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Summary 

Forests play a critical role in the global carbon cycle, sequestering approximately 2.4 
petagrams of atmospheric CO₂ annually. However, forest functioning is increasingly 
threatened by climate extremes, particularly drought events that are projected to increase in 
frequency, intensity, and duration throughout the 21st century. Despite the importance of 
extreme events on forest biogeochemical cycles, we lack a mechanistic understanding of the 
physiological processes which govern stress responses, recovery dynamics, and subsequent 
multi-year alterations in forest function. Stress-induced functional impairment can operate 
through multiple physiological pathways such as through hydraulic damage, metabolic 
downregulation, and carbon depletion. Nonetheless, how drought characteristics like severity 
and duration modulate which physiological mechanisms determine stress and recovery 
responses remains poorly understood. 

The present thesis aims to improve our understanding of how drought impacts tree 
physiological processes across multiple temporal scales, investigating immediate stress 
responses, short-term recovery, and long-term legacy. The following research questions are 
addressed: (1) How do progressive drought and heat stress interact to affect photorespiration 
and subsequent regulation of oxidative stress? (2) How does drought severity mechanistically 
impact the short-term recovery of plant gas exchange and growth? (3) How do summer 
drought events alter internal plant carbon reserve dynamics to mediate the expression of 
legacy effects in the subsequent growing season? 

To answer these questions, three greenhouse experiments were conducted using temperate 
conifer species. In the first experiment, silver fir (Abies alba) juveniles were exposed to 
progressive drought combined with heat treatment (40°C for 6 hours). Gas exchange 
measurements under ambient and reduced oxygen conditions assessed the variable 
contribution of  photorespiration to photosynthetic efficiency, while foliar hydrogen peroxide 
and peroxidase content evaluated oxidative stress regulation. In the second experiment, 
Douglas fir (Pseudotsuga menziesii) juveniles were subjected to either mild or severe drought 
followed by 35 days of recovery. A custom-built gas exchange chamber system continuously 
measured above- and belowground CO₂ and H₂O fluxes, while stem dendrometers tracked 
growth dynamics. Periodic destructive sampling assessed water potential, foliar abscisic acid, 
and nonstructural carbohydrates to identify physiological constraints on recovery. In the third 
experiment, European larch (Larix decidua) and Scots pine (Pinus sylvestris) juveniles, 
which possess differing seasonal leaf habits (deciduous vs. evergreen), were exposed to 
extended summer drought, then monitored outdoors through the following growing season. 
Bud and branch nonstructural carbohydrates were sampled at four timepoints spanning 
autumn, winter, and spring to track seasonal carbon dynamics, while phenology was 
monitored and new tissue function and morphology assessed to quantify legacy effects. 

Results from the first experiment demonstrated that photorespiration's contribution to plant 
carbon assimilation varied along the gradient of drought severity. Mild drought modestly 
increased photorespiration (+5%) as stomatal closure reduced intercellular CO₂, while severe 
drought decreased photorespiration (-14%) as non-stomatal metabolic limitations became 
dominant. Despite variable photorespiration rates, hydrogen peroxide accumulation was 
tightly regulated through rapid increases in peroxidase enzyme activity, limiting oxidative 
stress signaling potential under all combinations drought and heat stress. 
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The second experiment revealed that recovery from drought is governed primarily by 
structural hydraulic constraints rather than carbon availability or phytohormonal signaling. 
Following severe drought that induced an estimated 70-85% loss of hydraulic conductivity, 
water potential and abscisic acid recovered to control levels within two days of rewatering, 
yet stomatal conductance and growth remained depressed for weeks. The ratio of sapwood 
area to leaf area (Huber value) emerged as the primary determinant of recovery, with 
drought-suppressed stem development leading to insufficient hydraulic supply. Nonstructural 
carbohydrates remained at or above control levels throughout recovery, challenging 
assumptions that carbon availability constrains post-drought function. 

In the third experiment, moderate extended drought altered nonstructural carbohydrate 
composition and mobilization into the following growing season. Autumn branch 
carbohydrate accumulation was reduced by >70% in larch despite normal autumn senescence 
patterns, while pine maintained normal autumn accumulation. Winter mobilization patterns 
indicated compensatory redistribution from distal storage pools in drought-stressed trees of 
both species. By mid-budburst, the deciduous larch displayed a significant carbohydrate 
deficit, while pine accumulated substantial carbohydrates prior to budburst, presumably due 
to persisting mature foliage due to its evergreen nature, and displayed a carbohydrate surplus. 
These altered carbohydrate dynamics correlated with earlier and slower budburst in larch, as 
well as large reductions in new tissue production (~50% in deciduous larch, ~25% in 
evergreen pine), establishing a carbon-mediated pathway in drought legacy expression, while 
suggesting leaf habit as a determinant of legacy vulnerability. 

