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Surrounded
Sunk deep in the dense embrace of the forest
I imagine this is the polar opposite of suffocation
My lungs seem to gain extra capacity here
And | feel like an empty inbox
As | contemplate the ultimate assault course
The roots, the stumps, the branches
| squint into eternity
As | try to get to grips with the fact that we have
No idea what we’re dealing with
My lungs fill with air
| feel supercharged now
I’m hyper-aware
I shiver and short-circuit
At the depth of the universe
We are the dust on the stained-glass windows
Trying to comprehend the cathedral

Shinrin-yoku by Enter Shikari
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Summary

Effects of drought and elevated CO2 on growth and mortality of pine trees

In the global carbon cycle, forests represent an immense carbon stock that evolves following
the growth and death of trees. Predicting the evolution of forest carbon stocks under climate
change is a major challenge, as rising atmospheric CO» concentrations favor tree growth, while
the increasing frequency and severity of extreme weather events such as droughts favor tree
mortality. A promising approach to improve accuracy and reliability of the predictions is to
directly link key climatic factors to tree growth and mortality risk. In the present work, this
approach was followed for soil water availability considering the influence of either highly
elevated atmospheric CO. concentration (eCO2, c. 900 ppm) or high atmospheric vapor
pressure deficit (VPD, c. 2.9 kPa) on pine seedlings.

To this end, four experiments were carried out in a greenhouse facility with specially designed
tree chambers in which all relevant environmental factors could be monitored and individually
regulated. At the same time, the setup allowed continuous measurements of gas exchange.
Depending on the objective of the respective experiment, these measurements were
complemented by analyses of biomass, non-structural carbohydrates (NSC), growth and
hydraulic parameters, stomatal properties, wood anatomy and carbon allocation. The latter
was based on changes in carbon isotope signatures in biomass and respiration resulting from
continuous *CO; labeling.

Long-term exposure of Aleppo pine (Pinus halepensis Mill.) seedlings to eCO; resulted in
anatomical adjustments of leaves and the branch xylem, such as increased vein-to-epidermis
distance (+65 %) and reduced conduit lumen fraction (-11 %), causing a significant, irreversible
reduction in leaf-level canopy conductance (Gcanopy, -55 %). However, due to eCOz-induced
increases in leaf area, there were no apparent overall water savings. Furthermore, stomatal
sensitivity to drought and xylem safety thresholds remained unaffected. Despite larger NSC
pools in needles, there was no eCO- benefit on tree survival or timing of death, as cause of
death was hydraulic failure rather than carbon deficiency. This was the case for both rapid
(41 days) and slow (82 days) simulated soil drought.

Under soil drought and high VPD, Scots pine (Pinus sylvestris L.) seedlings maintained a
positive C balance (assimilation minus total respiration) because photosynthesis proved to be
less water sensitive than geanopy, total respiration (sum of shoot night and root respiration)
decreased in parallel with photosynthesis, and starch remobilization presumably supported
respiration. An early decline in aboveground growth was observed despite a positive C
balance, indicating a high sensitivity of growth to soil and atmospheric drought. In contrast to
aboveground biomass, allocation of recently assimilated C to belowground biomass was
detectable during water stress, suggesting that belowground sink activity and thus
belowground growth were partially maintained.
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Summary

The results presented in this thesis indicate that the potential benefits of eCO; for tree growth
and survival are unlikely to offset the detrimental impact of impending drought events on
forests. This could lead to a reduction in the positive effect of forests on the climate, which
would accelerate climate change. It is therefore vital that we continue to improve our
understanding of the processes and interactions associated with climate impacts on tree
vitality.
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Zusammenfassung

Auswirkungen von Trockenheit und erhohtem CO: auf Wachstum und
Sterblichkeit von Kiefern

Im globalen Kohlenstoffkreislauf stellen Walder einen immensen Kohlenstoffspeicher dar, der
sich durch das Wachstum und Absterben von Baumen verandert. Die Entwicklung der
Kohlenstoffvorrate in Waldern im Zuge des Klimawandels vorherzusagen, ist eine grof3e
Herausforderung, da steigende CO.-Konzentrationen in der Atmosphare das Wachstum von
Baumen fordern, wahrend die zunehmende Haufigkeit und Schwere extremer
Wetterereignisse, wie zum Beispiel Dirren, das Absterben von Baumen beglinstigen. Ein
vielversprechender Ansatz zur Verbesserung der Genauigkeit und Zuverlassigkeit von
Vorhersagen besteht darin, die wichtigsten Klimafaktoren direkt mit dem Baumwachstum und
dem Mortalitatsrisiko zu verknlUpfen. In der vorliegenden Arbeit wurde dieser Ansatz fur die
Wasserverfligbarkeit im Boden unter Berlcksichtigung des Einflusses von entweder stark
erhdhter atmospharischer CO; Konzentration (eCOz, ca. 900 ppm) oder hohem
atmospharischem Dampfdruckdefizit (VPD, ca. 2,9 kPa) auf Kiefernkeimlinge verfolgt.

Zu diesem Zweck wurden vier Versuche in einer Gewachshausanlage mit speziell konzipierten
Baumkammern durchgefuhrt, in denen alle relevanten Umweltfaktoren Uberwacht und
individuell reguliert werden konnten. Gleichzeitig erméglichte der Aufbau kontinuierliche
Messungen des Gasaustausches. Je nach Zielsetzung des jeweiligen Experimentes wurden
diese Messungen erganzt durch Analysen von Biomasse, Nicht-Struktur-Kohlenhydraten
(NSC), Wachstums- und hydraulischen Parametern, stomataren Eigenschaften, Holzanatomie
und Kohlenstoffallokation erganzt. Letztere basierte auf Veranderungen der
Kohlenstoffisotopensignaturen in Biomasse und Atmung, die sich aus der kontinuierlichen
13CO,-Markierung ergaben.

Infolge des langfristigen Wachstums unter eCO- kam es bei den jungen Aleppokiefern (Pinus
halepensis Mill.) zu anatomischen Anpassungen der Nadeln und des Xylems der Aste, wie
zum Beispiel einer VergréfRerung des Abstandes zwischen Ader und Epidermis (+65 %) und
einer Verringerung des Anteils des Leitungslumens (-11 %), was zu einer signifikanten,
irreversiblen Verringerung der Leitfahigkeit auf Blattebene fuhrte (gcanopy, -55 %). Aufgrund der
eCOz-induzierten VergrolRerung der Blattflache gab es jedoch keine offensichtlichen
Wassereinsparungen. AufRerdem blieben die stomatare Empfindlichkeit gegeniber
Trockenheit und die Xylem-Sicherheitsschwellen unbeeinflusst. Trotz grélRerer NSC-Pools in
den Nadeln wirkte sich eCO; nicht positiv auf das Uberleben der Baume oder den Zeitpunkt
ihres Absterbens aus, da es eher zu einem hydraulischen Versagen als zu einem
Kohlenstoffmangel kam. Dies war sowohl bei schneller (41 Tage) als auch bei langsamer (82
Tage) simulierter Bodentrockenheit der Fall.
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Zusammenfassung

Bei Bodentrockenheit und hoher VPD bewahrten die jungen Waldkiefern (Pinus sylvestris L.)
eine positive C-Bilanz (Assimilation minus Gesamtatmung), da sich die Photosynthese als
weniger wasserempfindlich erwies als geanopy, die Gesamtatmung (Summe aus Wurzel- und
nachtlicher Sprossatmung) parallel zur Photosynthese abnahm und die Remobilisierung von
Starke vermutlich die Atmung unterstiitzte. Trotz einer positiven C-Bilanz wurde ein friher
Rickgang des oberirdischen Wachstums beobachtet, was auf eine hohe Empfindlichekit von
Wachstumsprozessen gegentiber Boden- und Lufttrockenheit hindeutet. Im Gegensatz zur
oberirdischen Biomasse war wahrend des Wasserstresses eine Allokation von kirzlich
assimiliertem C in der unterirdischen Biomasse nachweisbar, was darauf hindeutet, dass die
unterirdische Senkenaktivitdt und damit das unterirdische Wachstum teilweise
aufrechterhalten wurde.

Die in dieser Arbeit vorgestellten Ergebnisse deuten darauf hin, dass die potenziellen Vorteile
von eCO; fiir das Wachstum und Uberleben von Baumen die nachteiligen Auswirkungen
drohender Durreereignisse auf die Walder wahrscheinlich nicht ausgleichen kénnen. Dies
kénnte zu einer Verringerung der positiven Auswirkungen der Walder auf das Klima flhren,
was den Klimawandel beschleunigen wirde. Daher ist es von entscheidender Bedeutung,
dass wir unser Verstandnis der Prozesse und Wechselwirkungen im Zusammenhang mit den
Klimaauswirkungen auf die Vitalitat von Baumen weiter verbessern.

VI



List of Publications

The content and structure of the publications included have been retained in the form of the
original publication or manuscript submitted for publication. 1. and 2. are included as chapters
in the state after peer review but before journal typesetting. 3. is presented as it will be
submitted to a journal/preprint server.

1. Gattmann, M., Birami, B., Nadal Sala, D., and Ruehr, N. K. 2021. “Dying by Drying: Timing
of Physiological Stress Thresholds Related to Tree Death Is Not Significantly Altered by
Highly Elevated COy". Plant, Cell & Environment 44(2): 356-370.

2. Gattmann, M., McAdam, S. A. M., Birami, B., Link, R., Nadal-Sala, D., Schuldt, B., Yakir,
D., and Ruehr, N. K. 2023. “Anatomical Adjustments of the Tree Hydraulic Pathway
Decrease Canopy Conductance under Long-Term Elevated CO". Plant Physiology 191(1):
252-264.

3. Gattmann, M. and Ruehr, N. K. “High Vapor Pressure Deficit and Soil Drought Impair
Aboveground Growth Before Photosynthesis while Shifting C Allocation to Roots in Scots
Pine.

Since the papers (or the manuscript in preparation) include the work of co-authors, | list my
contribution to 1.-3. as follows:

1. | contributed to the conceptualization of the study, conducted the experiments, performed
the chemical analyses, analyzed the data, and led the writing of the paper.

2. | contributed to the conceptualization of the study, conducted the experiment with N.K.R.
and B.B., analyzed the data with contributions of R.L., D.N.S., S.A.M.M. and B.S., and
wrote the manuscript with N.K.R. and contributions from all authors.

3. lwas involved in the design of the study, conducted the experiment, carried out the physical
measurements and some of the chemical analyses, analyzed the data, and led the writing
of the paper.

During my PhD project | had the opportunity to co-author the following publications. These
papers were not included as separate chapters in this thesis, but were used to interpret the
results.

e Birami, B., Gattmann, M., Heyer, A. G., Grote, R., Arneth, A., and Ruehr, N. K. 2018. “Heat
Waves Alter Carbon Allocation and Increase Mortality of Aleppo Pine Under Dry
Conditions”. Frontiers in Forests and Global Change 1: 1285.

e Birami, B., Nagele, T., Gattmann, M., Preisler, Y., Gast, A., Arneth, A. and Ruehr, N. K.
2020. “Hot drought reduces the effects of elevated CO- on tree water-use efficiency and
carbon metabolism”. New Phytologist 226: 1607-1621.

IX






Abbreviations

YoEmax
813C
§13Cy
813Cr
8"3Cre
513Cs
8"3Csample
8" Caupply
183G,
130k
13Cq
8"Cxc
C

>E

W
Wyc-close
Wieat
Wi
Wiylem
+SD
+SE
[COy]
[H20]
ABA
aCoO:
AiAs
Aleat

Alumen

Anet

percentage of maximum water loss through transpiration
isotopic ratio relative to the international standard VPDB
isotope composition of needle biomass

isotope composition of fine root biomass

isotope composition of fine root cellulose

nighttime shoot respiration

isotopic ratio in the sample air stream

isotopic ratio in the supply air stream

13C of the supply air stream

13C of the root respiration

13C of the shoot night respiration

isotope composition of xylem cellulose

sum of net assimilation, shoot dark and root respiration
sum of shoot day and night transpiration

water potential

Wear at stomatal closure

leaf water potential

midday needle water potential

xylem water potential

standard deviation

standard error

CO; concentration

water concentration

abscisic acid

ambient atmospheric CO; concentration
leaf-to-sapwood area ratio

leaf area

lumen fraction

net assimilation

Xl



Abbreviations

Anet canopy net canopy assimilation

Axylem sapwood area

C carbon

13C natural, stable isotope of carbon
Ca atmospheric CO, concentration
Ci leaf internal CO2 concentration
CD conduit density

Cl credible interval

Cntrl control

CO, carbon dioxide

Csample [COg] in sample air stream
Csupply [CO2] in supply air stream

CUE carbon-use efficiency

D conduit diameter

Dy, hydraulically weighted conduit diameter
dH20 distilled water

D vein-to-epidermis distance

ds soil drought

dSA combined air and soil drought
DW dry weight

E transpiration rate

eCO; elevated atmospheric CO; concentration
ED epidermal cell density

Frm molar flow

Goanopy max; maximum canopy conductance under control conditions

Gcmax

Gcanopy, Jc canopy conductance; sum of stomatal and cuticular conductance
Jo-ref reference canopy conductance at VPD = 1 kPa
e-rel relative canopy conductance

Os stomatal conductance

H.0 water

Kk hydraulic conductivity

Ki leaf specific conductivity

Kieaf leaf hydraulic conductivity

Ko potential conductivity

Ks specific conductivity

Xl



Abbreviations

LA needle leaf area

Ime linear mixed effects model

Lw leaf width

NSC non-structural carbohydrates

NSCso 50 % loss of needle starch

P12, Pso, Pss 12 %, 50 %, 88 % hydraulic conductivity loss
PAR photosynthetic active radiation

PLC percentage loss of hydraulic conductivity
PLCso 50 % potential loss of xylem conductivity
PLCsgo 80 % potential loss of xylem conductivity
RH relative humidity

RLWC relative leaf water content

Rroot root respiration

Rsample isotope ratio of the sample

Rshoot night shoot dark respiration

Rstandard isotope ratio of the standard

Riotal, Rsum sum of shoot night and root respiration

RwWC relative soil water content

SD stomatal density

Sl stomatal index

SL stomata length

SLA specific leaf area

SSn needle soluble sugar concentration
SSr fine root soluble sugar concentration
Sty needle starch concentration

Str fine root starch concentration

Tair air temperature

TLP turgor loss point

Tsoi soil temperature

uv ultraviolet

VPD vapor pressure deficit

VPDB Vienna Pee Dee Belemnite

Wieat leaf saturated vapor pressure
Wsample [H20] in sample air stream

Wisupply [H20] in supply air stream

WUE water-use efficiency

X1l






List of Figures

Figure 2.1: Environmental drivers during the lethal drought in the ambient (aCO, c. 413 ppm)
and elevated (eCOy, c. 914 ppm) atmospheric CO, concentration treatment.

Figure 2.2: Gas exchange parameters during the course of the lethal drought experiment.

Figure 2.3: [CO-] effect on tree carbon balance (2C) and tree water loss from transpiration (ZE)
as well as leaf internal [CO.)/ atmospheric [CO;] ratios (C/C.) (for day-time
measurements, photosynthetic active radiation (PAR) >100 umol m?s™) over the
course of stomatal closure.

Figure 2.4: Needle soluble sugar (SSy, a), needle starch (Sty, b) concentrations, midday
needle water potential (Wmqe, @) and relative needle water content (RLWC, b) over the
course of the experiment.

Figure 2.5: Needle soluble sugar (SSn) to starch (Stn) ratios over midday needle water potential
(Wma)-

Figure 2.6: Logistic regressions to determine the [CO,] effect on risk thresholds of Aleppo pine
seedlings during a lethal drought (n = 9 per treatment).

Figure 3.1: Timeline of cultivation of P. halepensis seedlings under ambient (a[COg],
c¢. 400 ppm) or elevated (e[CO-], c. 860 ppm) atmospheric [CO2].

Figure 3.2: Treatment-specific relationships of canopy conductance (gc) with vapor pressure
deficit (VPD) for 40-month-old P. halepensis seedlings grown under ambient (aCO.) or
elevated (eCO;) atmospheric CO- concentration.

Figure 3.3: Canopy conductance (gc) measured at three different CO, concentrations of Aleppo
pine seedlings grown for 40 months under elevated atmospheric CO, concentration
(c. 870 ppm).

Figure 3.4: Hydraulic responses to increasing drought in Aleppo pine seedlings grown under
ambient (aCO) or elevated (eCO2) atmospheric CO2 concentration.

Figure 3.5: Wood anatomy parameters in relation to branch cross-sectional area in Aleppo pine
seedlings grown for 40 months under ambient (aCO-) or elevated (eCO,) atmospheric
CO; concentration.

Figure 3.6: Responses of hydraulic conductivity and leaf-to-sapwood area in 40-month-old
Aleppo pine seedlings grown under ambient (aCO>) or elevated (eCO) atmospheric
CO, concentration.

Figure 4.1: Progression of environmental drivers over the course of the experiment in Scots
pine seedlings.

Figure 4.2: Progression of gas exchange over the course of the experiment in Scots pine
seedlings.

XV



List of Figures

Figure 4.3: Responses of non-structural carbohydrates in Scots pine seedlings to experimental
drought at the end of the experiment.

Figure 4.4: Progression of midday needle water potential and growth over the course of the
experiment in Scots pine seedlings.

Figure 4.5: Dynamics of the isotopic signatures of nighttime shoot and root respiration before
and during the *CO_-labeling as well as the *C respired and retained in Scots pine
seedlings.

Figure 4.6: Isotopic signature of biomass and cellulose in Scots pine seedlings following six
days of constant *CO_-labeling (5"*CO- of 500 %o).

Figure 5.1: The multifaceted mortality process of pine trees during soil drought.

XVI



List of Tables

Table 2.1: Irrigation modulation during the seven experimental steps (I-VIl) of the lethal drought

simulation in relation to the pre-determined maximum of transpiration per [CO-]
treatment.

Table 2.2: Biomass (P. halepensis, n = 9 per treatment, £SD) of needles, shoot woody tissue,
roots and shoot/root ratio was measured at tree death.

Table 3.1: Treatment responses of leaf morphology, stomatal characteristics, reference
stomatal conductance at VPD = 1 kPa (gcrf), and hydraulic vulnerability parameters for
Aleppo pine seedlings grown for 40 months under ambient (aCQOy) or elevated (eCOy)
atmospheric CO2 concentration.

XVl






1 Introduction

Forests and climate change

The future climate will be characterized by a rise in atmospheric CO» concentrations and an
increase in the frequency and severity of extreme events such as droughts (Dai 2013; Huang
et al. 2016; IPCC 2021; Reichstein et al. 2013; Seneviratne et al. 2021), which will affect forest
ecosystems by affecting tree growth and survival (Fuhrer et al. 2006). In the context of climate
change, the impacts on forests are of particular interest because forests not only play a vital
role in the global water and energy cycles, but are also a critical regulating component of the
global carbon cycle (Ballantyne et al. 2012; Beer et al. 2010; Cole, Hararuk, and Solomon
2021; Friedlingstein et al. 2022; Hui et al. 2017; Lal et al. 2018; Lindquist 2012; Pan et al. 2011,
2024; Reichstein et al. 2013; Trumbore, Brando, and Hartmann 2015; Zhao and Running
2010). By fixing atmospheric carbon into organic compounds through photosynthesis, trees
help to absorb anthropogenic CO, emissions and potentially slow the progression of climate
change. Furthermore, due to their large carbon pools and fluxes and the long recovery time to
regain previous carbon stocks after disturbance, forests are also likely to have the largest net
effect of drought extremes. It is therefore of paramount importance to understand if and how
tree carbon assimilation, growth and carbon stocks are affected by elevated atmospheric CO-
concentration (eCO.) and drought, and to translate this understanding into mechanistic
vegetation models. Recently, there has been mounting evidence that the potential increase in
carbon uptake by forests due to higher CO. availability and longer growing seasons (Novick et
al. 2024) may be offset by drought-related losses in forest carbon stocks. Particularly in water-
scarce environments, the predicted greater variability in precipitation with more frequent and
intense drought extremes is expected to lead to more widespread forest dieback, threatening
the long-term viability of tree species in the drier parts of their range (Allen et al. 2010; Williams
et al. 2020). Characterizing the responses of key species to extreme climate events can
therefore provide important information for assessing and predicting tree and forest functioning
under increasing climate variability.

Tree mortality due to soil drought

In contrast to mild and moderate droughts, where drought-induced stress may be short-term
and can potentially be mitigated or restored by rainfall, prolonged and severe droughts can
cause trees to exceed certain internal biological thresholds, leading to growth cessation
(Castellaneta et al. 2022; Zhao et al. 2018), anomalies in primary productivity (Ciais et al. 2005;
Du et al. 2018), or even large-scale forest dieback (Allen et al. 2010; Liu et al. 2013). As
drought-induced tree mortality is considered a non-linear change in tree vigor and growth,
determining growth responses to climatic stressors is a useful tool to assess vegetation
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Introduction

dynamics, especially during forest dieback when tree vulnerability is amplified (Heres et al.
2014). To date, there is ongoing debate about how climatic factors control vegetation growth,
and it remains difficult to determine the cause-effect relationship of water and carbon relations
at the point where drought conditions become lethal, as the underlying mechanisms are closely
interlinked (McDowell et al. 2022; Sevanto et al. 2014). Taking into account the
interdependencies, hydraulic failure and carbon starvation are currently the leading
hypotheses for the mechanisms of tree mortality. While hydraulic failure refers to the collapse
of the water flow through the tree (McDowell et al. 2008; Sperry et al. 1998), carbon starvation
refers to the depletion of carbon reserves when the carbon supply via photosynthesis is
insufficient (McDowell et al. 2008). To improve model predictions of the impact of future
droughts on forests, a deeper understanding of the mechanisms that determine a tree’s
response to drought is crucial (Fatichi et al. 2019). In this context, it is essential to consider
individual acclimatization processes, including the coordination of fast physiological and slower
structural adjustments. In addition, recent plant science studies on drought have addressed
the challenge of defining mortality thresholds beyond which tree death is inevitable (Choat et
al. 2018; Hammond et al. 2019). Such stress thresholds can provide important information on
tree performance and survival under increasing drought (Knipfer et al. 2020), but they appear
to be species-specific and show how different tree species cope with drought stress (Adams
et al. 2017).

Rising atmospheric CO2 and VPD - stress mitigation and amplification

The effects of meteorological drought caused by precipitation deficits on vegetation growth and
mortality are influenced by multiple factors that may interact in ways that either mitigate or
exacerbate the effects of drought. eCO; is generally associated with carbon assimilation at
lower water cost due to reduced stomatal opening, which may be beneficial for maintaining
tree function during drought (Ainsworth and Rogers 2007; Brodribb et al. 2020; Dusenge,
Duarte, and Way 2019). However, the interaction between CO, and drought is not
straightforward due to the complex nature of the tree drought response (Chaves, Maroco, and
Pereira 2003; Choat et al. 2018; Vicente-Serrano et al. 2022) and the numerous feedbacks
that occur at increasing temporal and spatial scales (Field, Jackson, and Mooney 1995).

In contrast to the potential stress reduction from eCO-, high vapor pressure deficit (VPD) is
usually associated with stress amplification. Low atmospheric humidity and high temperatures
elevate VPD, an important proxy for atmospheric water demand, which is a driving force for
water loss from leaves by transpiration and from the soil by evaporation (Grossiord et al. 2020;
Novick et al. 2016). To minimize hydraulic losses, trees reduce stomatal conductance (Berg et
al. 2016; Lange et al. 1971; McAdam and Brodribb 2015; Rigden and Salvucci 2017), which
affects the synergistic regulation of photosynthesis and transpiration. Recently, increases in
VPD have been found to significantly contribute to drought-induced tree mortality (Adams et
al. 2009; Breshears et al. 2013; Hammond et al. 2022; Park Williams et al. 2013). However,
whether soil moisture or VPD has the greatest effect on plant function during drought remains
controversial (Fu et al. 2022; L. Liu et al. 2020; Novick et al. 2016; Sulman et al. 2016), as
empirical research on their relative contribution to the development of plant drought stress and
the resulting effects on tree morphology, physiology and molecular structure is still sparse
(Mendonca et al. 2023; Novick et al. 2024; Wang et al. 2024; Yu et al. 2024; Zhang et al. 2024).
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Altogether, this raises the question of whether and to what extent a potential benefit from eCO-
can offset the effects of high VPD and drought on tree vitality and survival. A better
understanding of the multidimensionality of plant drought stress is needed to answer this
question, and subsequently to improve predictions of ecosystem functioning under the
influence of climate change.

Water management of pine trees

The movement of water from the soil through the tree to the atmosphere follows a tension
gradient, with the internal gradient in trees from roots to stem to leaves being maintained by
transpiration at the leaf surface through stomata. Regulation of stomatal aperture, and
ultimately stomatal conductance, is a way for trees to actively influence the otherwise passive
water flow and maintain an optimal trade-off between carbon uptake for photosynthesis and
transpirational water loss. Drought stress generally occurs when either soil water supply is low,
atmospheric water demand (expressed as VPD) is high, or a combination of both (Passioura
1982; Torres-Ruiz et al. 2024). Following an isohydric water management strategy, pine trees
strictly regulate stomatal conductance to maintain a constant midday leaf water potential under
both water-abundant and drought conditions (Tardieu and Davies 1993; Tardieu and
Simonneau 1998). Such conservative water balance management is associated with the
avoidance of drought-induced hydraulic failure, a reduced risk of cavitation (Creek et al. 2020)
and thus relative drought resistance. However, drought-induced growth reductions and tree
mortality have now been reported in many pine species (Allen et al. 2010; Heres et al. 2013;
Linton, Sperry, and Williams 1998; Pifol and Sala 2000), particularly in environments where
water availability was already a dominant limiting factor. As soil drought and VPD are expected
to increase as a consequence of climate change in many regions within the wide distribution
of pines, studying their vulnerability to environmental stressors and disturbances such as
drought holds great promise for improving model predictions of ecosystem carbon-water
coupling.

