolution through time (reconstructed using
maximum likelihood).
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Appendix 18, Figure S6: Quantile-quantile plot of drought-related traits, in Sapindaceae family,
showing the relationship of the observed sample quantiles (black dots, n=6) and the theoretical
quantiles from the standard normal distribution (mean of zero and standard deviation of 1). Blue
solid line indicates the mean of the data. Panels in the left column present QQ plots for the residuals
under the PCAL loadings of the averaged environmental variables and panels in the right column
present the QQ plots for the residuals PCA2 loadings of the averaged environmental
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Appendix 19, Figure S7: Quantile-quantile plot of drought-related trait, in Betulaceae family,
showing the relationship of the observed sample quantiles (black dots, n=6) and the theoretical
quantiles from the standard normal distribution (mean of zero and standard deviation of 1). Blue
solid line indicates the mean of the data. Panels in the left column present QQ plots for the residuals
under the PCA2.1 loadings of the averaged environmental variables and panels in the right column
present the QQ plots for the residuals under PCA2.2 loadings of the averaged environmental
variables.
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Appendix 20, Figure S8: Quantile-quantile plot of drought-related trait, in Rosaceae family, showing the
relationship of the observed sample quantiles (black dots, n=6) and the theoretical quantiles from the
standard normal distribution (mean of zero and standard deviation of 1). Blue solid line indicates the mean
of the data. Panels in the left column present QQ plots for the residuals under the PCA2.1 loadings of the
averaged environmental variables and panels in the right column present the QQ plots for the residuals
under PCA2.2 loadings of the averaged environmental variables.
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Appendix 21, Figure S9: Quantile-quantile plot of drought- related trait, in Malvaceae family, showing
the relationship of the observed sample quantiles (black dots, n=6) and the theoretical quantiles from the
standard normal distribution (mean of zero and standard deviation of 1). Blue solid line indicates the mean
of the data. Panels in the left column present QQ plots for the residuals under the PCA2.1 loadings of the
averaged environmental variables and panels in the right column present the QQ plots for the residuals
under PCA2.2 loadings of the averaged environmental variables.
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