The findings of this thesis demonstrate that drought characteristics such as severity and 
duration largely determine which physiological mechanisms dominate stress responses and 
shape recovery trajectories. Mild drought induces primarily passive stomatal regulation 
without triggering severe hydraulic damage or hormonal responses, enabling quicker 
functional restoration. Nonetheless, mild drought, when extended over significant periods, 
disrupts seasonal carbohydrate dynamics, resulting in altered spring phenology and reduced 
tissue production in the following growing season. Severe drought initiates qualitatively 
different pathways involving abscisic acid signaling, non-stomatal metabolic limitations, and 
xylem cavitation that create additional bottlenecks to recovery. The identification of Huber 
value as a measurable predictor of recovery capacity and leaf habit as a determinant of legacy 
vulnerability provides trait-based frameworks for assessing species-specific resilience. As 
drought frequency intensifies, understanding these severity-dependent responses is essential 
to develop mechanistic predictions of forest composition and productivity under novel 
climate regimes. 
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Zusammenfassung 
 
Wälder spielen eine entscheidende Rolle im globalen Kohlenstoffkreislauf und binden 
jährlich etwa 2,4 Petagramm atmosphärisches CO₂. Die Funktion der Wälder wird jedoch 
zunehmend durch Klimaextreme bedroht, insbesondere durch Dürreereignisse, deren 
Häufigkeit, Intensität und Dauer im Laufe des 21. Jahrhunderts voraussichtlich zunehmen 
werden. Trotz der Bedeutung extremer Ereignisse für die biogeochemischen Kreisläufe der 
Wälder fehlt uns ein mechanistisches Verständnis der physiologischen Prozesse, die 
Stressreaktionen, Erholungsdynamiken und Langzeitauswirkungen steuern, die zu 
mehrjährigen Veränderungen der Waldfunktionen führen. Stressbedingte 
Funktionsbeeinträchtigungen können über verschiedene physiologische Wege wie 
hydraulische Schäden, metabolische Herunterregulierung und Kohlenstoffverarmung 
ablaufen. Dennoch ist nach wie vor wenig darüber bekannt, wie Dürremerkmale wie 
Schweregrad und Dauer bestimmen, welche Mechanismen Stress- und Erholungsreaktionen 
dominieren.  
 
Die vorliegende Arbeit zielt darauf ab, das Verständnis dafür zu verbessern, wie sich Dürre 
auf die physiologischen Prozesse von Bäumen über mehrere zeitlichen Skalen hinweg 
auswirkt, von unmittelbaren Stressreaktionen über kurzfristige Erholung bis hin zu 
langfristigen Spätfolgen. Die folgenden Forschungsfragen wurden untersucht: (1) Wie wirken 
sich fortschreitende Dürre und Hitzestress auf die Photorespiration und die anschließende 
Regulierung von oxidativem Stress aus? (2) Wie begrenzt die Schwere der Dürre 
mechanistisch das kurzfristige Erholungspotenzial des Gasaustauschs und des Wachstums 
von Pflanzen? (3) Wie verändern sommerliche Dürreereignisse die Dynamik der internen 
Kohlenstoffreserven der Pflanzen und beeinflussen so die Ausprägung der 
Langzeitauswirkungen in der folgenden Vegetationsperiode?  
 
Um diese Fragen zu beantworten, wurden drei Gewächshausversuche mit gemäßigten 
Nadelbaumarten durchgeführt. Im ersten Versuch wurden Weißtannenkeimlinge (Abies alba) 
einer fortschreitenden Dürre in Kombination mit einer Wärmebehandlung (40 °C für 6 
Stunden) ausgesetzt. Gasaustauschmessungen unter Umgebungsbedingungen und reduzierten 
Sauerstoffbedingungen bewerteten den Beitrag der Photorespiration zur 
Kohlenstoffaufnahme, während der Gehalt an Wasserstoffperoxid und Peroxidase in den 
Blättern die Regulierung des oxidativen Stresses bewertete. Im zweiten Experiment wurden 
Douglasienkeimlinge (Pseudotsuga menziesii) entweder einer leichten oder einer schweren 
Dürre ausgesetzt, gefolgt von einer 35-tägigen Erholungsphase. Ein speziell angefertigtes 
Gasaustauschkammersystem maß kontinuierlich die CO₂- und H₂O-Flüsse über und unter der 
Erde, während Stammdendrometer die Wachstumsdynamik verfolgten. Durch regelmäßige 
destruktive Probenahmen wurden das Wasserpotenzial, das Abscisinsäuregehalt der Blätter 
und die nichtstrukturellen Kohlenhydrate bewertet, um physiologische Einschränkungen der 
Erholung zu identifizieren.  
 