Objectives of the thesis

In the context of the research projects "Climate feedbacks and benefits of semi-arid forests
(CLiFF, YA 274/1-1; SCHM 2736/2-1)" and "Forests out of balance" (DFG RU 1657/2-1), this
thesis aims to improve the understanding of the response of pine seedlings to soil drought by
considering the influence of eCO; and high VPD on the underlying physiological and metabolic
processes from pre-drought characteristics to tree death.

The research objectives can be specified as follows:

1. To determine the effect of eCO2 on carbon and water relations of pine seedlings prior
to soil drought and to determine the cause of the reduction in canopy conductance
(Gcanopy) Under eCOo.

2. To determine how eCO, and high VPD affect the response of pine seedlings to soil
drought, particularly in terms of carbon balance, carbon allocation and growth.
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3. To identify critical thresholds beyond which tree mortality is inevitable in severe drought
and to determine the effect of eCO; on these thresholds and hence on the mortality risk
of pine seedlings.

Approach

The objectives of this thesis were addressed in four separate experiments using a specially
designed tree chamber setup (see 2.2.2, 3.2.2, 4.2.2) in a greenhouse facility at the Institute
of Meteorology and Climate Research in Garmisch-Partenkirchen (KIT-IMK/IFU), Germany
(708 m a.s.l., 47°28932.999N, 11°3944.299E). The experiments were carried out with either
two-year-old Aleppo pine (Pinus halepensis Mill) seedlings, with a focus on soil drought and
highly eCO, (Experiments 1, 2, 4), or with three-year-old Scots pine (Pinus sylvestris L.)
seedlings, with a focus on soil drought and high VPD (Experiment 3).

Experiment 1 (2017) and Experiment 2 (2018):

Aleppo pine seedlings grown for two years under eCO; (c. 900 ppm) or ambient atmospheric
COz concentration (aCO-, ¢. 400 ppm) were subjected to either a rapid (41 days, Experiment 1,
2017) or a slow (82 days, Experiment 2, 2018) lethal drought while continuously measuring
gas exchange, needle water status and non-structural carbohydrate (NSC) concentrations. As
these two experiments mapped the entire mortality process, they were relevant to all three
objectives, with a focus on Objective 3 and thus the effect of eCO- on critical thresholds and
time to mortality.

Experiment 3 (2018):

To address Objective 2, Scots pine seedlings were exposed to either moderate soil drought or
moderate soil drought combined with increasing VPD. Gas exchange, carbon isotope
signatures of shoot night and root respiration, leaf water potential, needle length and stem
radial growth were continuously monitored throughout the experiment. The application of a
continuous canopy '*CO- label towards the end of the experiment allowed the identification of
carbon partitioning and growth priorities. In addition, NSC concentrations in and carbon isotope
signatures of biomass samples were determined before and at the end of labeling.

Experiment 4 (2019):

Experiment 4 (2019) consisted of four parts and mainly addressed Objectives 1 and 2, but also
had implications for Objective 3. First, Aleppo pine seedlings grown under eCO- (c. 900 ppm)
were exposed to decreasing atmospheric [CO2] (¢. 400 ppm and c. 200 ppm). Second, eCO-
and aCOs- (c. 400 ppm) seedlings were exposed to increasing VPD (from 0.5 to 2 kPa). Gas
exchange was measured continuously throughout both parts of the experiment. Third, needle
samples collected from both aCO, and eCO; seedlings during Experiment 2 were sent to the
Department of Botany and Plant Pathology, Purdue Center for Plant Biology, Purdue
University, West Lafayette, Indiana, USA, for quantification of leaf abscisic acid (ABA) levels
and analysis of epidermal and leaf cross-sectional leaf anatomy. Fourth, branch samples from
control Aleppo pine seedlings in aCO; and eCO; were sent to the Julius-von-Sachs-Institute of
Biological Science at the University of Wirzburg, Wirzburg, Germany, for analysis of hydraulic
conductivity, xylem vulnerability and wood anatomy.

4
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Outline of the thesis

This thesis is organized as follows. In Chapter 2, the effect of eCO» on the mortality process
of Aleppo pine seedlings during soil drought is presented based on critical thresholds. Chapter
1 deals with morphological changes and metabolic and hydrological responses to soil and
atmospheric drought of Aleppo pine seedlings grown under eCO,, answering the question of
the cause of the reduction in geanopy. Chapter 4 presents the effect of high VPD on the response
of Scots pine seedlings to moderate soil drought, focusing on carbon balance, carbon
allocation and growth. Chapter 5 summarizes the main findings of this thesis and their
implications, looking at the different phases of soil drought from pre-drought to death.






2 Dying by drying: timing of physiological stress thresholds related
to tree death is not significantly altered by highly elevated CO:

This chapter was published as:

Gattmann, M., Birami, B., Nadal Sala, D., and Ruehr, N. K. 2021. “Dying by Drying: Timing of
Physiological Stress Thresholds Related to Tree Death Is Not Significantly Altered by Highly
Elevated CO.". Plant, Cell & Environment 44(2): 356-370.

Abstract

Drought-induced tree mortality is expected to occur more frequently under predicted climate
change. However, the extent of a possibly mitigating effect of simultaneously rising
atmospheric [CO2] on stress thresholds leading to tree death is not fully understood, yet. Here,
we studied the drought response, the time until critical stress thresholds were reached and
mortality occurrence of Pinus halepensis (Miller). In order to observe a large potential benefit
from highly elevated atmospheric [CO2] (eCO,, c. 936 ppm), the seedlings were grown with
ample of water and nutrient supply under either eCO; or ambient atmospheric [CO5] (aCO,,
c¢. 407 ppm) during 2 years. The subsequent exposure to a fast or a slow lethal drought was
monitored using whole-tree gas exchange chambers, measured leaf water potential and non-
structural carbohydrates (NSC). Using logistic regressions to derive probabilities for
physiological parameters to reach critical drought stress thresholds indicated a longer period
for halving the starch storage under eCO;, than aCO,. Stomatal closure, turgor loss, the
duration until the daily tree C balance turned negative, leaf water potential at thresholds and
time-of-death were unaffected by eCO,. Overall, our study provides for the first-time insights
into the chronological interplay of physiological drought thresholds under long-term acclimation
to eCOs..

2.1 Introduction

Rising temperatures, changing precipitation patterns, more frequent as well as more severe

extreme weather events are well-known projections of global climate change (Dai 2013; Huang

et al. 2016; IPCC 2014; Reichstein et al. 2013). In the last two decades, many experimental

as well as modeling approaches have been broaching the issue of how climate affects forest

ecosystems (Hlasny et al. 2017; Hui et al. 2017) as this research topic significantly gained in

importance and acuteness (Liu et al. 2017; Nabuurs et al. 2010; Saenz-Romero et al. 2017)
7
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due to an increase in reports of drought-induced tree mortality events in forest ecosystems
around the globe (Allen et al. 2010; Allen, Breshears, and McDowell 2015; Anderegg et al.
2019; Bréda et al. 2006; Fensham and Holman 1999; Phillips et al. 2010). In light of these
observations and the regulatory function of forests within the global carbon and water cycle,
the ability to assess and attribute tree death is of great interest (Adams et al. 2010). In this
context, increasing atmospheric [CO2] (Ca), a main driver of global climate change is
considered as a possible antagonistic factor that may mitigate some of the adverse impacts of
climate alterations on tree mortality to a certain extent (Brodribb et al. 2020).

During drought events, stomatal closure reduces water loss and simultaneously impairs CO;
diffusion (Hsiao 1973; Niu et al. 2014; Rennenberg et al. 2006; Sperlich et al. 2015). As a
result, photosynthesis is reduced. Numerous studies on a variety of tree species found rising
C. to mitigate restrictions on C assimilation under declining water availability due to increased
leaf internal CO. concentrations (Ci) and suppressed photorespiration (Ainsworth and Rogers
2007; Birami et al. 2020; Dusenge et al. 2019; Pushnik et al. 1995). CO, enrichment generally
triggers decreases in stomatal conductance (gs) and increases in water-use efficiency (WUE)
often going along with reduced transpiration rates (E) (Birami et al. 2020; Dusenge et al. 2019;
Haworth, Heath, and McElwain 2010). As a possible outcome of this, soil water may be
preserved, potentially slowing water stress development. However, if a decrease in leaf-level
E is accompanied by growth stimulation and hence increases in leaf area, these two [CO]
effects could most likely counterbalance each other (Jin et al. 2018; Knauer et al. 2017; Tor-
ngern et al. 2015).

While there is some knowledge on eCO, impacts on tree drought responses, little is known
about possible effects of eCO, on stress thresholds and time-to-mortality during a lethal
drought (but see Bartlett et al. 2016 for an in-depth overview of hydraulic drought tolerance
thresholds). (Duan et al. 2014) suggested that eCO, (+240 ul I'") has no effect on time-to-
mortality during drought in either Pinus radiata or Callitris rhomboidea seedlings and that air
temperature is more influential than [CO2] on drought responses (Duan et al. 2015). However,
these studies monitored leaf gas exchange only on a weekly basis. In order to get a more
detailed impression on mortality risk and the chronological sequence of events leading to
mortality, continuous gas exchange measurements at the whole tree level along with a closely
timed monitoring of the hydraulic status could be of particular importance (Hartmann et al.
2018; Ryan 2011).

In connection with tree mortality, carbon starvation and hydraulic failure have been identified
and discussed as the two main processes causing tree death. Carbon starvation is defined to
occur when C requirements for respiration exceed C assimilation during stomatal closure
(Adams et al. 2010; Hartmann 2015). Under such conditions, C reserves namely NSC gain
enormous importance for osmoregulation and maintaining physiological functioning (Hartmann
2015). The ability to access and mobilize these reserves has been shown to support tree
survival (Mitchell et al. 2013; Sevanto 2018; Sevanto et al. 2014). As NSCs have been found
to increase under eCO; (Ainsworth and Long 2004), trees may benefit from this during drought
conditions. Moreover, the longer the drought the more critical are NSC reserves to sustain
respiration rates (Mitchell et al. 2013), which might further enhance any potential benefit from
e002.

The process of hydraulic failure in drought mortality has been recently identified as the most
prominent cause of tree death (Brodribb et al. 2020). It is mainly associated with turgor loss
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and decreases in xylem conductivity ultimately leading to tissue dehydration (Hsiao 1973) and
xylem embolisms (Brodribb and Cochard 2009). Values between 50 and 80 % loss in xylem
hydraulic conductivity have been related to tree death in conifers (Brodribb and Cochard 2009;
Hammond et al. 2019). Although C starvation and hydraulic failure were at first considered as
separate causes (McDowell et al. 2008) such a distinction has proven to be difficult. Carbon
and water processes in trees are tightly interconnected as the transport of assimilates for
example depends on phloem velocity and NSCs, as osmolytes, are crucial for maintaining
turgor pressure (Adams et al. 2017; Duan et al. 2018; Hartmann et al. 2018).

In the attempt to attribute a cause of tree mortality, the identification of general critical
thresholds or tipping points beyond that death is inevitable, has been a much sought objective
(Brodribb and Cochard 2009; Hammond and Adams 2019; O’Brien et al. 2017; Resco et al.
2009). However, defining such tipping points is associated with enormous difficulties as there
is no general consensus on when a tree can be declared dead (see Hartmann et al. 2018).
This leaves the question whether a specific threshold marks a tree in the process of dying or
a tree that is already dead (Hammond et al. 2019). Regardless of this uncertainty, recent
studies have suggested drought-related thresholds that may critically impair tree functioning
(Bartlett et al. 2016; Ruehr et al. 2019), including a tree’s C balance turning negative, stomatal
closure, leaf turgor loss point and substantial loss of xylem conductivity. However, it has yet to
be investigated if eCO, may affect these thresholds during drought.

While in a previous study we could show that eCO, can modestly impact heat and hot-drought
stress responses in Aleppo pine seedlings (Birami et al. 2020), we followed here the
assumption that tree survival under prolonged drought stress might benefit from greater NSC
reserves (e.g. Mitchell et al. 2013) stimulated by eCO,. Hence, we assessed the time-to-
mortality during a fast and a slow lethal drought to identify the importance of NSC for survival.
In addition, we assessed if critical physiological drought thresholds and mortality risk of
P. halepensis seedlings are altered by eCO..

In contrast to the majority of previous studies, we designed our eCO, treatment according to
CO. concentrations prescribed for the RCP8.5 at the end of this century (range 794 to
1,142 ppm) (Collins et al. 2013) and are therefore much higher than in most studies. Although
some voices are currently critical of the scenario (Hausfather and Peters 2020), our treatment
design (C; of about 630 ppm) is close to the value given for CO,-saturated photosynthesis of
600 and 800 ppm for Ci (Benner, Sabel, and Wild 1988; Greer 2019; Maruyama et al. 2005;
Roberntz and Stockfors 1998), we should be able to observe a maximum benefit of eCO in
our study. Hence, our seedlings were grown either under aCO; (c. 407 ppm) or highly eCO,
(c. 936 ppm) under controlled conditions for 2 years from seeds originating from the Yatir forest
in Israel. The Yatir forest is dominated by P. halepensis and has been planted c. 1965 at the
northern edge of the Negev desert (Griinzweig et al. 2003).

As current climate conditions in the Yatir forest are already highly stressful and contrasting with
natural sites of P. halepensis in Israel, the question is under consideration whether the forest
is particularly at risk under predicted climate change. In light of this, our hypotheses were a)
larger net C uptake and enhanced water-use-efficiency as long-term acclimation to highly
eCO- benefit the survival of P. halepensis seedlings during drought, b) the [CO-] advantage is
more pronounced during a slow lethal drought compared with a fast lethal drought as NSC
reserves are more crucial when carbon starvation becomes the main mortality risk, c) the [COg]
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benefit is apparent in the change of critical thresholds of mortality risk factors resulting in the
prolonging of the time-to-mortality in P. halepensis seedlings.

2.2 Material and Methods

2.2.1 Plant material

Pinus halepensis (Miller) seedlings - seeds originating from trees in the vicinity of the flux tower
in the Yatir forest, Israel (31°20'49.2”N, 35°3’'7.2”E) - were grown either under aCO-
(40723 ppm) or eCO, (93619 ppm) (Supplemental Figure S2.1b) in a greenhouse facility in
Garmisch-Partenkirchen, Germany (732 ma.s.l., 47°28'32.87”’N, 11°3'44.03”E). The
seedlings were cultivated for 24 months and repotted twice in a mixture of C-free potting
substrate. After germination in vermiculite, seedlings were transferred to 0.25-L pots containing
a C-free potting substrate (1:1:0.5 quartz sand (0.7 mm and 1-2 mm), vermiculite (c. 3 mm)
and quartz sand (Dorsolit 4-6 mm) and expanded clay (8-16 mm)) enriched with 2 g of slow-
release fertilizer (Osmocote® Exact + TE 3-4 month fertilizer 16-9-12+2MgO+TE, ICL
Specialty Fertilizers, Geldermalsen, The Netherlands) and liquid fertilizer (Manna® Wuxal
Super, Wilhelm Haug Gmbh & Co. KG, Ammerbuch, Germany), and were finally placed into
4.5-L pots holding substrate (1:1:2 vermiculite (3-6 mm), coarse (4-6 mm) and fine quartz sand
(2-3 mm) with expanded clay (8-16 mm)) enriched with 5g of slow-release fertilizer
(Osmocote® Exact Standard 5-6M fertilizer 15-9-12+2MgO+TE, ICL Specialty Fertilizers,
Geldermalsen, The Netherlands), liquid fertilizer and phosphate-magnesium addition once.
Throughout, environmental conditions were maintained constant between the two treatments
(aCO2 and eCO,) with no significant differences in daily air temperatures (Tair) (daytime:
21.5+2.9 °C, nighttime: 15.5+2.1 °C, CS215, Campbell Scientific, Logan, UT, USA), relative
humidity (RH, 74.6+15.7 %) (Supplemental Figure S2.1c), relative soil water content (RWC,
watered to full saturation) and photosynthetic active radiation (PAR) (on average
662+286 pmol m2s', PQS 1 Kipp & Zonen, Delft, The Netherlands) (Supplemental Figure
S2.1d). During the winter month (December to February), seedlings were kept at reduced Tair
and RWC, which afterwards was reversed to previous control conditions (Supplemental Figure
S2.1a, e). Additionally, seedlings were subjected to a drought period of approximately 30 days
with RWC of <20 % 9 months prior to the main experiment to mimic natural summer drought
conditions in the Yatir forest (Preisler et al. 2019). The placement of the CO; treatments within
the two greenhouse compartments was iterated in 1 to 2 monthly intervals.

2.2.2 Experimental setup

In order to monitor gas exchange throughout the lethal drought experiment, nine seedlings per
CO, treatment were randomly selected and each of these seedlings was placed into its own
tree chamber within the greenhouse to measure above- and belowground gas exchange
separately (Birami et al. 2020) (Supplemental Figure S2.2). The tree chambers consisted of a
light transmitting aboveground compartment separated gas tight from the opaque belowground
compartment. Chambers were constantly supplied with an air stream of pre-defined [H20] and
[CO] depending on the respective treatment (aC0O2: 413.67+57.49 ppm;
eCO2: 914.36+31.35 ppm).

Conditions in the tree chambers were kept at daytime mean Tair (5SC-TTTI-36-2M, Newport

Electronics GmbH, Deckenpfronn, Germany) of 24 °C (Figure 2.1a) (night temperatures of
10
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about 20 °C) and PAR (PQS 1, Kipp & Zonen, Delft, the Netherlands) was on average
476 umol m2s™" for 16 hr during daytime (Figure 2.1f) by supplementing outside light with plant
growth lamps (T-agro 400 W; Philips, Hamburg, Germany). Lower levels of PAR are not
untypical at the forest floor and we found that our seedlings reached 77 % (aCO.)/
67 % (eCOy) of their maximum photosynthesis as derived from light response curves at a PAR
of 500 ymol m?s™" (Supplemental Figure S2.3). Since we omitted from increasing the supply
of water vapor to the aboveground tree chambers during drought progression, vapor pressure
deficit (VPD) increased similar to observations at the Yatir site (Tatarinov et al. 2016). Hence,
decreasing E gradually decreased RH from 50 % to 20 % with increasing soil drought (Figure
2.1d). Accordingly, VPD increased from 1-2 kPa to values near 3 kPa (Figure 2.1c). Since soil
temperature (Tsoi) (T107, Campbell Scientific Inc., Logan, UT, USA) was not actively
controlled, temperatures ranged between 20 and 27 °C but were similar in all chambers (Figure
2.1b).
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Figure 2.1: Environmental drivers during the lethal drought in the ambient (aCO-, c. 413 ppm) and elevated
(eCO2, c. 914 ppm) atmospheric CO2 concentration treatment.
Air temperature (Tair, a), soil temperature (Tsoi, b), vapor pressure deficit (VPD, c), relative humidity (RH,
d), relative soil water content (RWC, e) and photosynthetic active radiation (PAR, f) are shown. Lines
and symbols mark daily treatment averages during daytime (PAR >100 umol m?2s™') and the shaded
areas are *¥SD (n =9). aCO: is shown in turquoise, solid points, eCO: in dark red, solid triangles.

RWC (10HS, Decagon Devices, Inc., WA, USA) under control conditions was maintained at
about 50 % (Figure 2.1e). Before stopping irrigation completely, water availability was
progressively reduced in five steps simulating a slow lethal drought (Table 2.1). Slightly higher
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RWC under eCO; resulted from lower E, which also explains higher percentage of maximum
water loss through transpiration (%emax) values.

Table 2.1: Irrigation modulation during the seven experimental steps (I-VIl) of the lethal drought simulation
in relation to the pre-determined maximum of transpiration per [CO2] treatment.
Shown are length of each irrigation step in days and irrigation amount in ml per day as well as in
percentage of the maximum water loss through transpiration (%emax) for the ambient (aCO2) and elevated
(eCOz) atmospheric CO2 concentration treatment.

step I Il 1 v \Y VI VI
days 7 21 8 6 7 19 9
irrigation [ml d'] 300 100 50 37.5 30 16.7 0
irrigation %ems [%] aCO: 500 83 42 31 21 14 0
eCO: 582 97 49 36 24 16 0

With the experimental setup just described and also nine Aleppo pine seedlings per [CO2]
treatment (not the same seedlings as in the slow drought experiment) we previously conducted
an experiment mimicking a fast, lethal drought by only reducing irrigation twice before stopping
it all together after 2 weeks. Air temperature and relative humidity of the tree chambers and
the initial RWC did not differ between the two experiments (Supplemental Figure S2.4).

2.2.3 Gas exchange measurements

Above- and belowground CO; and H.O gas exchange (n =9 per [CO] treatment) was
quantified using two gas analyzers connected in series. First, absolute [CO;] and [H20] of the
supply air stream (LI-840, Li-cor, Lincoln, NE, USA) and secondly, differences between supply
and sample air stream (Li-7000, Li-cor, Lincoln, NE, USA) were measured. While automatically
switching between chambers every 120 s, the data was logged to a computer at 10 s intervals.
COs fluxes from the belowground compartments were treated as root respiration signal
because all belowground C was planted related as C-free substrate has been used as potting
material (see above). Two empty chambers containing the same C-free potting substrate, but
without seedlings, were used as blanks to constantly monitor the system and to correct gas
exchange estimates for any fluctuations in [CO,] and [H20] not caused by changes in plant
activity (3.0912.36 ppm CO; and -0.05+0.05 ppt H2O in the above- and 4.74+2.77 ppm COz in
the belowground compartment). For each chamber measurement, only the last 40 s were used
to calculate gas exchange fluxes according to the following equations.

Tree E in [mol s™'] was calculated as

E = Fm(Wsupply - sample)
(1 - Wsample)

(1)

with Weuppy [Mol mol'] as [H20] in supply air stream, Weampie [0l mol™'] as [H20] in sample air
stream and Fn [mol s7'] as molar flow.

Tree net assimilation (Anet, canopy) @S Well as root and night-time shoot respiration in [mol s™]
were calculated using the equation for CO; fluxes

COZ flux = _Fm(Csupply - Csample) - ECsample (2)
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with Csupply [Mol mol'] as [CO;] in supply air stream, Csampie [M0l Mol'] as [CO;] in sample air
stream, Fm [mol s'] as molar flow and E [mol s']. Total daily respiration rates (Rta) were then
calculated from the sum of nighttime shoot and day-and nighttime root respiration.

Canopy conductance (geanopy) [Mmol H2O s™'] was determined from daytime gas exchange data
as follows

E (1000 _ Wleaf + Wsample)

2
Wleaf - Wsamp le

3)

Ycanopy =

with Wiear as leaf saturated vapor pressure, Weampie [Mol mol™"] as [H20] in sample air stream
and E [mol s']. This approach neglects boundary layer conductance, which should be
negligible under high mixing conditions inside the chamber (Birami et al. 2020).

Ci [umol mol'] was calculated using the following equation

9 E
C: = ( C‘if_lgpy B 7) Csample — Anet canopy @)
' Ycanopy n E
1.6 2

with Csampie [Umol s7'] as [CO-] in sample air stream, Gecanopy [MOI 7], Anet canopy [UMol s7'] and E
[mol 7.

2.2.4 Sampling procedure and needle water status

Throughout the experiment we sampled needle material for non-structural carbohydrates
analysis and tree water status. The sampling was conducted between 12 p.m. and 2 p.m.
Midday needle water potential (Wmq) was measured using a pressure bomb (Modell 1000, PMS
Instrument Company, Albany, OR, USA) on one needle fascicle per tree. Additionally, in order
to determine relative needle water content (RLWC) needle mass was determined a) from the
same fresh needles used for water potential analysis, b) after being submerged in distilled
water for 48 hr and c) post drying at 60 °C. We defined a sudden sharp drop in RLWC and Wnq
as indication that the turgor loss point has been reached. Needle samples for non-structural
carbohydrate analysis were immediately frozen in liquid nitrogen and stored at -80 °C until
further analysis. Tree biomass was harvested at the last day of the experiment when seedlings
appeared dead and divided into needle, woody and root tissue and dried at 60 °C for 48 hr
prior dry mass was measured.

2.2.5 Non-structural carbohydrate quantification

2.2.5.1 Soluble sugar

The determination of soluble sugar was conducted as described by Landhausser et al. (2018)
with minor modifications. For the extraction, 15 mg of frozen plant powder was added to 0.5 ml
80 % ethanol. After shaking, 10 min incubation at 80 °C and centrifugation (13,000 g for 3 min),
the supernatant was taken and the extraction process repeated twice. While the remaining
pellet swelled in 1 ml distilled water (dH-QO) at 95 °C for 2 hr before being stored at -80 °C for
subsequent starch analysis (see below), the supernatants were mixed and the fluids were
vaporized in a vacuum concentrator. The pellet was then dissolved in 1 ml dH,O. For sugar

quantification, 200 ul aliquots of extract (1:10 diluted in dH20) were mixed with 100 pl invertase
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solution (300 U mI', Sigma-Aldrich 14504-250 mg, Merck, Darmstadt, Germany) diluted in
10 mM sodium acetate buffer (pH 4.5) and incubated for 35 min at 55 °C. Afterwards 200 pl
(5 mM MgCl, 95 mM Tris-HCL, 1.7 mM ATP, 4.5 mM NAD+, 1.1 U mI"" GBPDH (Sigma-Aldrich
G8404-2KU, Merck, Darmstadt, Germany), 10 U mI" HK (Roche 1,142,632,001, Roche,
Mannheim, Germany), 1.6 U mlI"' phosphoglucose isomerase (Sigma-Aldrich P5381-1KU,
Merck, Darmstadt, Germany) were added to 50 pl aliquots of sugar extract in 96-well microtest
plates (Brand, Wertheim, Baden-Wirttemberg, Germany). After 20 min of incubation at room
temperature, absorbance was determined at 340 nm with a microplate absorbance reader
(Epoch2, BioTek, Winooski, VT, USA).

2.2.5.2 Starch

After thawing and shaking, 80 pl aliquots of water diluted starch samples (see above) were
mixed with 20 ul a-amylase (30 U mI"', Megazyme E-BLAAM-10 ml) and boiled at 85 °C for
1 hr. Following a quick cooling, 100 ul amyloglucosidase (20 U mI"' amyloglucosidase (Sigma-
Aldrich 10115-1G-F, Merck, Darmstadt, Germany) dissolved in 25 mM potassium acetate
buffer) were added and samples boiled at 55 °C for another hour. In preparation for the
analysis, samples were cooled again and centrifuged (13,000 g for 3 min) before 50 ul aliquots
were mixed with 200 pl buffer (5 mM MgCI, 95 mM Tris-HCI 1.7 mM ATP, 4.5 mM NAD+,
1.1 U ml"" G6PDH (Sigma-Aldrich G8404-2KU), 10 U mlI"' HK (Roche 1,142,632,001, Roche,
Mannheim, Germany), 10 U mI"" HK) in 96-well microtest plates (Brand, Wertheim, Baden-
Wirttemberg, Germany). Absorbance at 340 nm was measured using a microplate
absorbance reader (Epoch2, BioTek, Winooski, VT, USA).

2.2.6 Statistical data analyses

Gas exchange data of each chamber were quality controlled. Day and nighttime
measurements outside 1.5 times the interquartile range above the upper quartile or below the
lower quartile, which were adjusted for each experimental phase, were considered outliers and
therefore not included in the analysis. This removed on average 5.2 % and 8.4 % of the CO-
and H2O gas exchange data, respectively.

All statistical analyses were performed using R 3.5.2 (R Core Team 2016). Differences were
considered significant at p <0.05. Treatment and drought effects were assessed by fitting linear
mixed effects models (Ime) (package Ime4: Bates et al. 2015 and package ImerTest:
Kuznetsova, Brockhoff, and Christensen 2017) with time and treatment as fixed effects and
tree as random factor. Additionally, post-hoc Tukey multiple comparisons test of means
(package emmeans: Lenth et al. 2019) was performed to assess daily differences. Differences
in biomass were tested using t-test for two independent samples. The correlation between
needle soluble sugar (SSn) to starch (Sty) ratios and needle water potential Wny was fitted
using a Michaelis-Menten kinetics function (y = ax[b+x] ™). A logarithmic function (y = log[x])
was used to simulate the tree C balance response to stomatal closure.

To assess possible [CO_] effects on tree mortality risk factors during the lethal drought we first
identified core parameters associated with tree survival such as tree C balance, stomatal
closure and hydraulic integrity. We then defined critical thresholds for these parameters (see
2.3) and determined the probability for seedlings to match these threshold criteria per day.
Aiming to assess the tree mortality risk, we combined the separate parameter observations by
quantifying the probability for seedlings to reach all three critical thresholds per day. All these
evaluations were made for aCO, and eCO; separately. We used logistic regression to analyze

14



Dying by drying: timing of physiological stress thresholds related to tree death is not
significantly altered by highly elevated CO2

the [CO.] effect on risk threshold probability per day, and accounted for temporal
autocorrelation by bootstrap sampling. We assessed model performance using a pseudo R?
metric (package sigr, Mount and Zumel 2019). Significant differences between treatments were
assessed via a non-parametric Mann-Whitney U test comparing the average number of days
required to reach the threshold per treatment.

As indicators of tree death, we used foliar browning, cessation of shoot respiration and Wnq
below -5 MPa, which is associated with 50 % potential loss of xylem conductivity (PLCso) in
P. halepensis.

2.3 Results

2.3.1 [CO2] effect under favorable conditions

Atmospheric [CO2] had a clear effect on the biomass of Aleppo pine seedlings resulting in
significantly higher shoot and root biomass under eCO- (needle +27 %; woody tissue +30 %;
root +27 %) (Table 2.2). However, root/shoot ratios were similar to aCO..

Table 2.2: Biomass (P. halepensis, n = 9 per treatment, +SD) of needles, shoot woody tissue, roots and
shoot/root ratio was measured at tree death.
Values are given in dry weight (DW) for the ambient (aCOz2, c. 413 ppm) and elevated (eCOz, c. 914 ppm)
atmospheric CO2 concentration treatment. Using t-test for two independent samples tested for potential
treatment effects. Statistical significance (t-Test, p <0.05) is indicated by different lower-case letters.

biomass [gDW]

aCoO; eCO;
needle 41.38 + 8.88 (@) 52.56 £+ 6.15 (b)
woody tissue 26.96 + 5.81 (a) 34.97 + 5.03 (b)
root 80.72 +12.57 (a) 102.59 + 13.28 (b)

root/shoot 1.11+0.21 1.16 £ 0.21

During 12 days of acclimation to the tree chambers under sufficient water supply, tree E and
Anet, canopy  Steadily increased. Anet canopy rates were twice as high in eCO> than in aCO-
(TukeyHSD: p=0.014, t=-5.15) on the tree level reaching maximum rates of
1.24+0.17 (aCO.)/ 1.98+0.71 (eCO2) [mol hr'tree’'] (Figure 2.2b). Simultaneously, tree E was
not significantly lower in eCO, than aCO- (Figure 2.2a) on the tree level, reaching maximum
rates of 0.40+0.06 (aCQO;)/ 0.31+0.11 (eCO>) [mol hr'tree’']. On a leaf area basis, the [CO;]
effect on Anet, canopy Vanished suggesting the increase in leaf area as the main reason for higher
Anet, canopy In €C0O2 (Supplemental Figure S2.5b). In contrast, treatment differences in E were
significantly amplified on a leaf area basis (TukeyHSD: p =0.021, t = 5.113) (Supplemental
Figure S2.5a), which can be explained by lower canopy conductance (gcanopy, SUmM of stomatal
and cuticular conductance) in eCO; of 22 % at the tree level and 33 % at the leaf level (leaf
area) (data not shown). Respiration rates (sum of shoot nighttime, root day- and nighttime
Riotal) were not significantly higher under eCO, compared to aCO,, despite a significantly larger
tree biomass (+27 %) under eCO,.
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Figure 2.2: Gas exchange parameters during the course of the lethal drought experiment.
Shown are transpiration rate (E) (a), net assimilation (Anet canopy) (b) and respiration (Rota, sum of shoot
dark and root respiration) (d) rates as hourly means per day and tree for the ambient (aCO2, c. 413 ppm)
and the elevated (eCOz2, c. 914 ppm) atmospheric CO2 concentration treatment. The shaded areas depict
*SD. Data gaps are bridged by thin dotted lines. For Anetcanopy and Riotal, the light grey colored areas
mark the final phase of the experiment, which is additionally shown on a finer scale (c, e) highlighting
the respiration burst just before death of the seedlings occurred. Longer tick marks on the x-axis mark
days of irrigation reductions. aCO: is shown in turquoise, solid points, eCO:z in dark red, solid triangles.

2.3.2 Gas exchange response to drought

In the course of step-wise reductions in irrigation, E and Anet, canopy declined gradually and
reached new stable rates during each drought phase. Simultaneously, treatment differences in
Anet, canopy @nd E diminished with progressing drought. In contrast, the [CO,] effect on Rioal
apparent in 1.5 times higher rates in eCO, compared to aCO: (not statistically significant) was
largely sustained by concurrently decreasing Rita in both treatments with increasing soil
drought (Figure 2.2d). Interestingly, ceasing irrigation completely triggered a sudden
respiration burst notable in Anet, canopy @s Well as Riotal (Figure 2.2c¢, e). Contrary to the transition
from assimilation to respiration in Anet, canopy, the renewed rise in Ry Was significant
(TukeyHSD: aCO2 p <0.01, t=6.99; eCO2 p <0.01, t=9.72) due to a doubling of respiration
rates measured during the burst. This phenomenon had also been observed during the prior,
fast lethal drought experiment (Supplemental Figure S2.4a, c). Since occurring at times when
trees started dying, the burst in respiration may indicate drought-induced lethal cell damage.
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2.3.3 [CO:] effect on tree C balance during drought

We further assessed the [CO,] effects on the tree C balance (ZC=Anet, canopy - Riotal, S€E also
Supplemental Figure S2.6b) and water loss (ZE, see also Supplemental Figure S2.6a) in
relation to geanopy- TO Overcome the differences in geanopy from [CO2], Geanopy Was expressed in
relation to maximum geanopy (Jeanopy max) per treatment (Figure 2.3). Based on changes in C/C,
ratios, which remained unaffected by [CO.], we have separated drought effects on assimilation
into four phases (see Figure 2.3, dashed vertical lines). Following this structuring, we analyzed
the [CO-] effect on ZC in the course of declining gcanopy-

During non-stressful conditions, indicated by Ci/Cs ratios of about 0.7 (phase 1), assimilation
was not limited by water availability (irrigation step one and the beginning of step two) and ZC
in eCO, was with 0.17 gC day' about 300 % higher than in aCO. (TukeyHSD: p = 0.012,
t =-4.90). With developing drought stress (during irrigation steps two and three), as stomatal
restriction on assimilation increased causing Ci/C; ratios to decline (at 40-60 %Qgcanopy max), the
stimulation of eCO, on ZC also declined. In phase lll, when C/C; is nearly stagnant again at
about 0.6 (at around 35 %Qgcanopy max), the restriction on assimilation is slowly transitioning from
stomatal to non-stomatal accompanied by again increasing relative difference in ZC between
aCO; and eCO,. However, high variances of drought stress development within the treatments
prevented these differences from being statistically significant. Sharply increasing Ci/C, ratios
mark the reaching of the C; inflexion point and simultaneously the beginning of phase IV. During
this last phase (irrigation steps 4 to 7) characterized by dominating and further increasing non-
stomatal restriction on assimilation, the [CO;] effect transitioned from a benefit to a detriment
at 15 % of Geanopy max (Wma Of -2.3 MPa). This goes along with the transition from assimilation to
respiration during the last week of the experiment (C/C, >1) and higher respiration rates in
eCO; (Figure 2.2b, c). In contrast to the [CO;] effect on ZC, the difference in ¥E between
treatments (on average -12+5 %) was not significant at the tree level, as variances were high
and the larger biomass under eCO, almost annulled the effect of reduced E per unit leaf area.
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Figure 2.3: [CO2] effect on tree carbon balance (XC) and tree water loss from transpiration (ZE) as well as
leaf internal [CO2]/ atmospheric [CO?] ratios (Ci/C.) (for day-time measurements, photosynthetic active
radiation (PAR) >100 umol m-2s-') over the course of stomatal closure.
2C (sum of net assimilation, shoot dark and root respiration, grey bars) and ZE (sum of shoot day and
night transpiration, shaded bars) are shown as differences between the ambient (aCO:) and the elevated
(eCO2) atmospheric [CO2] treatment in percentage of aCO: values (%=([eCO2-aC02]/aC0O2)*100). The
degree of stomatal closure was calculated by expressing canopy conductance (gcanopy, sum of stomatal
and cuticular conductance) as percentage of maximum gcanopy under control conditions for each
treatment. Bars show averages over 5 % bins of gcanopy €xpressed as percentage of maximum gcanopy
with error bars depicting +SD. Ci/Ca values (red solid points) are also shown as means over 5 % bins of
geanopy ¥SD for both treatments. Asterisks above bars represent statistical significance (linear mixed
effects model with post-hoc Tukey; p <0.05*, p <0.01**, p <0.001***) of the [CO:] effect derived from
absolute values. Grey dashed lines and roman numerals mark the four phases of assimilation restriction
differentiated by changes in Ci/Ca ratios in the course of declining gcanopy.

2.3.4 Needle water potential and non-structural carbohydrates

Despite treatment differences in tree water fluxes (gcanopy, E) 0on the leaf level, Wmg and RLWC

measurements revealed no [CO;] effect (Figure 2.4). Following a slow but steady decrease

during mild to moderate drought stress, Wmnq fluctuated around the turgor loss point identified

at -2.2 MPa as water availability was further reduced (Table 2.1, 16.7 ml day). While the

decline in Wng responded to increasing drought, RLWC was maintained at values between 70

and 80 %. However, once the turgor loss point was reached, Wn¢ and RLWC steeply declined
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reaching values of about -7 MPa and 31+£16 %, respectively, within eight days after irrigation
had been stopped.
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Figure 2.4: Needle soluble sugar (SSn, a), needle starch (Stn, b) concentrations, midday needle water
potential (¥md, @) and relative needle water content (RLWC, b) over the course of the experiment.
Wna and RLWC are shown as average over both treatments (ambient (aCO:) and elevated (eCO3)
atmospheric [CO2]) £SD depicted as shaded area. The turgor loss point at -2.2 MPa is marked as grey
dashed line. SSn and Sty are shown as boxplots with measurements outside 1.5 times the interquartile
range above the upper quartile or below the lower quartile considered outliers. Asterisks above boxes
represent statistical significance between treatments (linear mixed effects model with post-hoc Tukey;
p <0.05%, p <0.01**, p <0.001***). aCO2 is shown in turquoise, eCO: in dark red.

Similar to Wmqe, SSn content was not affected by eCO; (Figure 2.4a). In addition, SSy showed
no drought effect, as concentrations were maintained relatively stable. The observed slight
decrease in SSy at the final harvest could be due to metabolic processes triggered by tree
death (Figure 2.4a). As a consequence of these SSy results, steadily rising SSy to Sty ratios
(Figure 2.5) were mainly attributed to decreasing Sty concentrations (Figure 2.4b). In the
course of the experiment, Sty reserves were depleted by about 80 and 85 % in aCO, and
eCOg, respectively. Accordingly, the distinct [CO,] effect on SS\/Sty ratios under mild and
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moderate drought (Wmg >-2.2 MPa) resulted from Sty concentrations being twice as high in
eCO; than in aCO- (TukeyHSD: p <0.001, t = -6.27). However, this treatment effect diminished
with amplifying drought due to stronger decreasing Sty concentrations in eCO», compared to
aCO,, while the overall Sty concentration remained higher under eCO,. The course of SSn/Stn
ratios indicates the use of Sty to maintain SSn levels and respiration during drought.
Furthermore, it would explain the increased reduction of Sty in eCO», as assimilation per leaf
dry weight in eCO, was lower than in aCO- after reaching the turgor loss point. Similar
developments of SSy/Sty ratios in relation to Wng could be observed during a prior fast lethal
drought experiment (Figure 2.5,Supplemental Figure S2.4).
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Figure 2.5: Needle soluble sugar (SSn) to starch (Stn) ratios over midday needle water potential (Wma).
The carbon safety margin between -1.4 and -1.6 MPa is marked as light grey area. SSn to St ratios are
shown as individual measurements for the 2018 slow drought (ambient atmospheric [CO2] (aCOz2): solid
points, elevated atmospheric [CO2] (eCOz2): solid triangles) and for the 2017 fast drought (aCO:: points,
eCOz: triangles). Lines (aCOz2: turquoise, eCOz: dark red) show regressions using non-linear least
squares. aCO: is shown in turquoise, eCO: in dark red.

2.3.5 [CO2] effect on risk thresholds during lethal drought

We used critical values to assess differences in the probabilities of reaching critical thresholds
between the CO; treatments (see 2.2.6). The threshold criteria we assigned were: negative
2C, daytime gecanopy 5 Y Gcanopy max and Wmq below the turgor loss point (-2.2 MPa). We preferred
turgor loss to PLCsp, as we did not directly assess PLC in our seedlings. To test if eCO, might
affect drought-induced carbon starvation, we introduced a 50 % threshold for Sty (relative to
the initial values) (NSCso), although there is no consensus on critical NSC values (Adams et
al. 2017).

The treatment difference was only significant in Sty (Figure 2.6d); here aCO. seedlings

reached the NSCso threshold earlier and faster (Mann-Whitney U test: p=0.019).

Furthermore, declines in Sty followed shortly after ~C turned negative in aCO, (Figure 2.6a),
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whereas a time lag of about 10 days between these two events was observed in eCO-
suggesting a positive [CO-] effect on the carbon safety margin. While for 2C and Wnq (Figure
2.6¢) the probability of reaching the respective threshold increased slowly, the transition in
Geanopy (Figure 2.6b) indicating stomatal closure was rather sudden, changing the probability
from zero to one within 2 days irrespective of [CO;]. Interestingly, these 2 days were the same
in both treatments indicating that the relative response of geanopy to severe drought was identical
in aCOz and eCO:s.

When we assessed the overall risk factor by combining the results for £C, Wne and geanopy
(Figure 2.6e), it became apparent that [CO2] did not affect the probability of reaching the
threshold, nor the timing of mortality. W declining below the turgor loss point clearly marked
the time at which survival in both treatments became critical. In summary, this clearly indicates
that the mortality risk under severe drought stress was not reduced by eCO,. Furthermore, our
results show that this applies to both fast and slow (data not shown) lethal droughts.
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ure 2.6: Logistic regressions to determine the [CO2] effect on risk thresholds of Aleppo pine seedlings
during a lethal drought (n =9 per treatment).

For carbon balance (a), canopy conductance (gcanopy) (b), point of leaf turgor loss (c) and needle starch
concentration (Stn) (d). In panel (e) mortality risk for each treatment and day is computed as the
combined probability for a tree to present values above risk thresholds for carbon balance, canopy
conductance and leaf turgor loss. The critical values were defined as C balance turning negative, gcanopy
declining below minimum gcanopy, Wmd falling under the turgor loss point (Wma <-2.2 MPa) and a 50 % loss
of Stn (NSCso). The quality of the fitted logistic regressions is shown by 95 % confidence intervals
depicted as shaded areas and pseudo-R? values are given. Additionally, the transition of seedlings from
‘not meeting the critical threshold’ to ‘meeting the critical threshold’ is shown below and above each
regression plot, respectively, with coloring becoming more transparent as number of seedlings
decrease. Shown are the results for the ambient atmospheric [CO2] (aCOz: turquoise) and the elevated
atmospheric [CO2] (eCOz2: dark red) treatment.

2.4 Discussion

2.41 Pre-drought [CO2] effect

We found eCO; to stimulate plant growth, equally reflected in increasing root and shoot
biomass and therefore not affecting root/shoot ratios of the P. halepensis seedlings in our study
(Table 2.2). In addition, larger needle starch storage and net C uptake at eCO, suggests that
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excess C was stored as starch in leaves (Eguchi et al. 2004; Poorter et al. 1997; Pritchard et
al. 1999) (Figure 2.4b). Frequently, increases in Anet, canopy are accompanied by decreasing E
and Geanopy Under eCO; (Ainsworth and Rogers 2007; Birami et al. 2020; Gamage et al. 2018),
as was the case at the leaf level in our study (Supplemental Figure S2.5). An optimization of
the stomatal density (SD) to stomatal index (Sl) (stomata to epidermal cells ratio) ratio would
account for such an enhanced WUE (Haworth et al. 2010). However, we did not find a
significant [CO_] effect on SD (p >0.1, n = 17) (data not shown). The lack of changes in SD and
Sl supports the hypothesis that trees more likely respond to eCO- by adjusting needle function,
which is most prominently done by controlling stomatal aperture (Apple et al. 2000; Bettarini,
Vaccari, and Miglietta 1998; Pritchard et al. 1999). As has been documented in several studies,
eCO; stimulates stomatal closure (Ainsworth and Rogers 2007; Birami et al. 2020; Gamage et
al. 2018; Xu et al. 2016). This together with biochemical adjustments most likely resulted in
constant Ci/C, in P. halepensis leaves under eCO, (Figure 2.3), which is concordant with a
previous study (Birami et al. 2020) and suggested scenarios regarding WUE and rising Cs
(Lavergne et al. 2019; Saurer, Siegwolf, and Schweingruber 2004). As a possible underlying
mechanism, Tor-ngern et al. (2015) introduced the idea of long-term reductions in E and gcanopy
being rather indirect, than direct effects of eCO.. After extensive experiments in a temperate
forest (FACE, +200 pmol mol™ for 17 years), they concluded that reductions of gcanopy Were not
a direct stomatal response to increasing [CO3], but were considered to be attributable to
decreases in leaf hydraulic capacity as well as reductions of hydraulic conductance from the
xylem to the stomata as long-term acclimation to eCO; (Domec et al. 2009; Domec, Palmroth,
and Oren 2016). As our seedlings were grown from seeds under eCO; for 2-years such a CO,
acclimation response might be a likely scenario.

2.4.2 [CO:] effect under mild to moderate drought conditions

Initial responses to drought are typically characterized by a gradual closure of stomata
(Blackman et al. 2016; Mackay et al. 2015; Taibi et al. 2017). During this phase, P. halepensis
seedlings seemed to be able to offset restrictions on C assimilation under eCO, as Anet, canopy
was maintained at higher rates in spite of lower gcanopy cOmpared to aCO; (Table 2.2), in
agreement to previous observations (Birami et al. 2020). This indicates a potential ameliorating
effect of eCO; (Ainsworth and Rogers 2007; Je et al. 2018; Robredo et al. 2010), supported
by a delay in the C; inflexion point, which marks the transition from stomatal to non-stomatal
limitation as dominant restriction on Anet, canopy (Flexas and Medrano 2002). In our study we did
not observe such an effect on the C; inflexion point as Ci/Cs in P. halepensis seedlings were
unaffected by [CO2].

One consideration in connection with reduced gcanopy resulting in lower E on the leaf level was
a possible preservation of soil moisture and a resulting slowing down of the development of
drought stress under eCO.. However, such a phenomenon of ‘water saving’ is debatable due
to the trade-off between the reduced water loss through transpiration and the simultaneous
increase of leaf area under eCO; (Dusenge et al. 2019; Tor-ngern et al. 2015; Wullschleger,
Tschaplinski, and Norby 2002), which was also apparent in our study. In addition, we observed
no significant eCO; effect on Wng or RLWC since P. halepensis seedlings in both treatments
maintained W4 above the turgor loss point (TLP) (-2.2 MPa) and RLWC at around 82 % for
the longer part of the drought period (63 days) (Figure 2.4). The seemingly stable leaf water
status along with no apparent up-regulation of SSy (Figure 2.4a) suggest a lack of osmotic
adjustment with decreasing water availability, controversial to the general drought response of
plants (Adams et al. 2017; Li et al. 2018). However, decreasing Sty concentrations indicate the
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remobilization of starch reserves in P. halepensis seedlings in order to meet C requirements
when drought response reduces C assimilation (Martinez-Vilalta et al. 2016). A more detailed
look at the primary metabolome, but excluding starch, of P. halepensis seedlings subjected to
heat and hot drought stress revealed that eCO, enhanced root protein stability at high
temperatures, but did not alter the general stress response (Birami et al. 2020). Contrary to
our expectations, eCO- trees did apparently not benefit from enhanced NSC reserves. NSC
patterns were rather similar between a slow and a fast drought as relations between SSn/Stn
ratios and Wnq¢ show (Figure 2.5), emphasizing the complex as well as versatile use of NSC in
response to drought.

2.4.3 [CO2] effect on tipping points and drought-induced mortality

In response to severe drought, P. halepensis seedlings kept stomata closed but still lost water
through cuticular conductance and stomatal leakiness (Blackman et al. 2016). During such
conditions, survival depends on both C accessibility, required for instance for metabolic
processes such as respiration, and the integrity of the plants hydraulic functions ensuring the
maintenance of capacitance and conservation of water storage (Adams et al. 2017; Blackman
et al. 2019; Choat et al. 2018; Nardini, Battistuzzo, and Savi 2013; Sevanto 2018; Sevanto et
al. 2014; Zhu et al. 2018). Regarding C availability under severe drought, NSC have been
identified as a key C source (Galiano, Martinez-Vilalta, and Lloret 2011; Garcia-Forner et al.
2016; O’Brien et al. 2014).

However, because of their various functions in plant C metabolism it has been proven to be
extremely difficult to specify a particular NSC threshold below which death is more likely than
survival (Adams et al. 2017; McDowell et al. 2013; Meir, Mencuccini, and Dewar 2015). In a
global synthesis, Martinez-Vilalta et al. (2016) found a 54 % NSC loss as an overall estimate
for minimum NSC in dying relative to control trees. Applied to our SSy and Sty measurements,
the NSCso threshold underlines the mitigating effect of eCO. on Sty depletion (Figure 2.6d).
However, due to the uncertainty regarding this threshold we also considered the transition from
positive to negative C balance (after growth ceases) as a critical threshold. Since we estimated
the C balance as Anet, canopy MiNUs Riotal, @ Negative C balance means that reductions in Anet, canopy
exceed decreases in Rt under declining water availability (Figure 2.2) further suggesting the
requirement for alternative C sources namely NSC. Mitchell et al. (2014) attributed importance
to Wna values between -1.4 and -1.5 MPa by proposing the phase between the cessation of
growth and assimilation as a carbon safety margin for isohydric tree species. Since this attempt
at defining a carbon safety margin is very rare due to the complex and diverse functions of
NSC, the applicability of this approach remains questionable. However, in our study a similar
WYne range (between -1.4 and -1.6 MPa) delimitated the crucial period beyond which growth
must have ceased (net C uptake zero), shortly before the C balance turned negative and stress
turned from mild to severe. We found eCO to not affect this carbon safety margin.

In order to assess the risk of dehydration and hydraulic failure under drought, leaf turgor and
xylem conductivity are considered as crucial traits (Kérner 2019). Losses in conductivity are
strongly linked to xylem cavitation and embolisms indicating a rising possibility of hydraulic
dysfunction and ultimately tree mortality (Breshears et al. 2018; Cochard 2006; T Klein et al.
2016; Klein, Cohen, and Yakir 2011). Irrespective of [CO2], the TLP of P. halepensis seedlings
was reached at 80 % RLWC and a Wnq of -2.2 MPa, which is in line with findings by Villar-
Salvador et al. (1999) and Royo, Gil, and Pardos (2001). Beyond the TLP, seedlings
dehydrated at a fast rate and RLWC was as low as 30 % at mortality. Substantial xylem
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embolism must have occurred alongside dehydration and PLCs, was reached at Wq of about
-5 MPa (Gleason et al. 2016) concordant with other PLCs, results for P. halepensis (Martin-
StPaul, Delzon, and Cochard 2017).