Im dritten Experiment wurden junge Europäische Lärchen (Larix decidua) und Waldkiefern 
(Pinus sylvestris), die unterschiedliche saisonale Blattgewohnheiten aufweisen 
(laubabwerfend vs. immergrün), einer längeren Sommerdürre ausgesetzt und anschließend 
während der folgenden Vegetationsperiode im Freien überwacht. An vier Zeitpunkten im 
Herbst, Winter und Frühjahr wurden Proben von nichtstrukturellen Kohlenhydraten aus 
Knospen und Zweigen genommen, um die saisonale Kohlenstoffdynamik zu verfolgen, 
während die Phänologie überwacht und die Produktion von neuem Gewebe bewertet wurde, 
um die Auswirkungen zu quantifizieren. Die Ergebnisse des ersten Experiments zeigten, dass 
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der Beitrag der Photorespiration zur Kohlenstoffassimilation der Pflanzen entlang des 
Gradienten der Dürreintensität variierte. Eine leichte Dürre führte zu einem leichten Anstieg 
der Photorespiration (+5 %), da die Schließung der Spaltöffnungen das interzelluläre CO₂ 
reduzierte, während eine schwere Dürre die Photorespiration verringerte (-14 %), da nicht-
stomatal bedingte Stoffwechselbeschränkungen dominierten. Trotz variabler 
Photorespirationsraten wurde die Anreicherung von Wasserstoffperoxid durch einen raschen 
Anstieg der Peroxidase-Enzymaktivität streng reguliert, wodurch das Potenzial für oxidative 
Stresssignale selbst unter kombiniertem Dürre- und Hitzestress begrenzt wurde. Das zweite 
Experiment zeigte, dass die Erholung von Trockenheit in erster Linie durch strukturelle 
hydraulische Einschränkungen und weniger durch die Kohlenstoffverfügbarkeit oder 
hormonelle Signale bestimmt wird. Nach einer schweren Trockenheit, die zu einem 
geschätzten Verlust der hydraulischen Leitfähigkeit von 70–85 % führte, erholten sich das 
Wasserpotenzial und die Abscisinsäure innerhalb von zwei Tagen nach der 
Wiederbewässerung auf das Kontrollniveau, während die Stomatalleitfähigkeit und das 
Wachstum noch wochenlang beeinträchtigt blieben. Das Verhältnis von Splintholzfläche zu 
Blattfläche (Huber-Wert) erwies sich als der wichtigste Faktor für die Erholung, da die durch 
die Trockenheit gehemmte Stammentwicklung zu einer unzureichenden hydraulischen 
Versorgung führte. Nichtstrukturelle Kohlenhydrate blieben während der gesamten 
Erholungsphase auf oder über dem Kontrollniveau, was die Annahme in Frage stellte, dass 
die Kohlenstoffverfügbarkeit die Funktion nach einer Trockenheit einschränkt. 
 
Das zweite Experiment ergab, dass die Erholung nach einer Dürre in erster Linie durch 
strukturelle hydraulische Einschränkungen und weniger durch die Verfügbarkeit von 
Kohlenstoff oder hormonelle Signale bestimmt wird. Nach einer schweren Dürre, die zu 
einem geschätzten Verlust der hydraulischen Leitfähigkeit von 70 bis 85 % führte, erholten 
sich das Wasserpotenzial und die Abscisinsäure innerhalb von zwei Tagen nach der 
Wiederbewässerung auf das Kontrollniveau, während die Stomatalleitfähigkeit und das 
Wachstum noch wochenlang beeinträchtigt blieben. Das Verhältnis von Splintholzfläche zu 
Blattfläche (Huber-Wert) erwies sich als der wichtigste Faktor für die Erholung, da die durch 
die Dürre gehemmte Stammentwicklung zu einer unzureichenden hydraulischen Versorgung 
führte. Nichtstrukturelle Kohlenhydrate blieben während der gesamten Erholungsphase auf 
oder über dem Kontrollniveau, was die Annahme in Frage stellte, dass die 
Kohlenstoffverfügbarkeit die Funktion nach einer Dürre einschränkt. 
 