In previous studies, PLCs to 80 % PLC (PLCso) was suggested as the likely critical threshold
between survival and death in gymnosperms (Brodribb and Cochard 2009; Choat et al. 2018;
Hammond et al. 2019). All of our seedlings were well beyond a W related to PLCsg, when
mortality was reached, indicating that PLCgo might be a more meaningful threshold for mortality
in Aleppo pine. In addition, our findings indicate that eCO, altered neither the hydraulic
thresholds directly nor the time to reach the lethal hydraulic thresholds (Wnq did not differ
between treatments). This corroborates the surmise that the detected water savings on leaf
level are counterbalanced by the leaf area increase in P. halepensis seedlings under eCO.. A
similar lack of a [CO-] effect on whole tree water relations and drought-induced mortality was
reported by Duan et al. (2014) or Eucalyptus radiata and Pinus radiata as well as Callitris
rhomboidea (Duan et al. 2015). As critical hydraulic thresholds were reached earlier than NSC
thresholds, our results indicate that the water status is more meaningful than the C status for
predicting mortality risks of P. halepensis seedlings under severe drought conditions. This in
turn is consistent with findings by Duan et al. (2018) suggesting that predicting time-to-mortality
for Eucalyptus sideroxylon is better based on leaf water potential than C status. In summary
our results further support dehydration as the main cause of death in our seedlings and that
eCO; did not alter dehydration rates.

Since our study was conducted on potted seedlings in a controlled greenhouse how meaningful
are our results for the future of Aleppo pines in the Yatir forest? [CO_]-stimulated root growth
may expand the root zone, which may open up new water sources for the trees. This could be
advantageous as our study shows that trees under eCO., despite a larger leaf area, transpire
the same amount of water on the whole tree level due to reduced stomatal conductance.
Together with larger C reserves, this in turn could influence the fate of the trees during drought
conditions in favor of their survival. However, predicted reductions in precipitation for the
Mediterranean region (Giorgi and Lionello 2008) alongside new evidence finding allocation
changes under eCO; to increase leaf area compared to water supplying sapwood area
(Trugman et al. 2019), calls into question the potential advantage just described. In
combination with an overall absence of [CO5] interacting with three critical drought thresholds,
we conclude that eCO, will not improve survival of Aleppo pine seedlings under severe
drought. Moreover, a larger non-structural carbohydrate buffer under eCO, seemed of no
advantage neither during fast nor slow terminal drought, which clearly challenges the carbon
starvation hypothesis.
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Supplemental Figure S2.1: Environmental drivers during cultivation (200 days prior to the experiment) of
seedlings in the ambient (aCO2) and elevated (eCO:z) atmospheric [CO2] treatment.
Air temperature (Tair, a), [CO2] of supply air stream ([CO2], b), relative humidity (RH, c), photosynthetic
active radiation (PAR, d) and relative soil water content (RWC, e) are shown. Lines and symbols mark
treatment averages during daytime (PAR >100 umol m2s*') and the shaded areas are +SD. aCO2 is shown
in turquoise, solid points, eCO: in dark red, dark red triangles.
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Supplemental Figure S2.2: Overview of the experimental setup in the greenhouse facility in Garmisch-
Partenkirchen.
The picture shows the 20 tree chambers and their position in the greenhouse compartment.
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Supplemental Figure S2.3: Net canopy assimilation (Anet, canopy), expressed as % of maximum Anet, canopy at
photosynthetic active radiation (PAR) 1200 pumol m2s™', over a PAR range of 0 to 1200 pmol m2s-',
Data is shown as treatment (ambient atmospheric [CO2] (aCO2): solid, turquoise points, elevated
atmospheric [CO2] (eCOz): solid, dark red triangles) means +SD (shaded areas).
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Supplemental Figure S$2.4: Gas exchange parameters during a fast lethal drought experiment in 2017.
Shown are net assimilation (Anet, canopy, a), transpiration (E, b), respiration (Rtota, sum of shoot dark and
root respiration, c) and relative soil water content (RWC, d) as hourly treatment (ambient atmospheric
[CO:] (aCO2): turquoise points, elevated atmospheric [CO2] (eCOz2): dark red triangles) means per day
*SD depicted as shaded area.
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Supplemental Figure S$2.5: Gas exchange parameters during the slow lethal drought experiment in 2018.
Shown are transpiration (E, a) and net assimilation (Anet, b) on the leaf level, as hourly treatment (ambient
atmospheric [CO2] (aCOz2): solid, turquoise points, elevated atmospheric [CO2] (eCOz): solid, dark red
triangles) means per day *SD depicted as shaded area.
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Supplemental Figure S2.6: ZC (sum of net assimilation, shoot dark and root respiration, b) and ZE (sum of
shoot day and night transpiration, a) over the course of stomatal closure, expressed as canopy

conductance (gcanopy)-
Data is shown as daily values per tree (ambient atmospheric [COz] (aCO3): solid, turquoise points,

elevated atmospheric [CO2] (eCO2): solid, dark red triangles).
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3 Anatomical adjustments of the tree hydraulic pathway decrease
canopy conductance under long-term elevated CO
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and Ruehr, N. K. 2023. “Anatomical Adjustments of the Tree Hydraulic Pathway Decrease
Canopy Conductance under Long-Term Elevated CO,". Plant Physiology 191(1): 252-264.

Abstract

The cause of reduced leaf-level transpiration under elevated atmospheric CO, concentrations
(eCOz) remains largely elusive. Here, we assessed stomatal, hydraulic and morphological
adjustments in a long-term experiment on Aleppo pine (Pinus halepensis Miller) seedlings
germinated and grown for 22—40 months under eCO; (c. 860 ppm) or ambient atmospheric
CO; concentrations (aCOz; ¢. 410 ppm). We assessed if eCO,-triggered reductions in canopy
conductance (gc.) alter the response to soil or atmospheric drought and are reversible or lasting
due to anatomical adjustments by exposing eCO; seedlings to decreasing [CO5]. To quantify
underlying mechanisms, we analyzed leaf abscisic acid (ABA) level, stomatal and leaf
morphology, xylem structure, hydraulic efficiency, and xylem safety. Effects of eCO, manifested
in a strong reduction in leaf-level gc (-55 %) not caused by ABA and not reversible under low
[CO2] (c. 200 ppm). Stomatal development and size were unchanged, while stomatal density
increased (+18 %). An increased vein-to-epidermis distance (+65 %) suggested a larger leaf
resistance to water flow. This was supported by anatomical adjustments of branch xylem
having smaller conduits (-8 %) and lower conduit lumen fraction (-11 %), which resulted in a
lower specific conductivity (-19 %) and leaf-specific conductivity (-34 %). These adaptations to
CO; did not change stomatal sensitivity to soil or atmospheric drought, consistent with similar
xylem safety thresholds. In summary, we found reductions of g. under elevated CO; to be
reflected in anatomical adjustments and decreases in hydraulic conductivity. As these water
savings were largely annulled by increases in leaf biomass, we do not expect alleviation of
drought stress in a high CO, atmosphere.

3.1 Introduction

Decreases in transpiration and stomatal conductance are among the most widely documented
effects of eCO; on plants (Ainsworth and Rogers 2007; Birami et al. 2020; Domec, Smith, and
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McCulloh 2017; Drake, Gonzalez-Meler, and Long 1997; Dusenge et al. 2019; Medlyn et al.
2001; Poorter et al. 2022). Given that drought spells and extreme weather events are
increasing with climate change (Seneviratne et al. 2021), quantifying the extent to which
increased CO; reduces plant water loss has been the objective of numerous studies over the
past two decades. Results indicate that eCO; could potentially mitigate the negative effects of
drought and heat in many plant species, although the extent varies depending on the type,
severity, and duration of the stress (Brodribb et al. 2020; Huang and Xu 2015). Contrastingly,
it has also been observed that leaf-level responses — most prominently water savings from
reduced stomatal conductance under eCO; — could be counterbalanced at the plant level due
to enhanced leaf growth at higher [CO_] (Gattmann et al. 2021; Jin et al. 2018; Knauer et al.
2017; Tor-ngern et al. 2015). While the body of literature on plant responses to eCO: is
growing, major knowledge gaps persist (De Kauwe, Medlyn, and Tissue 2021), particularly, in
terms of understanding the mechanisms driving the [CO;] effect on stomatal conductance
(Poorter et al. 2022).

Addressing the processes that limit stomatal conductance under eCOsz is of utmost importance
in a rapidly changing climate (Ainsworth and Rogers 2007; Bonan 2008; Jasechko et al. 2013;
Klein and Ramon 2019). In angiosperms, there is a well-described instantaneous stomatal
response to changes in atmospheric CO; concentration (Morison 1985, 1987; Mott,
Sibbernsen, and Shope 2008). Stomata in most angiosperm species will open when exposed
to [CO;] lower than ambient, and close when exposed to [CO;] higher than ambient. The
mechanism driving these responses remains relatively elusive, although recent molecular work
in Arabidopsis (Arabidopsis thaliana) suggests that a network of core and peripheral guard cell
signaling pathways drive stomatal responses to eCO, (Dubeaux et al. 2021). Nothing is known
about the molecular signaling pathway for stomatal responses to [CO;] outside of angiosperms
and there appears to be a considerable evolutionary transition in stomatal responsiveness to
[CO;] across the land plant phylogeny, with angiosperm species generally having a much
greater stomatal sensitivity to instantaneous changes in [CO;] in comparison to other stomata-
bearing land plants (Brodribb and Cochard 2009; Brodribb and McAdam 2013; Doi and
Shimazaki 2008; Franks and Britton-Harper 2016; Haworth, Elliott-Kingston, and McElwain
2013; Kubések et al. 2021). In angiosperms, the magnitude and speed of stomatal responses
to an instantaneous change in [CO;] are regulated by ABA levels, with enhanced responses
occurring in leaves with high ABA levels (Chater et al. 2015; Dubbe, Farquhar, and Raschke
1978; McAdam et al. 2011; Raschke 1975). This augmentation of stomatal sensitivity to
instantaneous changes in [CO] does not occur in conifers (McAdam et al. 2011), but it has
never been examined whether ABA might play a role in regulating stomatal sensitivity to long-
term increases in [CO_] in conifers.

The regulation of stomatal aperture and water loss is not restricted to physiological responses
but could be altered by leaf anatomical adjustments after long-term exposure to high CO,. As
widely observed, growth under eCO. may result in reduced development of stomatal
complexes in the epidermis, reducing both stomatal density (SD; number of stomata per unit
leaf area) and stomatal index (SI; the proportion of epidermal cells that are stomata)
(Woodward and Kelly 1995). This anatomical adjustment reduces overall stomatal
conductance and increases water-use efficiency (WUE) without a change in stomatal aperture.
To date, results are far from conclusive, and often no effect, and in some cases, even an
increase in SD in response to eCO- has been observed (Domec et al. 2017; Luomala et al.
2005; Pritchard et al. 1999). Hence, the magnitude of the SD response seems to be affected
by the experimental setup and duration, species, and other environmental factors (Haworth et
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al. 2013; Xu et al. 2016). Contributing to lower SD under eCO; could be a promotion of leaf
size, as observed in grasses (Xu et al. 2014; Xu and Zhou 2008), or an increase in needle
thickness or width as observed in Scots pine (Pinus sylvestris) (Lin, Jach, and Ceulemans
2001). These changes are often related to alterations in cell division and/or cell expansion
driven mainly by increased carbon availability combined with a reduction in water demand
(Pritchard et al. 1999; Xu et al. 2016).

In agreement, a growing number of studies suggest that anatomical adjustments from long-
term exposure to eCO; are not restricted to stomata but may affect leaf hydraulic conductance
(Domec et al. 2009; Phillips et al. 2010). Increases in needle thickness and/or mesophyll tissue
(Lin et al. 2001), which affect the path length water has to travel from the vein to the stomata,
have been attributed to lower leaf hydraulic conductivity (Kiear) (Domec et al. 2016), and could
be related to lower stomatal conductance as well as an enhanced WUE (Trueba et al. 2022).
Moreover, a few studies have observed adjustments in xylem structure in response to eCO-
(Domec et al. 2017). In conifers, structural changes were mixed and seem to vary among
species, showing no responses (Maherali and DelLucia 2000) , increases in cell wall thickness
(Atwell, Henery, and Whitehead 2003; Conroy et al. 1990; Domec et al. 2016; Kilpelainen et
al. 2007), wood density (Atwell et al. 2003; Telewski et al. 1999), or tracheid diameter
(Ceulemans et al. 2002). A recent literature review summarizes the impacts of some of these
findings on tree hydraulics but no clear picture for conifers emerged. It appears that specific
conductivity (Ks), i.e. hydraulic conductivity normalized by xylem cross-sectional area, might
slightly increase while plant hydraulic conductance and leaf water potential remain largely
unchanged under eCO; (Domec et al. 2017). As the tree water transport system from roots to
leaves is tightly coordinated (Bartlett et al. 2016; Meinzer and Grantz 1990; Santiago et al.
2004), stomatal conductance could be indirectly affected by anatomical adjustments of xylem
porosity, leaf thickness or vein-to-stomata distance. The linking element here is the water
status at the site of stomatal evaporation, which is influenced in part by the hydraulic
conductivity of branches and leaves, and by stomatal aperture (Bartlett et al. 2016).
Furthermore, changes in whole-plant water transport capacities become likely if growth under
eCO:, alters xylem anatomy. These might ultimately affect the vulnerability of trees to hydraulic
failure (Domec et al. 2010).

Trees growing in seasonal dry environments could be particularly affected by CO;-induced
changes that affect water demand and transport. In two previous studies, we have investigated
the effect of eCO; to heat, hot-drought and lethal drought in Aleppo pine (Pinus halepensis)
seedlings (Birami et al. 2020; Gattmann et al. 2021) grown from seeds either under ambient
atmospheric [CO2] (aCO- c. 410 ppm) or highly eCO- (c. 870 ppm) for 18 to 22 months. Seeds
originated from the Yatir forest, an Aleppo pine dominated forest plantation at the northern
edge of the Negev desert in Israel (Grinzweig et al. 2003). The experimental CO;
concentrations were within the range of the RCP8.5 scenarios (794 — 1,142 ppm for 2,100)
and hence close to CO, saturation for photosynthesis, providing a strong CO; response.
Results of these two previous studies showed that eCO. enhanced whole-tree C uptake
(c. +100 %), WUE, and overall tree biomass (+35 %). Pronounced reductions in leaf-level gc
largely counterbalanced the increase in leaf area resulting in comparatively small water
savings at the tree level (c. -10 % at 25 °C). Exposing the seedlings to heat or hot drought
spells revealed little effect of eCO2 on the stress response, albeit maintaining a higher WUE
until respiration rates exceed photosynthesis (Birami et al. 2020). Further, eCO, did not
improve the overall tree vulnerability to a lethal soil drought and the decline in leaf water
potential, as well as thresholds for stomatal closure and turgor loss point, appeared unaffected

35



Anatomical adjustments of the tree hydraulic pathway decrease canopy conductance under
long-term elevated CO2

(Gattmann et al. 2021). This raises the question of the underlying mechanisms that reduced
g. under eCO- and why the physiological drought response remained largely unaltered.

Here, we take advantage of this long-term eCO, experiment and assessed the coordination
between anatomical and physiological adjustments of Aleppo pine seedlings from the same
population grown for 22—40 months under eCO; averaging c¢. 860 ppm over the entire period.
We studied leaf-level g. responses to [CO,] and increasing soil or atmospheric drought and
assessed if those are coordinated by morphological changes in the hydraulic system (Figure
3.1). We addressed the following hypotheses: (i) stomatal closure under eCO: is reversible
upon exposure to low CO; if a direct stomatal response, possibly mediated by the
phytohormone ABA; (ii) stomatal closure under eCO. is not reversible as hydraulic
conductance is modified by anatomical adjustments of leaves and wood, specifically
reductions in xylem tracheid diameter and stomatal density; and (iii) stomatal responses to
drought and increasing vapor pressure deficit are unaffected by eCO. and hence hydraulic
vulnerability is unchanged.

A B
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% Birami et al. (2020) Gattmann et al. (2021) conditions decrease increase

hot drought lethal drought - ‘ ‘
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Figure 3.1: Timeline of cultivation of P. halepensis seedlings under ambient (a[COz2], c. 400 ppm) or elevated
(e[COz], c. 860 ppm) atmospheric [CO2].
(A) The number of seedlings cultivated after germination, the conducted experiments and references,
as well as measurements related to this study are shown. (B) After 40 months cultivation, randomly
selected seedlings (n = 6 per treatment) were placed into automated gas exchange chambers enclosing
the canopy of one seedling each and transpiration and canopy conductance (gc) were measured during
optimal conditions, decreasing CO: (in e[CO2] seedlings only) and increasing vapor pressure deficit
(VPD) over several days alongside which leaf samples were taken to analyze for abscisic acid (ABA)
content (B). This chamber system was also used to measure responses in the same population of
seedlings during a dry-down experiment on 22-month-old seedlings when also leaf water potential (W)
was measured as published in Gattmann et al. (2021). Changes in leaf morphology were assessed via
analyses of specific leaf area (SLA), stomatal density (SD), stomatal index (Sl) and vein-to-epidermis
distance (Dm). Measurements of wood anatomy included conduit diameter, lumen fraction, and potential
hydraulic conductivity. Changes in xylem hydraulic properties were assessed via measurements of
specific conductivity (Ks), leaf-specific conductivity (Ki) and percent loss of hydraulic conductivity
(PLC).

3.2 Materials and Methods

3.2.1 Plant Material

Aleppo pine (Pinus halepensis (Miller)) seedlings were cultivated from seed either under aCO-
(on average 410123 ppm) or eCO; (on average 860+15 ppm) for 40 months in a greenhouse
facility in Garmisch-Partenkirchen, Germany (732 m a.s.l., 47°28'49.2”N, 35°3'7.2"E). Other
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environmental drivers such as air temperature (daytime c. 22+2.5 °C, nighttime 152 °C),
relative humidity (75+15 %), photosynthetically active radiation (PAR; 480180 umol m2s™),
and water availability (watered daily to full saturation) were maintained at similar levels in both
CO; treatments, and the mean difference between daily mean air temperature was typically
<1 °C. Winter periods (months December to February) were mimicked in the greenhouse by
reducing daily air temperature to 12 °C on average. The placement of the seedlings was
repeatedly changed between and within the greenhouse compartments. During the initial 24
months of cultivation, the seedlings were placed in pots and repotted twice (last into 4.5-L
pots). The potting substrate, a mixture of quartz sand, vermiculite, and expanded clay, was
repeatedly enriched with slow-release fertilizer (Osmocote® Exact Standard 5-6M
15-9-12+2MgO+TE; ICL Specialty Fertilizers) and supplemented by liquid fertilizer during the
growing period. Initially about 200 seedlings were grown under aCO, or eCO; to ensure a large
enough population from which to randomly select seedlings for stress experiments involving
destructive sampling. More details on seedling cultivation and experiments can be found in the
two previously published studies, which used seedlings from the same population (Birami et
al. 2020; Gattmann et al. 2021).

3.2.2 Experimental setup and growth conditions

We assessed stomatal responses in eCO,- and aCO,-grown seedlings to drought, VPD, and
decreasing [CO-] using custom-made gas exchange chambers (Birami et al. 2020; Gattmann
et al. 2021; Rehschuh et al. 2022) consisting of a tightly sealed shoot compartment separated
from the root compartment. In brief, each of the shoot compartments was made of a light-
transmitting cylinder and was individually temperature-controlled and equipped with
temperature sensors (5SC-TTTI-36-2 M, Newport Electronics GmbH, Deckenpfronn,
Germany). The drought experiment was conducted in early 2018 when the seedlings (n = 9
per treatment) were approximately 22-month-old (see Figure 3.1) as described in detail by
Gattmann et al. (2021). The VPD and decreasing [CO;] experiments (Figure 3.1) were
conducted later on 40-month-old seedlings in September 2019. Prior to experiments, we
randomly selected six seedlings per treatment (each about 50 cm tall). We conducted the
experiments in a sequence starting with the eCO. seedlings followed by aCO- seedlings. Each
seedling was placed into one of the six individual gas exchange chambers with the shoot
compartment tightly sealed from the belowground part of the plant. Ambient sunlight was
supplemented by plant growth lamps (T-agro 400 W; Philips, Hamburg, Germany), ensuring a
relatively constant average photosynthetically active radiation (PAR; PQS 1, Kipp & Zonen,
Delft, the Netherlands) of 450+50 ymol m2s™? over each 16-h day measurement period
(Supplemental Figure S3.1c, d). All seedlings were automatically drip irrigated daily to field
capacity.

3.2.3 Gas exchange measurements

To test for reversibility in the restriction on gc in eCO- plants, [CO;] was reduced as follows.
After the shoot of each seedling was placed into an individual gas exchange chamber, eCO-
was maintained for three days at 854129 ppm, then [CO;] was reduced close to ambient
concentrations (382+19 ppm) and then to 19949 ppm, maintaining each [CO,] change for two
days. All other chamber conditions were kept constant with the day-time VPD at 1.34+0.22 kPa
and day-time air temperature at 24.2+0.49 °C (min/max: 21.9/25.9 °C). Nighttime temperature
was maintained at 19.70+0.58 °C. Temperature variations between chambers were small
(<2 °C).
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We evaluated the responses of gc in eCO- seedlings to changes in VPD during three days
under eCO- (841123 ppm). VPD was allowed to vary diurnally from 0.9 kPa to 2.1 kPa while
air-temperature was maintained almost constant (min/max: 23.0/24.7 °C). Following the
removal of the eCO, seedlings from the chambers, the aCO; seedlings were installed, and g
responses to VPD were assessed over three consecutive days at aCO; (432+17 ppm) with
VPD ranging from 0.8 to 2.0 kPa, while air-temperature was maintained relatively constant
(min/max: 22.0/25.8 °C).

Canopy H.O gas exchange (n = 6 per treatment) was derived by directly measuring absolute
[CO2] and [H20] of the 10 L min™ supply air stream (LI-840, Li-cor, Lincoln, NE) and the
concentration differences between supply and sample air stream (Li-7000, Li-cor, Lincoln, NE).
Data were recorded every 10 s while the system automatically switched between chambers
every 120 s so that each chamber was measured at least half-hourly. The last 40 s of each
measurement was used to calculate net photosynthesis, transpiration, and g.. Two empty
chambers were additionally integrated into the measurement cycle to continuously monitor the
system and correct the data for any fluctuations in [H2O] that were not due to plant activity and
these were typically small (0.03+£0.20 ppt H20).

To quantify g. to water vapor we derived leaf-level transpiration rate (E) in [mol m2s™'] as
follows:

_ Fm(Wsupply - Wsample)
Aleaf(1 - Wsample)

(1)

where Wauppy [Mmol mol™] is [H20] in supply air stream, Wsampie [Mol mol ] is [H20] in sample air
stream, Frn [mol s7'] is molar flow and Ai.ear [m?] is the two-dimensional leaf surface area of the
shoot.

ge [mol H:O m?2s"] was then calculated from leaf-level transpiration and water vapor
concentration using the following equation:

E (1 _ VVleaf +2Wsample>

I/Vleaf - Wsample

(2)

9c =

where Wi is leaf saturated vapor pressure, derived from saturation vapor pressure (kPa) at
a given air temperature (°C) and atmospheric pressure. Boundary layer conductance was
neglected due to high mixing conditions generated from fans and high flow rates inside the
chambers (Birami et al. 2020).

To determine leaf area at the end of the gas exchange measurements, all leaves were
harvested, dried at 60 °C for 48 h and weighed. Leaf biomass was then multiplied by specific
leaf area, previously determined from a subsample of needles.

3.2.4 Tissue sampling for anatomy and hormone analysis

Leaves for ABA quantification and epidermal anatomy were sampled randomly from each of
the seedlings in the gas exchange chambers (n=6 per treatment). The sampling was
conducted between 12 p.m. and 2 p.m., and leaf samples (4—6 fascicles each) were weighed
and placed either in 80 % methanol in water (v/v) (for ABA analysis) or ethanol (for anatomical
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analysis). In addition, leaves were sampled for ABA analysis during the course of a previously
conducted drought experiment (Gattmann et al. 2021). These leaf samples (n= 18 per
treatment), initially snap frozen in liquid nitrogen and stored at -80 °C, were then transferred to
80 % methanol in water (v/v) while still frozen for ABA analysis. During this previous drought
experiment, midday leaf water potential (Wiear) was intensively measured during the dry-down.

3.2.5 Quantification of foliage ABA levels

Foliage ABA levels were quantified by physicochemical methods with an added internal
standard. Samples were homogenized and 15 ng of [°Hs]ABA was added to each sample as
an internal standard. Endogenous ABA was extracted from homogenized tissue overnight at
4 °C. An aliquot was taken and dried under vacuum until completeness. Samples were
resuspended in 200 pl of 2 % acetic acid in water (v/v), and hormone levels were quantified
using liquid chromatography-mass spectrometry (Agilent 6400 series triple quadrupole LC/MS,
USA) (McAdam and Brodribb 2015).

3.2.6 Epidermal and leaf cross-sectional anatomy

To assess changes in stomatal development, cuticle morphology of the sampled leaves was
studied. Briefly, leaf cuticles of the central 1 cm of a needle were prepared by making a
longitudinal section through one corner of the leaf and then macerating the sample in aqueous
chromium trioxide. Cuticles were mounted in glycerine jelly and imaged under 10x
magnification for epidermal and stomatal cell density determination with care taken to avoid
leaf margins, and 40x magnification for stomatal size measurements (AxiolmagerA2, Zeiss,
Germany). Stomatal size was determined as the length of the stomatal complex. The mean
stomatal and epidermal cell density of the whole leaf was quantified as the number of cells per
square millimeter from five images per cuticle. Stomatal index (Sl), i.e., the ratio of stomatal
density (SD) to epidermal cell density (ED) was calculated for each image as follows:

SD 3)
SD+ ED

SI (%) = 100 -

Leaf width (LW) was measured on the same leaves using high precision calipers (£0.01 mm).
These leaves were also cross-sectioned to measure the shortest distance between the vein-
to-the-stomata-bearing epidermis using a freezing stage microtome, stained with dilute
aqueous toluene blue, and mounted in glycerine jelly for imaging as above.

3.2.7 Hydraulic conductivity, xylem vulnerability curves, and wood anatomy

Branches for hydraulic analysis were taken in August and October 2019 from seedlings of the
same population but were not part of the gas exchange measurements. These branch samples
were immediately wrapped in foil and kept moist until analysis was conducted 2-3 days later.
Maximal hydraulic conductivity (Kn, kg m MPa's™") was measured in six stem segments (mean
diameter+SE: 7.33+0.18 mm) per treatment after vacuum infiltration for 24 h at 30 mbar in the
degassed solution of 10-mM KCI and 1-mM CaCl; in demineralized water filtered to a particle
size of 0.2 uym. Then segments were recut underwater to a length of 73.91+1.31 mm
(meanxSE) with a sharp razor blade, connected to a Xyl'em Plus device (Bronkhorst France,
Montigny les Cormeilles, France), and K, was measured in the measurement solution
described above. K, was recorded at a pressure head of 4 kPa with the XylWin 3.0 software
(Bronkhorst France, Montigny les Cormeilles, France). Subsequently, we estimated specific
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conductivity (Ks, kg m"MPa's™") from K, divided by the cross-sectional area, and leaf-specific
conductivity (K, kg m'MPa's") from K, divided by the leaf area supported by the
corresponding branch. The needle area of each branch was estimated from needle dry weight
and treatment-averaged specific leaf area.

Xylem vulnerability curves were constructed for stem segments (aCOz: n = 5; eCOz: n = 6) with
the flow-centrifuge technique (Cavitron; Cochard et al. 2005). Stem segments (mean basipetal
diameter+SE: 7.25+0.33 mm) were shorted to 27.5 cm under water and inserted in a custom-
made rotor attached to an ultra-centrifuge (Sorvall RC-5C, Thermo Fisher Scientific, Waltham,
MA, USA). Conductivity measurements started at -0.84 MPa and were repeated under
increasingly negative water potentials until percentage loss of hydraulic conductivity (PLC, %)
reached at least 90 %. We fitted Weibull functions to describe the relationship between PLC
and xylem pressure (Nadal-Sala et al. 2021).

From all segments used for xylem hydraulic measurements (aCO.: n=12; eCO2: n=13),
semi-thin transverse sections were cut with a sliding microtome (G.S.L.1, Schenkung Dapples,
Zurich, Switzerland), stained with safranin, and the complete cross-section digitalized at 100x
magnification using a light microscope (Observer Z1, Carl Zeiss Microlmaging GmbH, Jena,
Germany) equipped with an automated stage. Per segment, 51,242+5,978 conduits
(mean+SE) were analyzed on average. Image processing was performed with the open-source
software Gimp (https://www.gimp.org) and ImagedJ (Schneider, Rasband, and Eliceiri 2012)
using the particle analysis function. Measured parameters included the conduit lumen-to-
sapwood area ratio (Aumen, %), conduit density (CD, n mm2), and conduit diameter (D, pm)
from major (a) and minor (b) conduit radii according to D = ((32 x (a x b)®)/(a + b?))*, the
hydraulically-weighted diameter (Dn, um) as Dy = £D%ZD* (Sperry and Saliendra 1994) and
potential hydraulic conductivity (Kp, kg m'MPa's™") was calculated with the Hagen-Poiseuille
equation as Ky = (m x p x ZD*) / (128 n x Axyem), Where n is the viscosity (1.002 10° MPa s)
and p the density of water (998.2 kg m), both at 20 °C, and Axyem (Mm?) the sapwood area.

3.2.8 Statistical analyses

Statistical analyses were conducted using R 4.04 (R Core Team 2021). Differences in hydraulic
parameters (Ks, Ki, Ai:As), needle and stomatal morphology were tested using non-parametric
Mann-Whitney U tests. Wood anatomy parameters were assessed via generalized least
squares models (GLS; package nime; Pinheiro et al. 2007). As wood anatomical traits closely
covaried with branch thickness, their centered, natural log-transformed cross-sectional area
was included as a covariate. Further, the residual variance was allowed to differ between
treatments to account for inhomogeneous variances. We tested differences in the response of
g to step-wise changes in CO, concentrations (c. 900, 400, or 200 ppm) using linear mixed
effect models (package Ime4; Bates et al. 2015) with tree as random factor. The most
parsimonious model was selected based on the Akaike information criterion.

We applied Bayesian statistics to address treatment differences of non-linear relationships
(BayesianTools package; Hartig et al. 2019). This included hydraulic vulnerability curves,
responses of g. with VPD and Wiear and of ABA with Wiesr (for model details see Supplemental
Methods S1). We started with broad uniform but biologically meaningful priors (Supplemental
Table S3.1) assuming a Gaussian likelihood and used a Differential-Evolution Markov Monte-
Carlo Chain with memory and a snooker update following the approach by Ter Braak and Vrugt
(2008). The posterior was obtained for each calibration (30,000 iterations) with a burn-in of
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10,000 samples. We assessed between-chain convergence via Gelman-Rubin diagnostic at
R < 1.1 (Gelman and Rubin 1992). In the case where we derived individual posteriors per tree
seedling, these were later merged into a combined posterior distribution per treatment.
Posterior predictive uncertainty was addressed by sampling 5,000 times the combined
posterior. For each parameter, we report the median and 95 % credible intervals (Cl). We
considered differences between treatments to be meaningful if the Cl between treatments did
not overlap (see Supplemental Table S3.2 for model coefficients).

3.3 Results

3.3.1 Long-term acclimation to eCO: affects gas exchange

Highly eCO; strongly reduced leaf-level gas exchange rates in Aleppo pine seedlings
compared to seedlings under aCO, (Supplemental Figure S3.1). These reductions were
noticeable both during day-time and nighttime and gcref (gc at a VPD of 1 kPa) was 55 % lower
in eCO2 compared to aCO- seedlings (Table 3.1). But the dynamics of the diurnal cycle were
not altered by the CO- treatment, suggesting that on a relative scale, E and g. were affected
similarly by short-term changes. This assumption was reinforced by the lack of a treatment
effect in the slope of gc responding to increasing VPD (Figure 3.2). In addition, reducing
atmospheric [CO_] from c. 900 to 400 and 200 ppm did not result in higher gc in eCO; seedlings
(Figure 3.3).

Table 3.1: Treatment responses of leaf morphology, stomatal characteristics, reference stomatal
conductance at VPD = 1 kPa (gc-ref), and hydraulic vulnerability parameters for Aleppo pine seedlings
grown for 40 months under ambient (aCO3) or elevated (eCO2) atmospheric CO2 concentration.
Stomata length (SL), stomata density (SD), number of epidermal pavement cell density (ED), stomatal
index (SI), vein-to-epidermis distance (Dm) and leaf width (LW), abscisic acid (ABA), needle leaf area
(LA) and specific leaf area (SLA) are meantSD (n = 6 per treatment if not noted otherwise). Statistical
significance was tested with nonparametric Mann-Whitney U tests (p <0.05). For gc-rer, Wiear at stomatal
closure (Wgc-close) and the hydraulic vulnerability parameters (P12, Pso, Pss), the treatment median with the
95 % credible intervals of the Bayesian model fit is given. Parameters with significant differences
between treatments are highlighted in bold and indicated by different letters. ¥aCO2: n = 28, ¥¢C0O2: n = 37
measured in 28-month-old seedlings

parameter  unit aCoO; eCO;

SL [um] 51.87£5.89 (a) 55.70+8.53 (a)
SD [n mm] 28.92+3.81 (a) 35.46+4.75 (b)
ED [n mm] 133.20£15.20 (a) 166.67£20.13 (b)
Sl [%] 17.87+1.71 (a) 17.51£1.29 (a)
D, [um] 150.97+9.65 (a) 252.82+6.67 (b)
Lw [mm] 0.85+0.05 (a) 1.19+0.05 (b)
ABA [ng g FW] 305493 (a) 1691149 (a)
LA [cm?] 0.74+0.21% (a) 0.87+0.22% (b)
SLA [cm? gT] 55.48+6.01° (a) 51.04+8.84* (b)
Go-ref [mol m2s™] 0.2[0.17-0.41] (a) 0.09[0.07-0.11] (b)
Wyc-close [-MPa] 2.1[2.20-2.00] (a) 2.15[2.25-2.00] (a)
P12 [-MPa] 3.92 [4.24-2.92] (a) 3.33[4.13-2.35] (a)
Pso [-MPa] 5.17 [5.88-4.66] (a) 4.91[5.96-4.19] (a)
Pss [-MPa] 6.11 [7.79-5.97] (a) 6.66 [7.79-5.37] (a)
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Figure 3.2: Treatment-specific relationships of canopy conductance (gc) with vapor pressure deficit (VPD)

for 40-month-old P. halepensis seedlings grown under ambient (aCOz) or elevated (eCO2) atmospheric
CO:2 concentration.
Shown are single measurements for six trees per treatment (aCO2: turquoise points; eCO2: dark red
triangles) over the course of three days for PAR >200 pmol ms-'. The trend line gives the median value
of the model fit and the shaded areas represent the 95 % credible intervals per treatment (see
Supplemental Table S3.2 for model coefficients).
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Figure 3.3: Canopy conductance (gc) measured at three different CO2 concentrations of Aleppo pine
seedlings grown for 40 months under elevated atmospheric CO2 concentration (c. 870 ppm).
In order to test whether reduced [CO2] can trigger stomatal opening, the CO2 seedlings (n = 6) were
steadily exposed to decreasing atmospheric [CO2] from c. 900, to 400 and 200 ppm and each CO:-level
was kept for two days. Shown are boxplots of the automated gas exchange measurements for six
seedlings at photosynthetic active radiation (PAR) >200 umol m'2s*'. The box represents the interquartile
range (IQR) of the data, the horizontal line at the notch is the median and the whiskers are 1.5 times the
IQR. The number of measurements included were n = 481, n = 584, and n = 592 at c. 900, 400, and
200 ppm, respectively. Differences between CO: levels tested with linear mixed effect models were not
significant (p >0.05).

3.3.2 Stomata control and characteristics under eCO2

eCO2-induced reductions in gc were not driven by higher leaf ABA levels (Table 3.1). Moreover,
the lack of a CO, effect on ABA levels was further confirmed as ABA levels increased with
decreasing Wiear in both eCO2 and aCO- seedlings at the same rate (Figure 3.4A). In addition,
stomatal aperture was tightly regulated by leaf water status, independent of the CO- treatment,
as shown by the similar steep decline of relative gc with Wiesr in both treatments (Figure 3.4B,
see also Supplemental Figure S3.3 for Wiearduring dry-down). The decline in gc with decreasing
Wit and the water potential at stomatal closure was comparable in both treatments
(c. -2.1 MPa; Figure 3.4B, C; and Table 3.1).
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Figure 3.4: Hydraulic responses to increasing drought in Aleppo pine seedlings grown under ambient
(aCO:y2) or elevated (eCO2) atmospheric CO2 concentration.
Treatment-specific relationships of (A) leaf-level abscisic acid (ABA) concentration given per dry weight
(DW) needle tissue and (B) relative canopy conductance (gc-re1) with leaf water potential () during a dry-
down experiment are shown for the 22-month-old seedlings (n = 6 per treatment), and (C) percent loss
of hydraulic conductivity (PLC) in branches versus xylem water potential (W) is given for 40-months-old
seedlings (aCO2: n = 6, eCO2: n = 8). Data points of individual measurements (aCOz: solid, turquoise
points, eCOz: solid, dark red triangles) are shown. The median of each model is indicated by solid (eCO2)
or dashed (aCOz) lines and the shaded areas represent the 95 % credible intervals per treatment (see
Supplemental Table S$3.2 for model coefficients). For values of P12, Pso and Psgs, see Table 3.1.
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To assess possible morphological adjustments in response to eCO-that could account for the
reduced g. in eCO; plants, we analyzed leaf and stomata morphology (Table 3.1). We found
that growth under eCOs resulted in a significant increase in SD and ED (Table 3.1). As these
increases in SD (+23 %) and ED (+25 %) were similar, there was no significant change in SI
induced by eCO,. We also analyzed needle width and vein-to-epidermis distance and found
both to be significantly larger in leaves adapted to eCO; (Table 3.1). These increases in needle
width corresponded to increases in individual leaf area (Table 3.1).

3.3.3 [CO:] effect on wood anatomy and hydraulic parameters

eCO. altered the woody anatomy of branches. As cross-sectional area had a substantial
influence on all wood anatomical parameters and the samples from the different treatments
differed systematically in average diameter, it was included as a covariate in the evaluation of
the CO. effects (Figure 3.5). Comparing hydraulic parameters between CO. treatments
including cross-sectional area revealed significant reductions in conduit lumen fraction (Aiumen,
-11 %; Figure 3.5A), average conduit diameter (D, -8 %; Figure 3.5B), and potential
conductivity (Ko, -17 %; Figure 3.5C) of eCO; seedlings (GLS, p <0.05). Conduit density (CD;
Figure 3.5E) tended to be on average about 5 % (p = 0.057) higher in eCO, than aCO,, while
the hydraulically-weighted conduit diameter (Dy, Figure 3.5D) was not affected by growth CO..
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Figure 3.5: Wood anatomy parameters in relation to branch cross-sectional area in Aleppo pine seedlings
grown for 40 months under ambient (aCO3) or elevated (eCOz) atmospheric CO2 concentration.
(A) Lumen fraction (Auwmen), (B) average conduit diameter, (C) potential conductivity (Kp), (D)
hydraulically weighted conduit diameter (Dn) and (E) conduit density are given. Data are measurements
of individual branch samples (n = 12-13 per treatment). Linear regressions (aCO2: dashed lines, eCO2:
solid lines) and the 95 % confidence intervals of the fit are given (shaded areas). Note that differences
between treatments were significant for Aumen, conduit diameter and K, (generalized least squares test,
p <0.05). aCO: is shown in turquoise, solid points, eCO: in dark red, solid triangles.
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The distinct signal of morphological changes under eCO, was also captured in specific (Ks)
and leaf-specific (Ki) conductivity. Both were significantly reduced in eCO; plants (Ks: -19 %;
Ki: -34 %; Mann-Whitney U test, p <0.05; Figure 3.6A-B). The leaf-to-sapwood area ratio
(A:As, Figure 3.6C) tended to be larger (+24 %, p =0.090) in eCO, compared to aCO-
seedlings.
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Figure 3.6: Responses of hydraulic conductivity and leaf-to-sapwood area in 40-month-old Aleppo pine
seedlings grown under ambient (aCOz) or elevated (eCO2) atmospheric CO2 concentration.
(A) Specific conductivity (Ks), (B) leaf specific conductivity (Ki), and (C) leaf-to-sapwood area ratio (Ai:As)
are shown as boxplots per treatment (n = 6). The box represents the interquartile range (IQR) of the data,
the horizontal line inside the box is the median, the whiskers cover 1.5 times the IQR. Data points are
outliers beyond the extremes of the whiskers. Significant treatment differences are indicated by
asterisks (Mann-Whitney U test p <0.05). aCO: is shown in turquoise, eCO: in dark red.

3.4 Discussion

3.4.1 Stomatal responses to eCO:2

Aleppo pine seedlings grown from seeds for 40 months under highly eCO; had a 55 % lower
leaf-level g. than aCO; seedlings (Table 3.1). This reduction was 15 % larger when compared
to results from our previous study (Birami et al. 2020), possibly affected by the duration of CO,
fumigation or seasonal timing of the experiment. Overall, the observed reductions in g. exceed
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the average decrease of about 20 % reported in many other tree species grown under eCO;
(Ainsworth and Rogers 2007; Medlyn et al. 2001; Purcell et al. 2018). These differences could
be due to the high CO; levels of c. 860 ppm in our study, compared to the average of
c. 570 ppm in previous studies (Ainsworth and Rogers 2007). To further investigate the
mechanism driving this considerable reduction in leaf-level g. in Aleppo pine seedlings, we first
conducted an experiment to test whether the reduced g. was driven by a direct stomata
response (Ainsworth and Rogers 2007; Birami et al. 2020; Gamage et al. 2018; Xu et al. 2016).
We found that stomata in eCO»-adapted plants did not respond to [CO-] reductions from c. 900
to 400 and 200 ppm with each level kept for two days (Figure 3.3). This suggests that stomata
were not actively closed by the high CO- level; rather, the stomata were likely operating at an
optimal level that was physiologically and anatomically determined. A similar result has been
observed after 17 years of CO; enrichment (c. +200 ppm) at the DUKE FACE site, in which
[CO2] was decreased step wise, without any indications of g. to respond in a Loblolly pine
(Pinus taeda) dominated stand (Tor-ngern et al. 2015). In our study, we further showed that
ABA levels were not causing a direct decline of g. under eCO3, or augmenting this response
as observed in angiosperms (Dubbe et al. 1978). This reinforces the assumption that the g.
reduction might be indirect (via developmental changes) rather than direct (via active stomatal
aperture adjustment) and hence rejects our first hypothesis. While this contrasts observations
in most angiosperm species (Chater et al. 2015; Giday et al. 2014), it is in line with previous
studies which have found that conifers lack considerable instantaneous stomatal closing
responses to eCO- (Brodribb et al. 2009; Brodribb and McAdam 2013; Haworth et al. 2013).

As our 40-month-old Aleppo pine seedlings had grown their entire life under eCO,, indirect
responses via anatomical adjustments might be the most prominent explanation on apparent
declines in g.. We found epidermal developmental adjustments to eCO,, particularly an
increased SD and ED (Table 3.1). This increase in SD at eCO- has rarely been documented
(Ferris 1996; Reid 2003; Zhou et al. 2013) and is contrary to our expectation of SD reductions
(Haworth, Elliott-Kingston, and McElwain 2011; Kouwenberg et al. 2003; Lin et al. 2001) or no
changes in SD (Apple et al. 2000; Kurepin et al. 2018). While SD and ED increased, we found
Sl to remain unaffected (Table 3.1), rejecting our hypothesis that — as in many angiosperms —
a reduced initiation of stomata occurred in response to eCOz in Aleppo pine seedlings. As SD
did not change independently of epidermal cell density, we suggest that the observed increase
in SD was mediated by a decrease in epidermal cell expansion that led to a smaller final size
of epidermal cells. Decreased epidermal cell size has been reported previously in Phaseolus
vulgaris exposed to eCO; due to changes in both cell division and expansion (Ranasinghe and
Taylor 1996). So far, the underlying mechanisms of increased leaf cell production under eCO
are not fully resolved, but could potentially be triggered by a surplus of carbohydrates and may
be linked to the increase in individual leaf size we observed in eCO»-adapted plants.

3.4.2 Hydraulic conductance in leaves and branches under eCO2

We found needles of eCO. seedlings to increase in width and cross-sectional area
consequently having a longer distance for water to traverse from the vein to the substomatal
cavity. Increasing the radial path length for water transport effectively limits Kiear (Brodribb,
Feild, and Sack 2010). A larger distance from the vein-to-the-epidermis has been shown to be
linearly related to Kiear in @ range of species (Brodribb, Feild, and Jordan 2007). This supports
that Kiear, although not measured directly in our study, must have been lower in eCO- seedlings.
Moreover, an increased vein-to-epidermis distance has also been reported after long-term
exposure to eCO- in Loblolly pine (Pinus taeda), which was directly related to reduced Kiear and
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further attributed to increased resistance of outside xylem water transport (Domec et al. 2016).
Similar to our study, stomata did not open when CO, was reduced (Tor-ngern et al. 2015). In
addition, eCO; increased the needle cross-sectional area and mesophyll surface area in Scots
pine (Pinus sylvestris) (Lin et al. 2001), and recently it has been shown that a lower stomata-
to-mesophyll volume ratio relates to lower stomatal conductance in conifers (Trueba et al.
2022). In Aleppo pine we found the increase in vein-to-epidermis distance (+65 %) to be
proportionally larger than the increase in SD (+23 %), eventually contributing to a reduced gc
under eCO.. Conifer leaves are not fully vascularized and as consequence exhibit a larger
difference in water potentials between veins, mesophyll, and epidermis, which may result in
stomata closure even when xylem water potential is relatively high (Zwieniecki, Brodribb, and
Holbrook 2007). Albeit leaf water potential did not differ between CO. treatments
(Supplemental Figure S3.2), undetected, minor changes in localized water potential —
eventually restricted to stomatal guard cells — could have resulted in turgor-driven partial
stomatal closure in these conifers (McAdam and Brodribb 2015). Additional work examining
the impact of potentially altered mesophyll anatomy, transfusion tissue area and cell size on
Kiearand stomatal conductance is warranted. In addition, undetected morphological changes of
the stomata structure, including a greater stomatal pore depth or increases in cuticular waxes,
may contribute to reduced transpiration.

We found branches of the eCO; seedlings to have a lower Ks and reduced K. This was
manifested in xylem morphology, reflected in a lower conduit lumen fraction and reduced
average conduit diameter in branches under eCO,. These anatomical changes to leaf
morphology and xylem structure have likely manifested during early seedling development
triggered by reduced stomatal aperture and lower water demand under high CO». We did not
find a clear signal just a tendency of increasing leaf-to-sapwood area under eCO in line with
a study on cottonwood trees grown under highly eCO- (c. 1200 ppm) (Engel et al. 2004). This
suggests that trees under eCO- allocate comparable less resources into tree water transport
but more into leaf structure. At the tree level, this resulted in a larger leaf area and increased
C uptake in eCO; plants (Supplemental Figure S3.3b).

These anatomical responses, as depicted, should need relative long exposure times to eCO..
For instance, in experiments on mature trees, such responses might not become apparent, as
CO; fumigation typically spans few growing seasons and most of the woody tissue has been
formed previously (e.g. Kérner 2006). This indicates that particularly in diffuse-porous and
conifer species, which conduct water through multiple tree rings (Maton and Gartner 2005),
xylem hydraulic responses might only manifest after a large fraction of the woody tissue has
been grown under eCO- conditions, and hence might have not been routinely observed in
previous studies (Domec et al. 2017). In contrast, responses at the leaf-level should develop
more quickly (e.g., Tor-ngern et al. 2015). In our study we found, albeit anatomical adjustments
in leaves and xylem strongly reducing leaf-level water loss, no differences in Wiesr and a minor
response of tree-level transpiration (Supplemental Figure S3.2 and Supplemental Figure
S3.3a). The reason is a pronounced increase of leaf area under eCO- that largely annulled
leaf-level water savings (Gattmann et al. 2021). In summary, this indicates a tight coordination
between anatomical adjustments and water demand in Aleppo pine seedlings grown their
entire life time in a highly enriched CO, atmosphere.
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3.4.3 Implications for drought and VPD responses under eCO2

The rate of stomatal closure during increasing soil or atmospheric drought was not affected by
eCO.,, albeit gerer (gc at VPD of 1 kPa) being 55 % lower in eCO- plants. Increasing VPD from
1 to 2 kPa resulted in a 60 % reduction of g. in both treatments. This similar g. behaviour was
reflected in ABA levels increasing as Wiesr declined (Figure 3.4), and supports previous finidings
of an unchanged physiological drought response in Aleppo pine frown under eCO; (Birami et
al. 2020; Gattmann et al. 2021). In agreement, the hydraulic vulnerabilities reported here,
indicate no differences in P12, Pso or Pss values between treatments or the water potential at
stomatal closure, which supports our last hypothesis. However, it is worth mentioning that the
uncertainties were relatively large and a higher number of samples would have provided larger
confidence in these results. Albeit hydraulic safety was not affected, we found hydraulic
efficiency to decrease under eCOo, this was not surprising as hydraulic efficiency and safety
are typically weakly linked (Gleason et al. 2016). A lower hydraulic conductivity was reflected
in smaller conduits (-8 %) and lower lumen fraction (-11 %) of the xylem. Decreases in xylem
porosity as we found under eCO; are contradictory to findings in a few conifers, which
apparently tend towards larger conduit diameter and less drought resistant xylem (Domec et
al. 2017). But the results on CO, impacts on tree hydraulics and wood anatomy in conifers are
generally mixed and sparse (Domec et al. 2010; Olszyk et al. 2005; Telewski et al. 1999) and
no general picture emerges. Hence, it is worth noting that the CO; effects on wood anatomy
as found in our study were moderate and became apparent only after accounting for the
confounding effect of branch cross-sectional area, which might not routinely be considered in
other studies. In summary, while some of the observed morphological adjustments could be
interpreted as a protective measure, neither the hydraulic vulnerability curves nor the gc
response to increasing soil or atmospheric drought indicate an increased hydraulic safety of
Aleppo pine seedlings grown under eCOso.

Our study provides evidence of an unchanged metabolic and hydraulic stress response in pine
seedlings grown under highly eCO.. The water savings from reduced transpiration were largely
compensated by an increased leaf area so that tree-level water loss was marginally lower in
the eCO; treatment (Supplemental Figure S3.3a) and the drought dynamics appeared
unchanged (Gattmann et al. 2021). Based on these results, we suggest that drought responses
of mature trees in the field should depend on leaf area stimulations from eCO, (De Kauwe et
al. 2021), which in turn affect tree and forest water demand. For instance, if an increase in leaf
area balances COz-induced reductions in water loss, tree or ecosystem-level drought
progression should be unchanged. In contrast, if leaf area does not respond to eCO;, the CO,-
induced leaf-level water savings as observed here have the potential to buffer forest drought
progression as soil water resources should deplete more slowly.
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3.5 Supplement

Supplemental Methods S1. Non-linear model fitting.

The following models were fit via Bayesian calibration as described in the main text. The
number of accounted auto-correlation structures (humber of seedlings measured) per model
is given.

1) g. response to increasing vapor pressure deficit (VPD)

For both treatments (aCO2: n = 6 and eCO;: n = 6) we assumed g. to decline with VPD
according to the following equation:

ge = a,VPD™ (S1)

in which gc is the canopy conductance in mol m2s™, VPD is the vapor pressure deficit in kPa,
and a; and by are the calibrated coefficients of the regression.