Im dritten Experiment veränderte eine moderate, längere Dürre die Zusammensetzung und 
Mobilisierung nichtstruktureller Kohlenhydrate in der folgenden Vegetationsperiode. Die 
Kohlenhydratakkumulation in den Zweigen im Herbst war bei Lärchen trotz normaler 
Herbstalterungsmuster um >70 % reduziert, während Kiefern eine normale Akkumulation 
aufwiesen. Die Mobilisierungsmuster im Winter deuteten auf eine kompensatorische 
Umverteilung aus distalen Speicherpools bei dürrestressbefallenen Bäumen beider Arten hin. 
Bis zur Mitte des Knospenaufbruchs wiesen Lärchen ein signifikantes Kohlenhydratdefizit 
auf, während Kiefern vor dem Knospenaufbruch vermutlich aufgrund des anhaltenden 
Laubbestands erhebliche Kohlenhydrate akkumulierten und einen Kohlenhydratüberschuss 
aufwiesen. Diese veränderte Kohlenhydratdynamik korrelierte mit einem früheren und 
langsameren Knospenaufbruch bei Lärchen sowie einer starken Verringerung der Produktion 
von neuem Gewebe (~50 % bei laubabwerfenden Lärchen, ~25 % bei immergrünen Kiefern), 
wodurch ein kohlenstoffvermittelter Weg in der Ausprägung von Trockenheitsfolgen etabliert 
wurde, während gleichzeitig die Blattform als Determinante für die Anfälligkeit gegenüber 
Folgen identifiziert wurde. 
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Die Ergebnisse dieser Arbeit zeigen, dass Trockenheitsmerkmale wie Schweregrad und Dauer 
weitgehend bestimmen, welche physiologischen Mechanismen die Stressreaktionen 
dominieren und die Erholungsprozesse prägen. Eine milde Dürre induziert in erster Linie eine 
passive Stomatalregulation, ohne schwere hydraulische Schäden oder hormonelle Reaktionen 
auszulösen, was eine schnellere funktionelle Wiederherstellung ermöglicht. Dennoch stört 
eine milde Dürre, wenn sie sich über einen längeren Zeitraum erstreckt, die saisonale 
Kohlenhydratdynamik, was zu einer veränderten Frühjahrsphänologie und einer verringerten 
Gewebeproduktion in der folgenden Vegetationsperiode führt. Eine schwere Dürre löst 
qualitativ unterschiedliche Wege aus, die Abscisinsäuresignale, nicht-stomatal Die 
Identifizierung des Huber-Wertes als messbarer Prädiktor für die Erholungsfähigkeit und der 
Blatttrieb als Determinante für die Vererbungsanfälligkeit bieten merkmalsbasierte 
Rahmenbedingungen für die Bewertung der artspezifischen Resilienz. Angesichts der 
zunehmenden Häufigkeit von Dürren ist das Verständnis dieser von der Schwere abhängigen 
Reaktionen unerlässlich, um mechanistische Vorhersagen über die Zusammensetzung und 
Produktivität von Wäldern unter neuen Klimabedingungen zu entwickeln. 
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1 Introduction 
 
1.1 Forests under a changing climate 

Forests compose approximately one-third of the Earth's terrestrial surface and are among the 

most ecologically significant ecosystems on the planet. Forests provide valuable ecosystem 

services by supporting rich biodiversity, stabilizing soils and hydrological processes which 

reducing the risks of natural disasters, while serving as net carbon sinks to partially mitigate 

the effects of climate change. Forests store an estimated 600 gigatons (Gt) of carbon globally 

and absorb approximately 2.4 ± 0.4 petagrams of carbon dioxide annually (Pan et al. 2011), 

limiting the rise in atmospheric CO2 from anthropogenic emissions. Additionally, healthy 

forests support economic development through sustainable timber production while providing 

for cultural and recreational livelihoods.  

 

Forests regulate their biogeochemical cycles to dynamically interact with their local climate. 