2) g. response to declining midday leaf water potential (Wcaf)

For the two treatments (aCO, and eCO;) we assumed a logistic decline of g. following Wiear
reductions, with a non-zero asymptote to represent minimum canopy conductance:

100 —
100-( il >=a2+g

Wy €2 S2
Jcmax 1+< ;jeaf) ( )
2

in which 100-(L) is the percentage of g. with respect to the maximum canopy

Ycmax
conductance, and W is the midday leaf water potential (MPa). Regarding the calibrated
coefficients, a, is the percent of stomatal conductance relative to the maximum at the
asymptote, which is the equivalent of minimum g.. b is the leaf water potential at which the
100+a,

percent of g. relative to maximum gc is 5

, and ¢z is a scaling factor.

3) ABA response to declining midday leaf water potential (Wieaf)

For the two treatments (aCO; and eCO;) we assumed a potential increase of ABA
concentration with declining Wiar as follows:

ABA = ay (~Wieqr)™ (S4)

in which ABA is the concentration of abscisic acid in the leaves (ng g™'), Wiear is the midday leaf
water potential (MPa), and a; and b, are the calibrated coefficients for the regression.

4) Percent loss in conductance with declining xylem water potential (Wxyiem)

For both treatments (aCO2: n = 5 and eCOz: n = 6) we fitted a cumulative probability function
in form of a Weibull distribution:
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Wevem\ S
PLC =100-( 1—exp (— (%) ) (S5)
5

with PLC is the percent loss of hydraulic conductance (%), Wxyem is the xylem water potential
(MPa), as and bs are the calibrated coefficients, where as is a scale parameter of reference
xylem water potential value (MPa), and bs a shape parameter.

Supplemental Table S3.1: Prior distributions of the Bayesian model calibrations.
All priors are assumed to follow a uniform distribution, with minimum (min) and maximum (max) values
as reported in the respective columns. ABA is abscisic acid concentration (ng g'), Wiear is midday leaf
water potential (MPa), PLC is percent loss in xylem hydraulic conductance (%). Wxyiem is xylem water
potential (MPa), g: is canopy conductance (mol m2s™), VPD is vapor pressure deficit (kPa) and gc-rel is
canopy conductance relative to the treatment-specific maximum canopy conductance (%).

model parameter distribution min max
a uniform 50 500
ABAVS W b uniform 0.1 25
a uniform -6.5 -2.5
PLC VS Wayiem b uniform 1 8
a uniform -3.5 0.5
ge vs VPD b uniform -4 -0.1
a uniform 1 5
Gerel VS Wiear b uniform -0.5 -2
c uniform 1.5 6
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Supplemental Figure S3.1: Leaf-level gas exchange.
Diurnal course of leaf-level transpiration (E) (a) and canopy conductance (g:) (b) as well as
photosynthetic active radiation (PAR) (c) and vapor pressure deficit (VPD) (d) under ambient (aCOz) and
elevated (eCO2) atmospheric [CO2]. Shown are quarter-hourly treatment means over three (aCO:) and
four (eCO2) days of acclimation with shaded areas depicting £SD (n = 6 seedling per treatment). aCO: is
shown in turquoise, solid points, eCO: in dark red, solid triangles.
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Supplemental Figure S$3.2: Midday leaf water potential during soil drought.
Midday leaf water potential (Wmd) versus daily-averaged relative soil water content (RWC) during the
course of a lethal soil drought for ambient (aCO2) and elevated (eCO2) atmospheric [CO2] Aleppo pine
seedlings (n = 18 per treatment). Shown are individual Ymd measurements. aCO: is shown in turquoise,
solid points, eCO: in dark red, solid triangles. See also Gattmann et al. (2021).
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Supplemental Figure $3.3: Tree-level transpiration and photosynthesis.
Diurnal course of tree-level transpiration (E) (a) and tree-level net photosynthesis (Anet) under ambient
(aCO2) and elevated (eCO2) atmospheric [CO2]. Shown are quarter-hourly treatment means over three
(aC0O2) and four (eCO2) days of acclimation with shaded areas depicting *SD (n = 6 seedlings per
treatment). aCO: is shown in turquoise, solid points, eCO: in dark red, solid triangles.
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4 High vapor pressure deficit and soil drought impair aboveground
growth before photosynthesis while shifting C allocation to roots
in Scots pine

This chapter will be submitted as:

Gattmann, M. and Ruehr, N. K. “High vapor pressure deficit and soil drought impair
aboveground growth before photosynthesis while shifting C allocation to roots in Scots pine”.

Abstract

The development of forest C stocks as an important sink for anthropogenic CO, emissions has
received much attention, but the dynamic responses of tree growth to climate change remain
uncertain. High-resolution data on tree C balance, allocation, and growth are essential to
understanding the direct influence of climatic factors, such as soil drought and vapor pressure
deficit (VPD), especially as recent evidence indicates that tree growth is highly sensitive to
water availability and cannot be solely predicted based on photosynthesis.

Scots pine (Pinus sylvestris L.) seedlings were subjected to three treatments: well-watered
conditions, soil drought induced by reduced irrigation, and a combined soil drought plus
elevated VPD (c. 2.9 kPa). As the drought progressed, we continuously monitored individual
shoot and root gas exchange in single tree chambers including growth parameters such as
stem radial increment and needle elongation. To investigate C allocation dynamics, we
measured non-structural carbohydrates and performed '*CO. labeling, tracking the label
through respiration and structural growth.

We found that gas exchange and stem radial growth started to decline 4—6 days earlier in the
combined drought and VPD treatment compared to soil drought alone, even though midday
leaf water potential remained similar between the treatments. Notably, regardless of the type
of stress, stem growth stopped while photosynthesis had only declined slightly. Seedlings
downregulated respiration in parallel, maintaining a positive net C balance, though at a 3-5-
times lower rate than the control seedlings. The reduced C uptake under combined stress was
reflected in lower ®CO; enrichment in shoot and root respiration, indicating a reduced
contribution of recent assimilates to maintenance respiration under stress. This increased
reliance on stored C under water shortage was further evidenced by a 70 % reduction in starch
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reserves compared to control seedlings. With aboveground growth halted, recent C was
preferentially allocated to root tissues where growth was largely maintained.

Our findings underscore the sensitivity of growth to water limitation (both VPD and soil
drought), and suggest that C allocation shifts to belowground sinks once aboveground growth
stops. This highlights the need to consider sink-driven C allocation and the role of VPD in
limiting growth before photosynthesis is substantially impaired.

4.1 Introduction

Trees play a key role in the global carbon cycle (Bader et al. 2013; Friedlingstein et al. 2022;
Keenan and Williams 2018; Koérner 2003; Litton, Raich, and Ryan 2007; Weathers, Strayer,
and Likens 2021), as they act both as carbon stocks and carbon sinks contributing to the
absorption of anthropogenic CO, emissions (Ballantyne et al. 2012; Cole et al. 2021; Lal et al.
2018; Pan et al. 2011; Zhao and Running 2010). However, in light of climate change, the extent
of mitigation remains a widely debated topic, not least because tree growth is still a factor of
high uncertainty in today’s vegetation models (Friend et al. 2014).

The effects of climate change are generally characterized by increased temperatures, altered
precipitation regimes and greater interannual variability, which can lead to more frequent and
intense climate extremes including soil and atmospheric droughts (Dai 2013; Spinoni et al.
2018). Increases in aridity, namely higher VPD of the atmosphere alongside lower soil water
availability are having a major impact on tree water relations, as VPD and soil water availability
are the main drivers of the water potential gradient that determines water flow through the tree
(Carminati and Javaux 2020; Novick et al. 2016; Steppe et al. 2006). To limit water loss via the
atmosphere-tree-soil continuum and ultimately prevent hydraulic failure, trees finely regulate
stomatal arperture, with isohydric tree species showing the strictest stomatal control to VPD
and soil water availability (Allen et al. 2010; Buckley et al. 2017; Cernusak et al. 2019; Choat
et al. 2018; Mitchell et al. 2016; Novick et al. 2009, 2016; Novick, Konings, and Gentine 2019;
Sperry et al. 2017; Starr et al. 2016). Not least because a reduction in stomatal aperture often
simultaneously restricts CO, assimilation, high VPD and soil water scarcity are frequently
associated with reduced tree growth (Babst et al. 2019; Breshears et al. 2013; Camarero et al.
2015; Castellaneta et al. 2022; Colangelo et al. 2017; Eamus et al. 2013; Gazol et al. 2018;
McDowell et al. 2008; Novick et al. 2016; Restaino, Peterson, and Littell 2016; Yuan et al.
2019), resulting in lower carbon (C) uptake and biomass production (Flexas and Medrano
2002; Gruber et al. 2010; Hagedorn et al. 2016; Park Williams et al. 2013; Reddy, Chaitanya,
and Vivekanandan 2004; Reichstein et al. 2013; Schimel 2018; Vieira, Carvalho, and Campelo
2020). Because of this context, linking stomatal regulation to plant hydraulics under changing
climatic conditions have long been a popular trend, involving not only the degree of stomatal
closure, but also the timing of subsequent impairment of key processes affecting growth.

To date, tree growth under drought is usually simulated based on the principal described above
that plants reduce stomatal aperture to prevent water loss, which reduces carbon uptake
(Fletcher, Sinclair, and Allen 2007; Grossiord et al. 2020; McDowell et al. 2020; Oren et al.
1999). However, this source (photosynthesis)-driven approach was considered too simplistic
(Green and Keenan 2022) because there is growing evidence that tree growth is directly
regulated by environmental controls and tends to stop before photosynthesis during drought

(Fatichi, Leuzinger, and Kérner 2014). This is partly due to the strong water dependence of the
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cell expansion process, which accounts for most of the increase in cell volume during growth.
In this context, water potential, and thus turgor, is thought as a key environmental control on
which tissue growth depends (Hsiao 1973; Hsiao and Xu 2000; Muller et al. 2011) because
lower cell turgor potentially limits cell wall and protein synthesis in addition to cell wall
expansion (Hsiao 1973; Lockhart 1965; Sala, Piper, and Hoch 2010). Such a sink-driven
growth limitation is missing in most vegetation models to date because high-resolution growth
data are not readily available. Moreover, it is challenging to distinguish cause and effect with
respect to source and sink limitations of growth (Fatichi et al. 2019), and therefore a clearer
picture has yet to emerge.

In addition to the question of how soil and atmospheric drought affect growth in general, the
tree’s decision on how to use its less available carbohydrates when water is scarce is also of
great interest. One of the first decisions to be made is whether to allocate new assimilates to
respiration or to growth, with the fractionation between these two processes commonly
expressed as carbon use efficiency (CUE, ratio of respiration to assimilation). However, this
parameter is still under debate as reported values are highly variable (Chang et al. 2022;
DeLucia et al. 2007; Rambal et al. 2014). In contrast, it is generally accepted that new
assimilates are preferentially transferred to the tissues with the highest C requirement
(Lambers, Chapin Ill, and Pons 2008), and experimental evidence suggests that drought
causes a change in growth priorities (Brunner et al. 2015; Litton et al. 2007). Under mild to
moderate drought stress, trees appear to distribute a greater proportion of newly
photosynthesized C to the roots (Gaul et al. 2008; Poorter et al. 2012), probably as an adaptive
response to maintain root functioning and access to limited soil water (Hommel et al. 2016).
This favoring of the root system is often at the expense of shoot growth (Litton et al. 2007),
increasing root-to-shoot ratios (Poorter et al. 2012), which should be advantageous for the
plant’'s hydraulic status. However, such a shift in the partitioning pattern seems to be limited to
the initial phase of drought or to short-term drought stress, as decreases in the transport of
new assimilates belowground were observed during severe and prolonged drought periods
(Brunner et al. 2015; Poorter et al. 2012; Ruehr et al. 2009). Another factor determining the
impact of drought on tree growth is the availability of stored carbohydrates such as starch.
When starch is hydrolyzed, it can contribute to higher concentrations of osmotically-active
sugar compounds (Hartmann and Trumbore 2016). Osmotic adjustments can increase the
water potential of the tissue, helping to maintain turgor in the growing regions of leaves or
roots, and thus could support the continuation of growth during water limiting conditions.
Additionally, the utilization of stored carbohydrates could provide the needed fuel for metabolic
activity and C skeletons (e.g. McDowell, Allen, and Marshall 2010) and thus decouple growth
from the reduced availability of photosynthates during drought. How the tree carbon balance
is fine-tuned during drought and under which conditions sink-source processes can be
sustained, has still to be resolved.

A well-established method for determining how C allocation responds to changing
environmental conditions is C isotope analysis (Epron et al. 2012). Based on the natural
photosynthetic C isotope discrimination, the C isotope content of the assimilated C is artificially
altered so that the origin and fate of C in the tree can be traced. Stable *CO; is usually used
for this purpose and the determination of the isotope signatures in tree compartments (Ruehr
et al. 2009), non-structural and structural C (Kagawa et al. 2005; Kagawa, Sugimoto, and
Maximov 2006a, 2006b) and respiratory fluxes (Rehschuh et al. 2022). The 3C label is typically
applied either as a short pulse or over a longer period of time. A shorter pulse allows to detect
the rate of C transfer from source to sinks (Epron et al. 2012), while a longer duration of the

61



High vapor pressure deficit and soil drought impair aboveground growth before
photosynthesis while shifting C allocation to roots in Scots pine

label allows to integrate C allocation patterns over time particularly in smaller pools (Tamir
Klein, Siegwolf, and Koérner 2016) and/or to detect signals in pools with slower turnover
(Ouyang et al. 2024), including structural compartments. While the transfer-time from source
to sink organs has been shown to be delayed under drought (Barthel et al. 2011; Ruehr et al.
2009), little information exists thus far on the allocation of recent assimilates into structural
biomass, particularly root growth, in response to water limitation.

This study focuses on the impacts of soil drought in combination with high VPD on carbon
allocation and growth processes in Scots pine (Pinus sylvestris L), which is already suffering
from increasing aridity in many parts of its distribution range (Buras et al. 2018; Jaime et al.
2019). Scots pine is one of the most widespread tree species globally and can be found from
boreal to Mediterranean climate, partly due to its tight stomatal control to effectively limit water
loss (Ellenberg 1988; Irvine et al. 1998), a prominent feature of isohydric behavior. More
specifically we aimed to determine how a moderate soil drought and high VPD affects the
balance between photosynthesis and respiration, whole tree carbon allocation and above- and
belowground growth. We hypothesize that i) canopy conductance responds faster than carbon
uptake to atmospheric drought in isohydric Scots pine, ii) high VPD during moderate soil
drought limits aboveground growth more strongly than photosynthesis, iii) belowground
allocation is sustained during moderate soil drought irrespective of VPD at the expense of
aboveground allocation and iv) photosynthesis declines faster than respiration, depleting NSC
reserves with consequences for belowground growth.

4.2 Material and methods

4.2.1 Plant material

Bare-rooted Scots pine (Pinus sylvestris L., Provenance 85 115, Franconia, Germany)
seedlings, that had been grown for three years in a local tree nursery were planted in individual
pots (6.8 1) in March 2018. The substrate was a C-free mixture (2:2:1:2) of quartz sand (0.1 —
1.2 mm), medium-grained sand (1-2.5 mm), gravel (3-5.6 mm) and vermiculite (c. 3 mm))
enriched with 12 g slow-release fertilizer (Osmocote® Exact Standard 5-6 month fertilizer
15-9-12 + 2MgO + TE, ICL Specialty Fertilizers, Geldermalsen, The Netherlands).
Additionally, immediate nutrient availability was ensured by applying liquid fertilizer monthly
(Compo® Complete, 6 + 4 + 6(+2) NPK(MgO), Hornbach, Bornheim, Germany).

Until the start of the experiment at the end of July 2018, seedlings were kept in a greenhouse
facility in Garmisch-Partenkirchen, Germany (732 m a.s.l., 47°280 32.8700N, 11°30 44.0300E)
equipped with UV-transmissive glass. To ensure the experimental phase took place during
active shoot development, we closely monitored needle elongation. Repotting seemed to
slightly delay leaf development. Environmental drivers such as photosynthetic active radiation
(PAR), relative soil water content (RWC), relative humidity and air temperature were
continuously measured and controlled while seedlings were frequently relocated within the
greenhouse compartment. Daily irrigation with an individual drip irrigation system (Rain Bird,
Azusa, CA, USA) provided RWC near field capacity and air temperature was on average
20.7 °C (day 22.9 °C, night 17.4 °C).
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4.2.2 Experimental setup

At the end of July 2018, thirteen Scot pine seedlings were randomly selected and each of these
seedlings was placed into its own tree chamber within the greenhouse to continuously measure
above- and belowground gas exchange separately as well as monitor §'*CO; (Birami et al.
2020; Gattmann et al. 2021, 2023; Rehschuh et al. 2022). Previously, we had randomly
assigned the chambers to one of the three planned treatments: control (Cntrl), soil drought
(dS) or combined air and soil drought (dSA). The light transmitting aboveground and opaque
belowground compartment of each tree chamber were separated gas-tight. Chambers were
constantly supplied with an air stream (aboveground 0.483+0.037 mol min™'; belowground
0.172+0.005 mol min™") of predefined [H20] (9.66+1.94 ppt), [CO,] (419.55+9.90 ppm) and §'°C
in CO- of -2.28+2.65 %o before the labeling was initiated (Supplemental Figure S4.1).

Due to technical limitations, we reduced the flow rate to the aboveground compartments in
dSAto 0.375+0.034 mol min"' on day 17 for the rest of the experiment, while flow rates in Cntrl
and dS remained unchanged to avoid condensation.

Two gas analysers connected in series were used to quantify above- and belowground CO-
and H20 gas exchange (Cntrl: n = 4, dS: n = 4, dSA: n = 5). First, absolute [CO-] and [H20] of
the supply air stream (LI-840, Li-cor, Lincoln, NE) and secondly, differences between supply
and sample air stream (Li-7000, Li-cor, Lincoln, NE) were measured. While automatically
switching between chambers every 150 s with 70 s flushing time, the data was logged to a
computer at the same intervals. Simultaneously, the associated isotopic ratios of 2C/'C in the
supply and sample air stream were determined using an isotope ratio infrared spectrometer
(IRIS, Delta Ray, Thermo Fisher Scientific, Bremen, Germany). A commercially available
reference gas with 8'3C = -27.8+0.3 %o (141 101, Thermo Fisher Scientific) was used for hourly
referencing and CO.-free synthetic air (N2, ALPHAGAZ 2, Air Liquide) as carrier gas.

Since all belowground C was plant related as C-free substrate has been used as potting
material (see 4.2.1), CO, fluxes from the belowground compartment were treated as root
respiration signal. To constantly monitor the system and to correct gas exchange estimates for
any fluctuations in [CO2] and [H20] not caused by changes in plant activity (0.32+0.95 ppm CO:
and 0.22+0.43 ppt H.O in the above- and 3.73+1.93 ppm CO: in the belowground
compartment), two empty chambers containing the same C-free potting substrate, but without
seedlings, were used as blanks. Tree net assimilation as well as root and night-time shoot
respiration in [mol s™'] were calculated as

COZ flux = _Fm(Csupply - Csample) - ECsample (1)

with E [mol m?2s'] as tree transpiration rate, Csuppy [Mol mol'] as [CO2] in supply air stream,
Csample [Mol mol'] as [CO;] in sample air stream and Fr, [mol s7'] as molar flow. Total daily CO-
uptake was then calculated from the sum of net assimilation minus nighttime shoot and day-
and nighttime root respiration.

Canopy conductance (geanopy) [Mmol s'] was determined from daytime gas exchange data as
follows
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Wleaf + Wsample)
2

Wleaf - Wsample

E<1000 - 2)

Ycanopy =

with Wiear as leaf saturated vapor pressure, Wsample [Mol mol™'] as [H20] in sample air stream
and E [mol s']. This approach neglects boundary layer conductance, which should be
negligible under high mixing conditions inside the chamber (Birami et al. 2020). Isotopic ratios
were expressed in 6 notation [%d] relative to the international standard Vienna Pee Dee
Belemnite (VPDB) following

s13¢C = (m— 1) % 1000 %o (3)

Rstandard

with Rsample @s the isotope ratio of the sample and Rstandara @s the isotope ratio of the standard.
The isotopic ratios in shoot and root respiration [%o] were calculated following

13 13
13 6 Csample * sample — 6 Csupply * supply (4)
5 COZ =

Csample - Csupply

with §"*Csample @s the isotopic ratio in the sample air stream [%o] and 8'*Csyppiy as the isotopic
ratio in the supply air stream [%o]. The "*C retained in each of the seedlings [g'*C] was
estimated as follows

13C retained = Anet * 13CIN - (Rshoot night * 13CS + Rypor * 13CR) (5)

with Anet as net assimilation of the seedling [gC], *Cin as *C in the aboveground compartment
at daytime (PAR >100 pmol m?2s™) [ppm], Rsnoot nignt s the night respiration of the shoot [gC],
13Cs as'C of the shoot night respiration [ppm], Rt as the root respiration [gC] and *Ck as
13C of the root respiration [ppm].

Conditions in the tree chambers were kept at a daily mean air temperature (Tair)
(5SC-TTTI-36-2 M, Newport Electronics GmbH, Deckenpfronn, Germany) of 23.64+0.37 °C
(Figure 4.1a) and PAR (PQS 1, Kipp & Zonen, Delft, the Netherlands) was on average
426+93 pmol m2s™ for 16 hr during daytime (Figure 4.1b) by supplementing outside light with
plant growth lamps (T-agro 400 W, Philips, Hamburg, Germany). It is important to note that
while we could control the water supply in the supply air stream, tree transpiration rates were
also affecting the humidity conditions inside the chambers. For instance, since we omitted from
increasing the supply of water vapor to the aboveground tree chambers during drought
progression, VPD (Figure 4.1c) in dS and dSA increased to values of about 2.18+0.15 kPa and
2.85x0.07 kPa, respectively. Higher VPD in dSA was reached by reducing the initial supply of
water vapor from 9.66+1.94 ppt to 6.18+2.00 ppt on day three followed by supplying the trees
in the dSA treatment with completely dry air from day nine of the experiment onwards. Elevated
VPD levels were maintained in dS and dSA during the last seven days of the experiment. VPD
in the Cntrl was maintained at 0.95+0.11 kPa by adjusting the supply of water vapor to
aboveground tree chambers as well as water supply to the soil to allow for higher transpiration
rates. Thus, RWC (Figure 4.1d) (10HS, Decagon Devices, Inc., Pullman, WA) in Cntrl
increased from 57.77+3.94 % to 83.71+0.89 %, but this had no effect on the transpiration rates.
Soil drought was mimicked by gradually reducing irrigation in dS and dSA. On the fourth day

of the experiment, drought was induced by reducing the water supply by half (200 ml d' to
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100 ml d"). Afterwards, irrigation was reduced further (on day 15 to 75 ml d"' and on day 19 to
50 ml d") so that from day twenty on, daily mean RWC was about 0.60+1.24 % in dS and
2.26+0.62 % in dSA.

Until the start of the labeling, 8"*CO, of the supply air stream was maintained for both shoot
and root compartments at -2.28+2.65 %o '3C (Supplemental Figure S4.1). When the seedlings
had acclimatized to the desired stress conditions in the treatment groups (gcanopy fOor example
at 13 % (dS) and 5 % (dSA) of the Cntrl), continuous *CO; labeling began on day 21. For this,
we switched the CO; source for the supply air stream to the shoot compartments to a '*CO,
enriched gas, resulting in [CO;] of ¢. 400 ppm with a d'*CO. signature of 500 %o, while
maintaining the supply stream to the root compartments at the previous ambient CO;
conditions (see above). Using a similar setup we have previously shown the applicability of the
approach and could that no contamination of the '*C label from the shoot to the root
compartments occurred (Rehschuh et al. 2022).
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Figure 4.1: Progression of environmental drivers over the course of the experiment in Scots pine seedlings.
Air temperature (Tair, a), vapor pressure deficit (VPD, b), photosynthetic active radiation (PAR, c) and
relative soil water content (RWC, d) in the control (Cntrl, grey), soil drought (dS, green) and combined
soil and air drought (dSA, violet) treatment are shown. Lines depict daytime treatment averages (PAR
>100 umol m'2s-') and the shaded areas are £SD (Cntrl and dS: n =4, dSA: n = 5). Experimental reductions
in air humidity in the dSA treatment are given by the dashed orange lines and reductions in irrigation in
the dS and dSA treatment are shown by the dotted blue lines, with the last line on day 19 marking
irrigation at 50 ml per day. The begin of the continuous '*CO; labeling (5'*CO2 of c. 500 %o) is highlighted
by a dashed black vertical line on day 21.

4.2.3 Radial growth, sampling procedure and needle water status

In the individual tree chambers, each seedling was equipped with a point dendrometer (DD-S,
Ecomatik, Dachau, Germany) at 5-10 cm stem height measuring stem diameter variations
every 30 minutes throughout the experiment. At the beginning and the end of the experiment
we sampled needle and fine root material for non-structural carbohydrate and stable isotope
ratio analysis. The sampling was conducted between 12 p.m. and 2 p.m. Needle and root
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samples were immediately frozen in liquid nitrogen and stored at -80 °C until further analysis.
Tree biomass was harvested at the last day of the experiment and divided into needle, woody
and root tissue and dried at 60 °C for 48 hr prior dry mass was quantified (Supplemental Table
S4.1). At the same time, a few needles and fine roots were taken from each seedling and
weighted before and after drying to determine the ratio of fresh to dry weight. In addition, further
subsamples of needles were used to determine the specific leaf area. The leaf area was then
determined by multiplying the leaf dry biomass by the specific leaf area. In addition, needle
samples were taken at seven time points during the experiment, including at the beginning and
the end of the experiment, to determine the needle water potential at midday (between 12 p.m.
and 2 p.m.) (Wmd). Measurements were conducted using a pressure bomb (Model 1000, PMS
Instrument Company, Albany, OR) on one needle fascicle per tree. Furthermore, relative
needle water content (RLWC) was calculated from the needle mass (a) of the same fresh
needles used for water potential analysis, (b) after 48 hr immersion in distilled water and (c)
after drying at 60 °C.