Evapotranspiration from forest canopies largely influence local precipitation patterns and 

enhances moisture recycling. Evapotranspiration is crucial in moderating local temperatures, 

as energy used to evaporate liquid water can be removed from that system (Butt et al. 2023). 

This cooling function is particularly critical in the context of climate change, as abiotic 

stresses like drought reduce evapotranspiration, initiating feedback-loops which can 

drastically increase local temperatures. 

Anthropogenic climate change has led to an increase of atmospheric CO₂ from pre-industrial 

levels from around 280 ppm to 425 ppm in 2025. While increasing atmospheric CO₂ can 

enhance C uptake in forests due to increased photosynthetic efficiency (Walker et al. 2021), 

this increase is also accompanied by a greater frequency, intensity, and duration of extreme 

climate events such as heatwaves and drought, negatively impacting the terrestrial C sink 

(Fan et al. 2023). Furthermore, the capacity of forests to remain as terrestrial C sinks remains 

unclear, with pressures such as ageing forests, land use change, and greater future disturbance 

all projected to reduce ecosystem productivity (Pan et al. 2024). 

Across biomes, there is mounting evidence that forests are already responding to greater 

abiotic stress. Drought and heatwaves are known to lower forest productivity while 

increasing mortality risk and reducing forest regeneration. These impacts have been acutely 
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observed in recent years, where extreme stress events have led to widespread forest dieback 

(Hartmann et al. 2022). Compounding these challenges, the long generational times of most 

forest tree species constrain their capacity to respond to rapid climate-driven selection 

pressures through adaptive evolution. However, many species display considerable 

phenotypic plasticity, which allows them to modify key physiological traits to increase their 

resilience to extreme climate events. While plastic responses may convey measurable 

resistance to stress, these effects may only be beneficial at limited timescales. An increasing 

frequency of abiotic stress events can outpace the typical recovery window of critical plant 

functions, meaning stress events reoccur before full physiological function has been restored. 

As such, the temporal scale of tree recovery may become increasingly mismatched as 

extreme events become more frequent, leading to continuous reductions in forest resilience 

over time (Marchand et al. 2025). Despite a growing awareness of these threats to forest 

resilience, significant uncertainties remain regarding how such stress-induced physiological 

responses are reversed upon the restoration of optimal growth conditions.  

1.2 Impacts of abiotic stress on tree gas exchange  

One of the earliest physiological responses to drought stress in trees is the reduction in 

stomatal conductance, a mechanisms which limits water losses through transpiration. 

However, reductions in stomatal conductance also restricts CO₂ entry into the leaf, lowering 

the concentration of intercellular CO₂, thereby reducing photosynthetic C assimilation. As 

substrate availability for carboxylation declines, Rubisco, which facilitates the fixation of C 

from CO₂ during photosynthesis, increases its relative rate of oxygenation (Ku and Edwards 

1978). This shift enhances the occurrence of photorespiration (PR), where O₂ replaces CO₂ in 

the Rubisco active site, leading to the release of atmospheric CO₂ while consuming ATP and 

NADPH (Sharkey 1988; Bauwe et al. 2010). Nearly all forest tree species utilize C₃ 

photosynthesis, making them susceptible to C losses through PR, which are estimated to 

lower carbon assimilation losses by approximately 25% under normal conditions 

(Raghavendra 2003). Heat stress can further exacerbate PR, as rising temperatures increase 

the solubility of O₂ relative to CO₂, while also modifying Rubisco kinetics, decreasing its 

affinity for CO₂ while increasing misfire rates (Salvucci and Crafts-Brandner 2004; Bracher 

et al. 2017) 

One of the major byproducts of PR is hydrogen peroxide (H₂O₂), which is primarily 

generated in the peroxisome via glycolate oxidation (Noctor et al. 2002). PR is responsible 
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for the production of approximately 70% of cellular H₂O₂. While H₂O₂ is traditionally viewed 

as a damaging oxidative agent (ROS), recent studies have emphasized its critical role as a 

stress-signaling molecule during abiotic stress (Voss et al. 2013; Strand et al. 2015). H₂O₂ is 

involved in transcription regulation of numerous stress-response genes and mediates 

hormonal signaling pathways, notably abscisic acid (ABA)-induced stomatal closure (Bright 

et al. 2006; Marinho et al. 2014). Furthermore, H₂O₂ signaling has been implicated in 

regulating the alternative oxidase pathway, which suppresses ROS accumulation by 

supporting antioxidant enzyme production (Sunil et al. 2019). 