4.2.4 Non-structural carbohydrate quantification

4.2.41 Soluble sugar

The determination of soluble sugar was conducted following Landhausser et al. (2018) with
minor modifications as described by Gattmann et al. (2021). First, 15 mg of frozen fresh plant
powder was added to 0.5 ml 80 % ethanol for the extraction. After shaking, 10 min incubation
at 80 °C and centrifugation (13,000 g for 3 min), the supernatant was taken and the extraction
process repeated twice. While the remaining pellet swelled in 1 ml distilled water (dH-O) at
95 °C for 2 hr before being stored at -80 °C for subsequent starch analysis (see 4.2.4.2), the
supernatants were mixed and the fluids were vaporized in a vacuum concentrator. The pellet
was then dissolved in 1 ml dH2O. For sugar quantification, 200 ul aliquots of extract (1:10
diluted in dH20) were mixed with 100 pl invertase solution (300 U mI*! (Sigma-Aldrich 14504-
250 mg, Merck, Darmstadt, Germany) diluted in 10 mM sodium acetate buffer (pH 4.5) and
incubated for 35 min at 55 °C). Afterwards 200 ul (5mM MgCl, 95 mM Tris-HCI, 1.7 mM ATP,
4.5 mM NAD+, 1.1 U mI"" G6PDH (Sigma-Aldrich G8404-2KU, Merck, Darmstadt, Germany),
10 U mlI"' HK (Roche 1,142,632,001), 1.6 U ml"" phosphoglucose isomerase (Sigma-Aldrich
P5381-1KU, Merck, Darmstadt, Germany) were added to 50 pl aliquots of sugar extract in 96-
well microtest plates (Brand, Wertheim, Baden-Wirttemberg, Germany). After 20 min of
incubation at room temperature, absorbance was determined at 340 nm with a microplate
absorbance reader (Epoch2, BioTek, Winooski, VT).

4.2.4.2 Starch

After thawing and shaking, 80 pl aliquots of water diluted starch samples (see 4.2.4.1) were
mixed with 20 pl a-amylase (30 U ml-1, Megazyme E-BLAAM-10 ml) and boiled at 85 °C for
1 hr. Following a quick cooling, 100 ul amyloglucosidase (20 U ml"' amyloglucosidase (Sigma-
Aldrich 10,115-1G-F, Merck, Darmstadt, Germany) dissolved in 25 mM potassium acetate
buffer) were added and samples boiled at 55 °C for another hour. In preparation for the
analysis, samples were cooled again and centrifuged (13,000 g for 3 min) before 50 pl aliquots
were mixed with 200 pl buffer (5 mM MgCI, 95 mM Tris-HCI, 1.7 mM ATP, 4.5 mM NAD+,
1.1 U mI"" G6PDH (Sigmar-Aldrich G8404-2KU, Merck, Darmstadt, Germany), 10 U ml"" HK
(Roche 1,142,632,001, Roche, Mannheim, Germany), 10 U mI"" HK) in 96-well microtest plates
(Brand, Wertheim, Baden-Wdrttemberg, Germany). Absorbance at 340 nm was measured
using a microplate absorbance reader (Epoche2, BioTek, Winooski, VT).
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4.2.5 Sample preparation and isotope ratio mass spectronomy

In preparation for isotope ratio mass spectronomy, biomass samples (fine root, needle, stem)
stored at -80°C (see 4.2.4) were freeze-dried (Alpha 24 LSC; Martin Christ
Gefriertrocknungsanlagen GmbH, Osterode am Harz, Germany) and ground to fine powder
(MM200; Retsch, Haan, Germany). In addition, we extracted cellulose from root and stem
samples. This was done stepwise using Teflon filters using 5 % NaOH ad 7 % acidified NaClO,
at 60 °C (Galiano et al. 2017) from c¢. 15 mg homogenized dried plant material (fine roots,
stems) and then homogenized by an Ultrasonic transducer (Laumer et al. 2009) as described
by Rehschuh et al. (2022). To determine isotopic composition of solid samples, c. 1 mg
homogenized bulk tissue material or cellulose were weighed into tin capsules, which were
combusted in an elemental analyzer (EA1110 CHN, Carlo Erba, Milan, Italy) combined with an
isotope ratio mass spectrometer (Delta XL, Thermo Fisher Scientific, Bremen, Germany)
(Rehschuh et al. 2022). Laboratory and international standards with known §'*C were used for
calibration resulting in a precision of 0.2 %eo.

4.2.6 Statistical data analyses

All data were analyzed using R 3.5.2 (R Core Team 2016). Differences were considered
significant at p <0.05. Treatment effects in time series data were assessed by fitting linear
mixed effects models (Ime) (package Ime4: Bates et al. 2015) and package ImerTest:
Kuznetsova et al. 2017) with time and treatment as fixed effects and tree as random factor. In
addition, post-hoc Tukey multiple comparisons test of means (package emmeans: Lenth et al.
2019) was performed to assess daily differences. Biomass, soluble sugar, starch and isotope
data were analyzed using ANOVA followed by post-hoc TukeyHSD.

4.3 Results

4.3.1 Responses of gas exchange and non-structural carbohydrates to drought
progression

The experimental reduction in air humidity combined with a reduced soil water supply led to a
steady downward trend of gas exchange rates in both drought treatments. Following an
increase in VPD in the dSA treatment, daytime gcanopy (PAR >100 pmol m2s™") decreased
quickly (Figure 4.2a, Supplemental Figure S4.2a), followed by a later decline in E (Figure 4.2b,
Supplemental Figure S4.2b) and Anet (Figure 4.2c, Supplemental Figure S4.2c). Compared to
the Cntrl treatment, the reduction in geanopy in the dSA treatment was statistically significant
from the tenth day (Ime: Tukey HSD, p <0.001, t = 7.45), six days earlier than in the dS
treatment (Ime: Tukey HSD, p <0.01, t = 6.88). Treatment effects on Anet and E were statistically
significant in the dSA treatment (Anet: Ime: Tukey HSD, p <0.01, t = 6.22; E: Ime: Tukey HSD,
p <0.01, t=7.17) from day 16, four days earlier than in the dS treatment (Anet: Ime: Tukey HSD,
p <0.05, t = 5.19; E: Ime: Tukey HSD, p <0.05, t = 5.78). Overall, we found that the reduction
in gas exchange under combined soil and atmospheric drought in the dSA treatment occurred
on average about 4-6 days earlier than under soil drought only in the dS treatment. In contrast,
seedling respiration (Rsum, sum of daily root respiration and nighttime shoot respiration
(PAR <100 pmol m=2s™)) (Figure 4.2d, Supplemental Figure S4.2d) declined somewhat later,
following the second reduction in soil water supply on day 15. When all gas exchange
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parameters had settled at a new stable level under the applied experimental conditions, the
13CO; labeling was initiated on day 21.
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Figure 4.2: Progression of gas exchange over the course of the experiment in Scots pine seedlings.

Daytime (PAR >100 umol m2s*') canopy conductance per leaf area (gcanopy, a), transpiration per leaf area
(E, b), net assimilation per leaf area (Anet, ) and sum of daily root and nighttime (PAR <100 umol m2s-1)
shoot respiration per tree (Rsum, d) relative to the control (Cntrl) during the experiment in the Cntrl (grey),
soil drought (dS, green) and combined soil and air drought (dSA, violet) treatment. Lines mark daily
treatment averages and the shaded areas are *SD (Cntrl and dS: n = 4, dSA: n = 5). Experimental
reductions in air humidity in the dSA treatment are given by the dashed orange lines and reductions in
irrigation in the dS and dSA treatment are shown by the dotted blue lines, with the last line on day 19
marking irrigation at 50 ml per day. The begin of the continuous 3CO: labeling (5'3CO2 of 500 %) is
highlighted by a black dashed vertical line on day 21.

Non-structural carbohydrate concentrations at the end of the experiment were affected by the

drought treatments with a stronger response in the roots compared to the needle tissues

(Figure 4.3, Supplemental Table S4.2). We found no responses of needle soluble sugar to the

drought conditions (SSy, Figure 4.3a). In contrast, needle starch (Stn, Figure 4.3b) was 40 %
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lower in dS (anova and Tukey HSD p >0.05) and 42 % lower in dSA (anova and Tukey HSD
p = 0.029) than in the Cntrl (0.15+£0.04 mmol gDW-"). Compared to the needles, responses in
the roots were more pronounced and both root soluble sugar (SSg, Figure 4.3c) and root starch
(Str, Figure 4.3d) were significantly lower in the dS and dSA treatments compared to the
control. Root sugar concentrations were reduced by 33 % in dS (1.33+£0.19 mmol gDW-', anova
and Tukey HSD p = 0.026) and by 46 % in dSA (1.07+0.28 mmol gDW-"', anova and Tukey
HSD p = 0.001). This reduction was even more pronounced for starch, which was 63 % lower
in the dS (anova and Tukey HSD p <0.001) and 69 % lower in the dSA treatment (anova and
Tukey HSD p <0.001).
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Figure 4.3: Responses of non-structural carbohydrates in Scots pine seedlings to experimental drought at
the end of the experiment.
Needle soluble sugar (SSn, a), needle starch (Stn, b), fine root soluble sugar (SSr, c), fine root starch
(Str, d) concentrations in the control (Cntrl, n = 4), soil drought (dS, green, n = 4) and combined soil and
air drought (dSA, violet, n = 5) treatment. Changes in soluble sugar and starch in dS and dSA are shown
in percentage difference to the Cntrl treatment. Data is shown as boxplots with measurements outside
1.5 times the interquartile range above the upper quartile or below the lower quartile considered outliers.
Standard deviation in the Cntrl treatment is shown as light grey area. Asterisks above dS and dSA
represent statistical significance to the Cntrl treatment (anova with post-hoc Tukey; p >.05 n.s., p <.05%,
p <.01**, p <.001***). Samples were taken at the last day of the continuous '*CO labeling experiment.

4.3.2 Needle water status, carbon uptake and growth parameters

Wna (Figure 4.4a) apparently did not change much over the course of the experiment, but
variation within each treatment was relatively large. However, as Wnq in the Cntrl tended to
slightly increase from day 18 and reached -0.45+0.06 MPa on day 27 while Wnq in dS and dSA
remained at -1.00+0.16 MPa, dS and dSA differed significantly from the Cntrl on day 21 and
27 (Ime: Tukey HSD, p <0.01, t = 4.32). RLWC (Supplemental Figure S4.3) was maintained at
70.5+4.8 % in all treatments during the experiment.

The net CO, uptake per tree (sum of assimilation minus respiration, Figure 4.4b) tended to

decrease steadily with drought progression in dS from day 14 and in dSA from day six onwards.

In the dSA compared to the Cntrl treatment, the daily net CO; uptake was significantly lower

from day 20 onwards (Ime: Tukey HSD, p = 0.034, { = 5.09). The cumulative C uptake at the
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end of the experiment, however, did not differ significantly between treatments. Considering
that the CUE - derived from the diurnal sums of photosynthesis, root respiration and night-time
shoot respiration - was unchanged between the treatments (0.36+0.13, Supplemental Figure
S4.4), indicated that the trees were able to maintain a tight regulation of their C balance
irrespective of the stress treatment.

Albeit a positive net C balance, aboveground growth in the stress treatments ceased. Needle
elongation in dS and dSA appeared to halt under drought conditions reaching needle lengths
of 3.61+0.33 cm and 3.12+0.14 cm at the end of the experiment, respectively (Figure 4.4c).
Although needle elongation rates remained nearly constant in Cntrl and needle length was
5.23+0.47 cm at the last measurement, treatment differences were not statistically significant
(Ime: Tukey HSD, p >0.05) due to a large variation among measured needles. The responses
of radial stem growth were much clearer and after the initiation of soil drought on day four,
radial growth rates flattened immediately in dS and dSA trees (Figure 4.4d). The additional
reduction in air humidity shortened the time between the first irrigation reduction and reaching
values around zero radial growth by six days in dSA (-0.00+0.03 mm d"' on average from day
10) compared to dS (-0.00+0.02 mm d*' on average from day 16) while growth rates in the
control remained at 0.02+0.01 mm d*! on average. Accordingly, cumulative radial growth was
lowest in dSA (0.11£0.06 mm; Ime: Tukey HSD, p=0.012, t=6.37) followed by dS
(0.37£0.16 mm; Ime: Tukey HSD, p >0.05) and highest in the control (0.57+0.18 mm) by the
end of the experiment.
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Figure 4.4: Progression of midday needle water potential and growth over the course of the experiment in
Scots pine seedlings.
Midday needle water potential (Wmd, a), daily net CO2 uptake (sum of assimilation and respiration, b),
needle length (c) and cumulative radial growth (d) during the experiment in the control (Cntrl, grey), soil
drought (dS, green) and combined soil and air drought (dSA, violet) treatment. Daily treatment averages
*SD are either shown as data points and error bars (Cntrl and dS: n =8, dSA: n=10 in a and c) or lines
and shaded areas (Cntrl and dS: n = 4, dSA: n =5 in b and d). Data gaps are bridged by thin dashed
lines. Experimental reductions in air humidity in the dSA treatment are given by the dashed orange lines
and reductions in irrigation in the dS and dSA treatment are shown by the dotted blue lines, with the
last line on day 19 marking irrigation at 50 ml per day. The begin of the continuous 3CO: labeling (5'3CO2
of 500 %o) is highlighted by a black dashed vertical line on day 21.

4.3.3 Dynamics of the '3C label

Before the *CO,-labeling, the isotopic signature of nighttime shoot respiration (5'*Cs) and root
respiration (3"Cgr) did not differ between treatments (Ime: Tukey HSD; p >0.05; see
Supplemental Table S4.3). Over the course of the *CO,-labeling, respiration rates became
enriched in 8'3C with the degree of the enrichment differed between the treatments. According
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to their C uptake rates, highest 8'C values were found in the Cntrl, followed by the dS and
dSA treatment. Nighttime &'*Cs (Figure 4.5a) in Cntrl trees reached a peak on day 25 at
345.37+16.51 %o, indicating that about 70 % of the respired C should have originated from the
labeled C (assimilated during the first five days of the labeling). Similar dynamics were
observed in dS and dSA, but 8"3*Cs remained significantly lower than in the Cntrl (Ime: Tukey
HSD; dS: p=0.002, t=9.37; dSA: p<0.001, t=15.55). While 8"°Cs in dS peaked at
234.41+33.47 %0 on day 26, indicating that about 50 % of the respired C originated from the
label, the peak value of &"*Cs in dSA was with 171.25+57.00 %0 on day 25 the lowest,
suggesting that the respired C originated mainly (about 65 %) from stored C assimilated prior
to the labeling.

0"Cr (Figure 4.5b) followed a similar pattern, but showed a somewhat lower enrichment.
Starting from 3'3Cr values of -12.54+7.54 %o before labeling, 8'*Cr reached peak values of
302.85+21.94 %o in Cntrl, 195.58+37.24 %o in dS and 91.79+37.24 %o in dSA on day 25 (Ime:
Tukey HSD, p <0.001). This indicates a somewhat larger contribution of older C to the root
respiratory efflux with treatement-specific differences. We estimated that about 40 % in the
Cntrl, 60 % in the dS and 80 % in the dSA treatement originated from stored C that was
assimilated prior to the labeling. The larger contribution of stored C to root respiration in the
stressed seedlings agrees well with the pronounced depletion of root starch concentrations
(Figure 4.3d).

The cumulative amount of °C respired (Figure 4.5c) and the amount of *C retained in the
seedlings (Figure 4.5d) increased almost linearly throughout the '3CO.-labeling in all three
treatments. The amount of "*C retained compared to the *C respired was highest in the control
trees with +28 %, followed by the dS: +11 % and dSA: +15 % treatments. Cntrl seedlings
retained relative more of the labeled C than stressed trees, in agreement with a larger growth
activity.

72



High vapor pressure deficit and soil drought impair aboveground growth before
photosynthesis while shifting C allocation to roots in Scots pine

400 ~ -ds -dsA ! @
|
S 5 200 — ! /’j
o 3R ' /\
o '
0 — |
'
1
400 ' (b)
[}
]
S = 200 — '
g B8 1
= '
i ; /\
]
1
! (c)
- 15 — '
=T} 1
a2 10 o !
° o |
o 3 s 1
[s2]
- ]
' #
0 — 1
[0
o ! (d)
£ _ '
B 10 - 1
£ "o '
£ 3 [
5 = 5 :
O 1 //’///
3 0 — 1
T T | |
16 19 22 25

Day of experiment

Figure 4.5: Dynamics of the isotopic signatures of nighttime shoot and root respiration before and during
the 13COz-labeling as well as the '3C respired and retained in Scots pine seedlings.
The isotopic signature of daily-averaged shoot dark respiration (PAR <100 umol m2s™) (5'3Cs, a), root
respiration (5'3Cr, b), cumulative sum of daily '3C respired (shoot dark and root respiration) (c) and
cumulative sum of daily '*C retained in trees (d) are shown per treatment (control (Cntrl, grey), soil
drought (dS, green) and combined soil and air drought (dSA, violet)). The shaded areas depict +SD (Cntrl
and dS: n = 4, dSA: n=5). The begin of the labeling with 3C-enriched CO: (5'*CO2 of 500 %) is
highlighted by the black dashed vertical line on day 21. Before the labeling, §'3CO2 of the supply air
stream was maintained for both shoot and root compartments at -2.28+2.65 %, 5'3C. As the switch to the
13C-enriched gas interrupted the measurements on day 21, we show the results from day 22, when the
measurements were reliable again. The amount of '3C retained in the trees was estimated by calculating
the cumulative sum of the canopy assimilation flux of '*C minus the respiratory fluxes of '3C.

In agreement with the *C retention, we found higher *C enrichment in the Cntrl compared to
the drought-treated seedlings. Overall, a higher proportion of label in the root compared to the
needle tissues indicated a more active role of roots as C sink at the end of the leaf elongation
phase in Scots pine seedlings (Figure 4.6). A reduced aboveground growth activity in the
droughted seedlings became further apparent as the "*C label in bulk needle tissues did not
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differ from before the label (8'°Cn, Figure 4.6a) and xylem cellulose showed only minimal
enrichment in the dS treatment (8"Cxc, Figure 4.6b). This was in stark contrast to the root
tissues in which we found a clear signal of the label in all treatments (Figure 4.6¢c-d), but with
a lowest enrichment in root cellulose of the dSA treatment, indicating lowest growth rates.
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Figure 4.6: Isotopic signature of biomass and cellulose in Scots pine seedlings following six days of
constant 3CO2-labeling (5'3CO2 of 500 %.).
Changes in the isotope composition of needle biomass (5'3Cn, a), xylem cellulose (5'*Cxc, b), fine root
biomass (5'3Cr, ¢) and fine root cellulose (5'*Crc, d) in the control (Cntrl, grey, n = 4), soil drought (dS,
green, n = 4) and combined soil and air drought (dSA, violet, n = 5) treatment. Data is shown as boxplots
with measurements outside 1.5 times the interquartile range above the upper quartile or below the lower
quartile considered as outliers. Natural abundance of needle 13C is shown as light grey area (mean £SD).
Before the labeling, 8'3CO2 of the supply air stream was maintained for both shoot and root
compartments at -2.28+2.65 %0 5'3C. Asterisks above dS and dSA represent statistical significance to
the Cntrl treatment (anova with post-hoc Tukey; p >.05 n.s., p <.05%, p <.01**, p <.001***).

4.4 Discussion

The timing of the experimental drough, early during the growing season, had an influence on
gas exchange and the allocation responses presented here, as growth in temperate trees is
highly seasonal (Chen et al. 2022; Taeger et al. 2013; Vieira et al. 2020) and changes in
allocation and C uptake might occure regardless of stress. However, the responses we
observed and which deviated from the indicated constant early season allocation signal in the
control seedlings can be interpreted as an early-season-specific stress signal triggered by soll
and atmospheric drought.

4.41 Responses of canopy conductance and C uptake to VPD and soil drought

In our study we manipulated VPD in order to quantify the direct effect of increasing VPD on

tree gas exchange during drought progression. We found Qgcanopy t0 respond faster than

transpiration and Anet to rising VPD, confirming our first hypothesis. Depending on the degree

of stomatal control, transpiration can be found to decrease (Eamus et al. 2013; Gharun et al.

2020), maintain or increase to rising VPD (Preisler et al. 2023), depending also on soil water
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availability (e.g. Ruehr, Martin, and Law 2012). In addition, stomatal sensitivity to VPD varies
across species (Creese et al. 2014; Cunningham 2004, 2005; Gao et al. 2015; Korner et al.
1989; McNaughton and Jarvis 1991; Whitehead, Okali, and Fasehun 1981). There is a general
consensus that isohydric tree species have a greater stomatal sensitivity to VPD than
anisohydric species (Buckley et al. 2017; Cernusak et al. 2019; Novick et al. 2019; Sperry et
al. 2017). We found Scots pine seedlings to exhibit an immediate reduction in stomatal
aperture in response to rising VPD and declining soil water content as indicated by a rapid
decrease in geanopy and no increase in transpiration in the combined drought-VPD treatment.
This response was not observed in the drought-only treatment, where gcanopy declined more
steadily alongside reductions in soil water content. As stomatal conductance is exponentially
related to VPD, a 40 % decline in gecanopy has been reported for an increase in VPD from 0.5 to
1.5 kPa under non-water limiting conditions (Ruehr et al. 2016). This is further supported by
the results of Poyatos et al. (2008), who found a decrease in relative sap flow in Scots pine at
a VPD of 1.2 kPa. In our study, a VPD of 1.5 kPa was exceed already one day after the first
reduction in air humidity. Since there were no significant differences in RWC between the
combined and the soil drought treatment, the observed reduction in gcanopy Was sufficiently
limiting transpiration. This limitation prevented increased water loss due to rising VPD
throughout the experiment.

The seedling’s attempt to mitigate a decline in water potential by tightly regulating leaf-level
transpiration through gcanopy @djustments consequently affected photosynthesis. This delayed
stress effect on photosynthesis is attributed to a typically lower reduction in photosynthesis at
the initial decline in geanopy and is mainly observed in phases when stress levels are still
relatively low during conditions when photosynthesis is not affected by biochemical limitations.
While this phenomenon has only recently been noted for VPD, it has been known for some
time in the context of soil water deficit (Bogeat-Triboulot et al. 2007; Boyer 1970; Quick et al.
1992). The maintenance of photosynthesis under mild to moderate water stress is because
mesophyll conductance to COs is particularly resilient to water deficiency (Cornic 2000; Flexas
and Medrano 2002; Kaiser 1987). Experiments have shown that Rubisco activity can be
maintained despite a 50 % decrease in the relative water content of the leaves and a 75 %
closure of the stomata (Flexas et al. 2006; Kaiser 1987). In the present study, the time between
stress initiation and reduction in photosynthesis was short, as VPD increased rather rapidly
alongside stomatal closure.

4.4.2 Tree growth affected by water availability and VPD

To date, tree growth in vegetation models is predominantly driven by a constant allocation from
gross photosynthesis. Only recently have functions that represent direct dependencies of
growth on climate parameters, such as soil water availability or VPD, found their way into the
first models. This development was triggered by increasing evidence suggesting that growth
processes may be more sensitive to water deficit than photosynthesis and may shut down
even before assimilation is affected (Friend et al. 2019; Muller et al. 2011). This assumption is
mainly based on the strong turgor dependence of the cell growth process (Cabon et al. 2020),
especially cell expansion, so that a decrease in turgor during drought is likely to lead to an
inhibition of tissue formation long before photosynthesis is the bottleneck process (Peters et
al. 2021). In the attempt to establish such a direct relationship between drought and tree
growth, the most frequently chosen method has been the analysis of radial stem growth. For
example, by using a turgor-driven growth model, Peters et al. (2021) were able to successfully
simulate stem radial increment of Picea abies (L.) Karst. and Larix decidua Mill. and identify a
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soil water potential of -0.6 MPa as the critical value for stem growth. Similar results are reported
by Eckes-Shephard et al. (2021), who simulated stem growth of trees growing in a dry
temperate forest in the Swiss Alps based on soil moisture. Their results point to a crucial
difference between the response of source and sink processes in trees to soil water availability,
as they suggest that stem growth ceases at a soil water potential of -0.47 MPa in European
larch and -0.66 MPa in Norway spruce, while photosynthesis can continue down to a soil water
potential of -1.2 MPa or lower. In the present study, Scots pine radial growth also declines well
before assimilation when Wnq was between -0.8 to -1.0 MPa, supporting the hypothesis that
the turgor pressure in the cell-dividing tissue fell below the growth threshold before any
pronounced reduction in the net photosynthesis occurred.

Despite the fact, that soil water availability seems to be a dominant factor for radial tree growth,
atmospheric conditions, i.e. VPD, can also have a direct control on stem growth (Castellaneta
et al. 2022; Zweifel, Zimmermann, and Newbery 2005). This can also be seen from our results
since radial growth was inhibited 6 days earlier when Scots pine seedlings were additionally
subjected to high VPD, while Wnqdid not differ between the treatments. The importance of VPD
for radial growth was also recently demonstrated by Zweifel et al. (2021), indicating that trees
can grow in moderately dry soil provided that VPD is low, and that the requirement of a low
VPD for radial growth of stems even leads to a temporal decoupling of stem growth (occurring
at night) and photosynthesis (occurring during daylight). They identified a VPD threshold for
radial growth of about 1 kPa, above that stem growth was only negligible. Our results seem to
confirm such a VPD threshold, as in the high VPD treatment a VPD >1.5 kPa was maintained
throughout day- and nighttime and stem increment ceased quickly, while photosynthesis
continued, confirming our second hypothesis.

Since stem growth is not the only possible carbon sink, but one of several processes that can
be sinks at different times, soil drought and VPD could alter primary and secondary growth
processes independently. Another affected process appears to be needle elongation, as
indicated by the tendency of decreasing growth rates in response to soil and air drought in the
present study and no significant incooperation of the '*C label in needle tissues in contrast to
the control trees. This trend is consistent with other observations that water deficit affects both
needle and stem growth (Irvine et al. 1998; Muller et al. 2011; Zweifel et al. 2020). For instance,
Adams et al. (2015) estimated over 39 % reduction in leaf and shoot growth in response to
drought and heat in pifion pine, and Dobbertin et al. (2010) found that after drought, irrigation
increased needle length by 70 %, shoot length by 100 % and ring width by 120 % in Scots
pine. As growth in temperate trees is highly affected by seasonality, observing stress impacts
on leaf and shoot elongation is restricted to the early growing season. Therefore, we advocate
for stress experiments being conducted during the leaf expansion phase to disentangle
impacts of environmental stressors on tree growth.

4.4.3 Sink activity drives C allocation under drought stress

To address stress impacts on tree carbon allocation, particularly to belowground tissues, we
conducted a ®CO; labeling. The regulation of carbon partitioning, including the export of
carbon from photosynthesizing source tissues to various sink tissues, has a major impact on
tree growth and development, as photoassimilates are the primary source of energy and
building blocks for production and maintenance of biomass. Since carbon allocation involves
the production, transport and utilization of photoassimilates and all three of these processes
are highly water sensitive (DaCosta and Huang 2006; Gao et al. 2021; Lemoine et al. 2013;

76



High vapor pressure deficit and soil drought impair aboveground growth before
photosynthesis while shifting C allocation to roots in Scots pine

McDowell 2011; Rambal et al. 2014), it is not surprising that drought affects carbon allocation
at the whole tree level (Ruehr et al. 2009). In our study, we found an about 3—-5-times, lower
retainment of 3C in the stressed trees compared to the control trees, confirming a strong
downregulation of growth activities under drought conditions.

It is widely acknowledged that new assimilates are preferably transferred to the tissues with
the highest C demand (Lambers et al. 2008). Some experimental evidence suggests that water
scarcity shifts allocation priorities in favor of roots (DaCosta and Huang 2006; Poorter et al.
2012), possibly an adaptive mechanism to maintain the osmotic potential and cell turgor of the
roots and access limited soil water (Brunner et al. 2015; Comas et al. 2013). In our experiment
we found a clear ®C enrichment in the root biomass and even in the root cellulose in both
drought treatments, but with a lower incooperation in the dSA trees exposed to moderate soil
drought and high VPD. In addition, the virtual absence of '*C in the examined aboveground
biomass of needles and xylem cellulose seems to confirm the cessation of stem and needle
growth in response to high VPD and moderate soil drought in Scots pine seedlings while
belowground growth was partially sustained, largely agreeing with our third hypothesis.

At the whole tree level, downregulation of carbon allocation to sinks before the carbon source
ceases and shifting carbon allocation priorities makes physiological sense, as it could reduce
the risk of a critical impact on the tree’s carbon balance, which could be particularly important
during prolonged or severe drought stress (Rowland et al. 2015). As both, photosynthesis and
the transport system become more limited under such enhanced stress conditions, there are
also reports of reduced carbon transport to the roots during drought (Brunner et al. 2015;
Poorter et al. 2012; Rehschuh et al. 2022; Ruehr et al. 2009), suggesting that increased
belowground carbon allocation may be restricted to the initial phase of drought and/or under
mild drought conditions. In agreement we detected the lowest *C signal in root respiration and
root biomass in the compound stress treatment. Additionally, our study demonstrates that not
only above- and belowground growth, but also respiration rates decreased. Thus, the Scots
pine seedlings maintained both a constant CUE (ratio of total respiration to net assimilation) of
0.36+0.13, which falls within the range of CUE values between 0.26 and 0.66 reported for pine
forests by Delucia et al. (2007), and a positive net carbon uptake (assimilation minus
respiration) throughout the experiment, rejecting largely our fourth hypothesis. Although this
could indicate that the Scots pine seedlings were not suffering from a general carbon
deficiency, the low *C retainment in the stressed seedlings (about 3-5 times lower compared
to the control) and the reductions in starch concentrations particularly in the roots at the end
of the experiment indicate that carbon assimilation might have not longer met the belowground
sink demand. This is presumably supported by the much lower contribution of the &'3C label
to respiration in the stressed (dS: 45 % dSA: 28 %) compared to the control seedlings
(Cntrl: 65 %). Thus, instead of recent photosynthates, NSC reserves were largely utilized to
meet the respiratory demand belowground. This is in agreement with previous studies showing
a reduced contribution of the "*C label to soil respiration during drought (Hagedorn et al. 2016).
While we found that the contribution of the label to root respiration was lower than to shoot
respiration, which is consistent with results from other studies on pine trees (Aaltonen et al.
2017; Chang et al. 2022; Rog, Jakoby, and Klein 2021), we detected the *C label in fine root
biomass and root cellulose, but merely in the needle tissue. Such increased photosynthate
allocation belowground, which presumably promotes root structural growth during drought, has
been frequently suggested for pine seedlings (Aaltonen et al. 2017; Jeong, Bolan, and Kim
2021; Y. Liu et al. 2020; Solly et al. 2023). However, other labelling studies under drought have
found a reduced belowground allocation as for instance shown for beech (e.g. Ruehr et al.
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2009) or for Amazonian forests (Doughty et al. 2014, 2015). A likely explanation of the
continuous belowground allocation and hence observed root growth in our study might have
been the rather modest soil drought, as the midday leaf water potential did not decline below
-1.2 MPa, due to constant night-time irrigation of 50 ml in both drought treatments. The
indicated influence of the severity of the drought and possibly also the tree species illustrates
the complexity of the response of C allocation to drought and makes it clear that it merits further
investigation.

4.5 Conclusion

We studied the response of Scots pine seedlings to increased VPD under moderate soil
drought based on the general hypothesis that seedlings exposed to such compound stress
attempt to buffer the impact on their C balance (assimilation minus root and nighttime shoot
respiration) and maintain their water uptake by tightly regulating gas exchange and shifting C
allocation belowground. The C balance of the seedlings remained positive because, on the
one hand, photosynthesis was less water sensitive than gcanopy and on the other hand,
respiration decreased in parallel with photosynthesis and starch remobilization appeared to
support respiration. In addition, growth processes were very sensitive to soil and atmospheric
drought, as evidenced by a decline in aboveground growth that could not be linked exclusively
to C limitation. At the same time, belowground sink activity was maintained, driving the
allocation of recent C. Our results emphasize the need to consider sink-driven C allocation and
the role of VPD in limiting growth independent of a substantial impairment of photosynthesis.
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Supplemental Figure S4.1: Isotopic signature of the supply air stream (5'3Civ) during the last twelve days
of the experiment.
The whole-tree labeling with '*C-enriched CO2 (5 '*CO2 of 500 %.) started on Aug. 20 (day 21 of the
experiment). Before the labeling, 5'3CO2 of the supply air stream was maintained for both shoot and root
compartments at -2.2812.65 %o 5'3C.

Supplemental Table S4.1: Biomass of Scots pine seedlings per treatment.
Needle, woody tissue and root biomass as well as root/shoot ratio was destructively harvested end of
the experiment. Shown are mean £SD for the Cntrl (n = 4), dS (n = 4) and dSA (n = 5) treatment. Values
are given in dry weight (DW). Differences between treatments tested with anova and post-hoc Tukey
were not significant (p >0.05).

biomass [gDW]

needle woody tissue root root/shoot
Cntrl 26.92+6.92 16.16+4.10 18.97+4.14 0.45+0.04
ds 27.34+8.73 17.97+4.93 17.3417.31 0.38+0.09
dSA 25.51+6.50 16.3245.32 13.95+2.00 0.35+0.06
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Supplemental Figure S4.2: Progression of gas exchange over the course of the experiment in Scots pine
seedlings.
Canopy conductance per leaf area (gcanopy, @), transpiration per leaf area (E, b), net assimilation per leaf
area (Anet, ¢) and sum of daily root and nighttime (PAR >100 umol m-2s-') shoot respiration per tree (Rsum,
d) during the experiment in the control (Cntrl, grey), soil drought (dS, green) and combined soil and air
drought (dSA, violet) treatment. Lines mark daily treatment averages and the shaded areas are *SD
(Cntrl and dS: n =4, dSA: n = 5). Experimental reductions in air humidity in the dSA treatment are given
by the dashed orange lines and reductions in irrigation in the dS and dSA treatment are shown by the
dotted blue lines, with the last line on day 19 marking irrigation at 50 ml per day. The begin of the
continuous '3CO:2 labeling (5'3CO2 of 500 %) is highlighted by a black dashed vertical line on day 21.
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Supplemental Table S4.2: Non-structural carbohydrate concentration in needles and fine roots of Scots
pine seedlings.
Fine root and needle biomass was sampled at the end of the experiment. Needle soluble sugar (SSn),
needle starch (Stn), fine root soluble sugar (SSr), fine root starch (Str) concentrations in the control
(Cntrl, n = 4), soil drought (dS, n = 4) and combined soil and air drought (dSA, n = 5) treatment at the
end of the experiment. Data is shown as mean *SD. Lower case letters represent statistical significance
between values within a column (anova with post-hoc Tukey; p <.05).

non-structural carbohydrates [umol glucose gDW-"]

SSn Stn SSkr Str

Cntrl 476.8£109.7 150.1£39.7 a 1998.4+6353 a 816.5+149.7 a
ds 520.9+68.2 90.049.7 1332.12191.6 b 299.1+825 b
dSA 464.5+57.7 87.649.1 b 1069.5¢281.0 b 251.8+581 b
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Supplemental Figure S4.3: Progression of midday relative leaf water content over the course of the
experiment in Scots pine seedlings.
Midday relative leaf water content (RLWC) during the experiment in the control (Cntrl, grey), soil drought
(dS, green) and combined soil and air drought (dSA, violet) treatment. Daily treatment averages +SD are
shown as data points and error bars (Cntrl and dS: n = 8, dSA: n = 10). Data gaps are bridged by thin
dashed lines. Experimental reductions in air humidity in the dSA treatment are given by the dashed
orange lines and reductions in irrigation in the dS and dSA treatment are shown by the dotted blue lines,
with the last line on day 19 marking irrigation at 50 ml per day. The begin of the continuous 3CO: labeling
(813CO2 of 500 %o) is highlighted by a black dashed vertical line on day 21.
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Supplemental Figure S4.4: Progression of the daily carbon-use efficiency (CUE) over the course of the
experiment in Scots pine seedlings.
CUE ((root respiration + nighttime shoot respiration) / net assimilation) during the experiment in the
control (Cntrl, grey), soil drought (dS, green) and combined soil and air drought (dSA, violet) treatment.
Lines mark daily treatment averages and the shaded areas are *SD (Cntrl and dS: n = 4, dSA: n = 5).
Experimental reductions in air humidity in the dSA treatment are given by the dashed orange lines and
reductions in irrigation in the dS and dSA treatment are shown by the dotted blue lines, with the last
line on day 19 marking irrigation at 50 ml per day. The begin of the continuous '3CO: labeling (5'*CO: of
500 %o) is highlighted by a black dashed vertical line on day 21.

Supplemental Table S4.3: Isotopic signatures of nighttime shoot and root respiration before the *CO:-
labeling in Scots pine seedlings.
The isotopic signature of shoot night and root respiration are shown as daily treatment (control (Cntrl),
soil drought (dS) and combined soil and air drought (dSA)) means *SD (Cntrl and dS: n =4, dSA: n =5).
There was no statistically significant treatment effect before the label (Ime: Tukey HSD, p >0.05). The
three weeks before the labeling, 3'*CO: of the supply air stream was maintained for both shoot and root
compartments at -2.28+2.65 %o 5'3C.

0"3C before label [%o]

shoot respiration root respiration
Cntrl -13.02+10.98 -14.1014 .42
ds -9.20+8.04 -12.2345.81
dSA -11.411£12.41 -11.47£10.19
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5 Synthesis

By subjecting Aleppo pine seedlings grown under elevated atmospheric [CO;] (eCO3) to lethal
soil drought events and Scots pine seedlings to combined soil and atmospheric drought using
individual tree chambers in a greenhouse, this thesis aimed to determine the following:

1. The effect of eCO; on carbon and water relations prior to soil drought and the cause of
the geanopy reduction under eCO: in pine seedlings.

2. How eCO; and high VPD affect the response of pine seedlings to soil drought,
particularly in terms of carbon balance, carbon allocation and growth.

3. Critical thresholds beyond which tree mortality is inevitable during severe soil drought
and the effect of eCO, on these thresholds and hence on the mortality risk of Aleppo
pine seedlings.

Carbon and water relations before drought

Growth under eCO- had a distinct effect on carbon-related traits in Aleppo pine seedlings, such
as an increase in net C uptake (+143 %) and non-structural carbohydrates (NSC) (leaf starch
+112 %), indicating excess carbon storage in leaves. In addition, needle, wood and root
biomass rose equally by approximately 28 %, resulting in an unchanged root to shoot ratio
(Chapter 2), confirming previous observations of unchanged C allocation patterns in pines
under eCO, and abundant water (e.g. Curtis and Wang 1998; Dror and Klein 2022). In terms
of water-related traits, observed lower leaf level canopy conductance (gcanopy) @nd transpiration
rate (E) did not result in obvious water savings, as the increase in leaf area, evident in both
leaf number and individual leaf size (Chapter 1), compensated for these reductions (Chapter
2). Nevertheless, in combination with the higher net C uptake, the lack of eCO; effect on water
loss still represented an enhanced water use efficiency. Reduced gcanopy is @ very common
observation under eCO; and is usually a direct response via active stomatal aperture
adjustment. In contrast, in Aleppo pine seedlings grown under eCO,, abscisic acid (ABA) levels
and the insensitivity of geanopy t0 reduced [CO2] provided evidence for an indirect Geanopy
reduction due to anatomical changes (Chapter 1). At leaf level, the increase in radial path
length (vein-to-epidermis distance +65 %) and in stomatal density (SD) (+23 %) and epidermal
cell density (ED) (+25 %) probably contributed to the reduction in geanopy. In addition, at the
branch level, xylem porosity decreased (conduit lumen fraction -11 % and mean conduit
diameter -8 %), reducing both specific conductivity (Ks) (-19 %) and leaf specific conductivity
(Ki) (-34 %). (Chapter 1)

The observed anatomical changes were likely triggered by reduced stomatal aperture and
reduced water demand during early seedling development under eCO, and consolidated
during the prolonged eCO, exposure time of two years. Since the observed anatomical
adjustments can be attributed to the prolonged exposure time, the growth reductions,
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allocation shifts and reduced geanopy in response to water stress events (Chapter 4) would likely
also drive structural changes over time (Martinez-Vilalta et al. 2009; Poyatos et al. 2007; Sultan
2000) which could either amplify or weaken the eCO. effect. Evidence of such long-term
acclimatization highlights the importance of considering past environmental conditions on
current processes, as structural changes could, for example, alter the sensitivity of stomata
and the photosynthetic apparatus to short-term environmental fluctuations. However, the
structural changes did not result in obvious water savings at tree level, which challeneges the
assumption of an overall eCO: benefit during drought, as suggested by the reduced leaf-level
E and increased C availability. (Figure 5.1)
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Figure 5.1: The multifaceted mortality process of pine trees during soil drought.

Representation of the progression of a lethal soil drought in pine seedlings from tree-specific pre-
drought characteristics (outer ring, green) to death (center, red). In between are the drought response
mechanisms (middle ring, olive) and the critical thresholds (inner ring, brown) beyond which seedling
death is inevitable. Characteristic of the mortality process is the high degree of interconnectivity and
interdependence of the underlying processes and mechanisms associated with hydraulic failure and
carbon (C) starvation. There are also additional external factors that influence the process, such as
atmospheric vapor pressure deficit (VPD) and carbon dioxide (CO2) concentration. The effects of
elevated atmospheric [CO2] (c. 900 ppm) and high VPD (c. 2.9 kPa), as observed in the context of this
thesis, are shown as gray areas. Because the effects of VPD on pre-drought characteristics and critical
thresholds were not explicitly examined in this thesis, the assumed effects are shown as shaded areas.
NSC, non-structural carbohydrates; NSCso, 50 % loss of starch reserves.

Drought response

An important response mechanism of pine seedlings to soil drought was the gradual reduction
of geanopy in parallel with the reduction in soil water content (Chapter 2, Chapter 1, Chapter 4).
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These short-term adjustments in geanopy Were facilitated by adjustments in ABA levels (Chapter
1) and served to limit water loss through transpiration and maintain the water potential gradient
that determines water flow through the tree. These stomatal response mechanisms to soil
drought were unaffected by eCO,, as evidenced by the same leaf water potential and ABA
levels in both CO, treatments (Chapter 2, Chapter 1). A similar observation was made for the
stomatal response to high vapor pressure deficit (VPD), as gcanopy decreased by 60 %
independent of CO, when VPD increased from 1 to 2 kPa, despite a reference gcanopy (geanopy
at VPD of 1 kPa) that was 55 % lower in eCO (Chapter 1). These observations are consistent
with the results of Birami et al. (2020), who found that eCO; did not alter stomatal sensitivity to
heat in Aleppo pine. Given the observed geanopy response to either soil drought or high VPD, it
was not surprising that soil and atmospheric drought combined induced an even more rapid
and pronounced geanopy reduction (Chapter 4). In this way, transpiration in Scots pine seedlings
was restricted to such an extent that high VPD (c. 2.9 kPa) had no effect on relative soil water
content (RWC) and midday leaf water potential (Wmd) (Chapter 4).

Considering the trade-off between water loss and C uptake, the reduction in gcanopy in response
to water stress subsequently limited photosynthesis (Chapter 2, Chapter 4) although with some
delay as photosynthesis was less sensitive to soil and/or atmospheric drought than geanopy
(Chapter 4). In addition, respiration decreased in parallel with assimilation, which maintained
a constant carbon use efficiency (CUE, ratio of respiration to assimilation) (Chapter 4) and a
positive C balance (assimilation minus respiration) in pines under moderate drought stress
(Chapter 2, Chapter 4). Growth processes showed high sensitivity to soil and atmospheric
drought, as aboveground growth activities decreased at Wnq -0.8 MPa or when VPD exceeded
1 kPa and stopped at Wng -1 MPa or when VPD exceeded 2 kPa, while belowground sink
activity was partially maintained, driving recent C allocation (Chapter 4).

The rapid changes in leaf elongation and stem radial growth rates after abrupt changes in soil
water availability or atmospheric evaporative demand in Scots pine seedlings could not be
exclusively related to C, but rather to potential hydraulic limitation (Chapter 4). This would have
primarily affected expansive growth, which is determined by hydromechanical processes
(Pantin et al. 2011; Pantin, Simonneau, and Muller 2012). Although not explicitly investigated,
this proposed hydraulic growth limitation, combined with the lack of eCO- effect on Wnq and
general drought response mechanisms (Chapter 2, Chapter 1), suggests that eCO, should
have no effect on the timing or magnitude of such hydraulic growth limitation. In contrast, when
photosynthesis is the bottleneck process and C availability is the limiting factor for growth,
eCO; should be beneficial due to sustained increased assimilation rates and NSC pools
(Chapter 2), which pines draw upon to compensate for C deficits when assimilation does not
meet C requirements (Chapter 2, Chapter 4).

The drought response of pine seedlings was shown to be a highly fine-tuned, interconnected
process, balancing the supply and demand of carbon and water. This was characterized by
different water sensitivities of key physiological processes, such as stomatal regulation and
photosynthesis, and shifts in C allocation. Furthermore, eCO2-induced structural changes did
not affect the metabolic and hydrological drought response of pine seedlings. In conclusion,
these results suggest that, firstly, eCO- is unlikely to fully offset hydrological growth limitation
and, secondly, any eCO; benéefit is likely to be outweighed by the greater limitation imposed by
high VPD on pine seedlings during soil drought. This effect is likely to be more pronounced if
high VPD also affects soil water availability through increased soil evaporation, potentially
exacerbating drought progression. (Figure 5.1)
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Critical thresholds and drought mortality risk

The multifaceted nature of the mortality process during soil drought has led to the definition of
critical thresholds for both hydraulic failure and carbon starvation. While leaf turgor loss (Wmqg
falling below the turgor loss point) is primarily associated with hydraulic failure, stomatal
closure (Geanopy below minimum geanopy) is important for both water and carbon relations,
marking the point at which a tree can no longer actively reduce water loss and photosynthesis
ceases. However, stomatal closure alone is not sufficient to assess the effects of water stress
on the C economy of trees, as, for example, photosynthesis is significantly reduced before
stomatal closure is complete (Chapter 2, Chapter 1, Chapter 4). Therefore, the transition from
a positive to a negative C balance (assimilation minus shoot and root respiration) and the
depletion of carbon reserves (NSCso, 50 % loss of needle starch) were defined as additional
thresholds mainly related to carbon deficiency. Although the underlying mechanisms are highly
interrelated, the selected thresholds showed a tendency for hydraulic factors to become more
important in the mortality process of Aleppo pine seedlings during severe soil drought (Chapter
2). This was particularly evident at eCO-, as the delayed crossing of the NSCs, threshold did
not lead to a reduction in the overall mortality risk (all critical thresholds combined), with the
risk probabilities of turgor loss and stomatal closure remaining unaffected by eCO, (Chapter
2; Chapter 1). Therefore, morphological changes in response to growth under eCO; did not
improve the hydraulic safety of Aleppo pine seedlings during either a short (41 days) or a
prolonged (82 days) lethal soil drought (Chapter 2; Chapter 1). This suggests that the
prediction of mortality risk of pine trees may be more accurate based on hydraulic than on the
C status of the tree. However, as the eCO; benefit of increased NSC pools was carried over
into severe stress, as reflected by the delay in the NSCs threshold, and the cause of death
under aCO; was not as clear, thresholds associated with carbon starvation should not be
completely disregarded.

Overall, based on the observations presented, conditions can be defined that determine the
potential benefits of eCO- for pines. The first critical factor relates to the stimulation of leaf area
by eCO; and thus mainly to the observed pre-drought characteristics. If the CO.-induced
reduction in water loss at the leaf level is compensated by an increase in leaf area, then water
loss at the tree level, and thus drought progression and mortality risk, should not change
(Chapter 2; Chapter 1). However, if there is no compensating increase in leaf area, the CO»-
induced reduction in leaf water loss should result in water savings at the tree level and thus
slow drought progression and reduce mortality risk. In controlled environments where plants
do not compete for water, this conclusion may be true, but in the field, the water saving strategy
would only be optimal if neighboring plants do not have access to the saved water and the
saved water is not lost to the tree in other ways, such as soil evaporation. As a result, investing
more in biomass at the expense of water conservation may be the more optimal approach, as
an expanded root system and greater rooting depth, for example, could facilitate access to
larger soil moisture pools. However, this mechanism is rarely tested because this trait is quite
difficult to measure and most eCO, experiments take place in environments with limited soil
volume, which may limit root system expansion (Arp 1991). The next factor influencing the
potential eCO- benefit is the drought itself. If hydraulic limitations are pushed beyond their
critical thresholds before C limitations exceed their respective critical thresholds, then eCO,
should not be beneficial (Chapter 2). However, if the reverse is true, then eCO- should improve
tree resilience to drought by delaying the crossing of critical C thresholds and potentially
supporting faster or more complete recovery due to higher C availability if the drought event is
not lethal. Such an eCO; benefit could be enhanced by high VPD if an increase in VPD further
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reduces geanopy and subsequently photosynthesis during soil drought, but does not affect the
progression of the drought, thus promoting carbon starvation. On the other hand, if high VPD
exacerbates drought progression by increasing water loss, thereby promoting hydraulic failure,
then eCO; should not be beneficial. (Chapter 4)

Given the predicted increase in the frequency and severity of soil droughts and the concurrent
rise in VPD (Gu et al. 2019; F. Li et al. 2023; Zheng et al. 2023), the relationships described
above, combined with the observations presented, tend to argue against a general eCO;
benefit in pine seedlings. Instead, they suggest that the VPD effect may offset or even exceed
the eCO, effect, likely increasing the mortality risk for pine seedlings, especially in regions
where water availability is already the dominant limiting factor. (Figure 5.1) This is in line with
recent studies suggesting that the CO; fertilization effect is likely to decrease with rising CO,
as plants approach the saturation response to eCO; while high VPD elevates the water cost
of global land carbon sink attesting VPD its central role in the linking of global carbon and water
cycles (Chai et al. 2024; De Kauwe et al. 2021; S. Li et al. 2023; Liu et al. 2023; Pernicova et
al. 2024; Song et al. 2024). Altogether, these results point to a potential decrease in ecosystem
stability and increased impacts of droughts in vulnerable ecosystems under ongoing global
change.

Conclusion and outlook

The results presented in this thesis show that growth under eCO, does not reduce mortality
risk for pine seedlings when drought progression promotes hydraulic failure rather than carbon
starvation. This was mainly due to the lack of water savings caused by leaf-level reductions in
transpiration being overridden at the canopy scale by a large proportional increase in leaf area
and unaffected hydraulic safety. In addition, the observed unchanged metabolic and
hydrological drought response, combined with evidence of direct sink control by soil and
atmospheric drought, suggests that the potential beneficial effect of high C availability under
eCOg; is limited during drought stress. Although these results are based on experiments with
seedlings under defined conditions in a greenhouse and therefore have limitations in terms of
transferability to (adult) trees in the field, the mechanistic understanding gained in this thesis
can undoubtedly improve the predictive power for quantifying the effects of soil and
atmospheric drought on gas exchange, growth, production and survival of pine trees under the
influence of eCO.. The information provided is highly relevant for assessing future bioclimatic
and growth limits of pines.

At the same time, it is clear that further research is needed to determine the extent to which
the ability of not only pine but forests in general to act as carbon sinks will be limited by the
projected increase in the intensity and frequency of droughts, and how the potential effect of
CO- fertilization on tree growth and photosynthesis contributes to this. Therefore, future
experiments need to investigate the role of eCO; at different levels of soil drought in
combination with variable VPD and over different time scales, while measuring tree growth
directly rather than via source processes to account for sink limitation.
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