The role of H₂O₂ in regulating plant stress physiology is double-sided. While it may serve as 

a critical signaling molecule to regulate stress-sensitive gene expression and hormonal 

signaling pathways, H₂O₂ can become cytotoxic at high concentrations, leading to cellular 

membrane, protein, and DNA damage. To balance this, plants rely on antioxidant systems, 

including scavenging enzymes such as peroxidases to maintain H₂O₂ within functional limits 

(Abogadallah 2011). However, the efficacy of these regulatory mechanisms varies across 

species, tissue type, as well during periods of elevated PR like during drought and heat 

events. Despite this, the coordination between elevated H₂O₂ production, ROS signaling, and 

antioxidant regulation under concurrent drought and heat stress remains poorly understood, 

particularly in forest tree species. Experimental investigations into the regulation of H₂O₂ 

accumulation under compound climate stresses are rare (Zhou et al. 2013; Dewar et al. 2022), 

representing a significant knowledge gap in understanding the mechanisms that regulate 

physiological function during abiotic stress.  

1.3 Limitations of plant function during post-drought recovery 

 

1.3.1 Restoration of gas exchange 

Recovery from stress events such as drought is often defined as a partial or full reopening of 

stomata to regain photosynthetic function. However, this process is not always immediate 

upon rehydration. One of the leading limitations to a rapid restoration of gas exchange is due 

to physical damage sustained by hydraulic failure during drought. Specifically, embolism - 

pockets of air which disrupt water flow – form during drought events as tension in the 

conductive xylem tissue exceeds species-specific thresholds for cavitation. These embolisms 

disrupt water flow, leading to permanent xylem disfunction, and ultimately lower hydraulic 
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conductance necessary to maximize stomatal aperture (Rehschuh et al. 2020). This results in 

a sustained reduction in hydraulic conductivity, which delays or even prevents the full 

recovery of transpiration and gas exchange, likely until new xylem tissues are formed via 

sapwood growth to replace dysfunctional conduits (Brodribb and Cochard 2009).  

In addition to hydraulic constraints, hormonal regulation plays a crucial role in regulating 

stomatal function during stress events. Under severe drought stress, abscisic acid (ABA) 

accumulates to maintain stomatal closure and limit transpiration to minimal levels 

(Daszkowska-Golec 2016). While ABA concentrations typically decline upon tissue 

rehydration, stress-induced disruptions in hormonal signaling may lead to hormone levels 

remaining elevated, leading to ABA-induced stomatal closure limiting the recovery of gas 

exchange (Brodribb and McAdam 2013).  

Plants rely on osmotic regulation to maintain water movement through conductive tissues 

(Long and Adams 2023). Water moves along gradients of osmotic potential, with the 

accumulation of osmotically active substances such as free sugars, organic acids, and amino 

acids lowering cell osmotic potential and helping to maintain hydraulic supply. Among these 

solutes, soluble sugars derived from non-structural carbohydrates (NSC) play a key role. 

However, as stomatal conductance remains limited, photosynthetic carbon assimilation is 

constrained, limiting the new input of solutes. This can lead to a negative feedback loop, 

where insufficient NSC availability impairs osmotic regulation, which in turn impairs the 

restoration of hydraulic conductance, and ultimately gas exchange. Thus, carbohydrate 

availability, whether through stored reserves or new input, are likely to govern the 

physiological recovery from stress events.  

 

1.3.2 Restoration of growth 

Observational studies have documented that growth recovery following drought often lags 

behind the recovery of gas exchange (Kannenberg et al., 2022), suggesting that 

photosynthetic function alone does not ensure resumed structural development. Drought 

stress can disrupt carbon transport to sink tissues by reducing phloem transport of recent 

assimilates. Phloem tissues are osmotically balanced to the connected xylem tissues to 

maintain function (Thompson and Holbrook 2003). As xylem water potential declines during 

drought, phloem tissues osmotically adjust by increasing free sugar content. However, this 
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rise in phloem carbohydrate content exponentially increases phloem sap viscosity, which 

increases transport resistance and can lead to phloem collapse (Hölttä et al. 2009). 

Furthermore, drought-induced decreases in cambial turgor pressure limit the turgor-sensitive 

processes of cell division and expansion (Körner 2015), leading to reduced C demand in sink 

tissues. Together, these hydraulic and transport limitations decouple growth from the 

availability of photoassimilates, and underscore the need for coordinated recovery of xylem 

and phloem function to regain growth processes following drought events.  

The restoration of growth following drought may additionally be constrained by competition 

from additional carbon sinks, particularly storage and repair. Reductions in gas exchange 

during drought events can induce a negative carbon balance, where C losses through the 

maintenance respiration of living tissues exceeds carbon assimilation, leading to the depletion 

of NSC reserves in a process referred to as C starvation (Hartmann 2015). However, it 

remains debated whether NSC refilling is actively prioritized over growth, or whether NSC 

are only passively replenished after active sink demand (i.e., growth) is met (Landhäusser and 

Adams 2024; Stefaniak et al. 2024). Additionally, drought-induced tissue damage may 

necessitate substantial C be allocated for repair, including cellular membrane restoration, 

organelle regeneration, as well as replacing dysfunctional vascular tissues (Brodribb and 

Cochard 2009; Ruehr et al. 2019). These overlapping demands may constrain carbon 

availability for growth, meaning that even when gas exchange resumes and turgor thresholds 

are met, growth may still remain restricted until carbohydrate reserves are refilled and 

cellular repair functions are complete. This complexity highlights the uncertainty regarding 

how trees allocate carbon following stress recovery and poses a challenge for accurately 

predicting recovery trajectories.  

1.4 Long-term legacy effects of drought on tree function 

One of the most consequential yet understudied effects of drought is its potential to induce 

legacy effects, which continue to alter tree function through subsequent growing seasons 

(Kannenberg and Phillips 2020; Kannenberg et al. 2020; Sterck et al. 2024). Such legacy 

effects have been documented to affect multiple plant physiological processes, including 

disruptions in seasonal phenology, modifications to new tissue function, altered allocation to 

NSC, and reductions in growing season productivity.  
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Phenological shifts are among the most commonly observed legacy effects from drought 

events. Summer drought events have been found to advance or delay autumn leaf senescence 

(Vander Mijnsbrugge et al. 2016; Sun et al. 2024; Vander Mijnsbrugge et al. 2025) and alter 

the timing of spring budburst in the following year (Sanz-Pérez and Castro-Díez 2010; 

Čehulić et al. 2019). These shifts directly influence the length of the growing season with 

implications for the recovery timeframe in temperate forests. 

Another notable legacy effect is the ability for trees to modify foliar function in tissues 

produced following the drought event. Specifically, studies have reported reductions in 

specific leaf area and limited stomatal conductance in subsequent-year tissues, which 

effectively reduce water loss (albeit at the cost of C assimilation) and may enhance resilience 

to recurrent drought events (Petrik et al. 2022; Wang et al. 2024). However, such functional 

modifications are not universally observed (Bačurin et al. 2025), suggesting that their 

expression may depend on specific drought characteristics or even species-specific responses. 

Furthermore, while these adjustments may serve as a fitness advantage in the case of 

recurrent drought stress, they may conversely be a fitness disadvantage if such functional 

modifications restrict the plant’s ability to take advantage of optimal growing conditions.  

Reduced productivity during the growing season following drought is globally documented in 

forests, yet the mechanisms which govern this remain poorly understood (Kannenberg et al. 

2022). One proposed mechanism resulting in reduced productivity is limited substrate 

availability. Specifically, drought-induced reductions to carbon assimilation may limit the 

seasonal accumulation of NSC, which support winter respiration and provide substrate for 

new tissue development in spring (Tixier et al. 2018). Thus, whether NSC deficits arising 

from drought persist into the subsequent growing season depends on the post-drought 

recovery of NSC reserves. However, this process is temporally limited, with the growing 

season ultimately constrained by the onset of autumn leaf senescence and winter dormancy. 

Understanding how drought-induced NSC deficits persist to affect subsequent growing 

season productivity remains poorly understood and requires tracking carbon reserve 

dynamics throughout the post-drought window while considering how phenological shifts 

influence NSC recovery. 

 

The molecular basis for drought legacy effects involves epigenetic mechanisms that enable 

plants to “remember” previous stress exposure. Recent research has identified several 
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pathways through which drought can induce heritable changes in gene expression without 

altering DNA sequences, including DNA methylation, histone modifications, and regulation 

by non-coding RNAs (Luo et al. 2018; Gelaw and Sanan-Mishra 2021). These epigenetic 

modifications can persist following stress relief and mediate interactions with phytohormonal 

signaling pathways, particularly involving abscisic acid, jasmonic acid, and cytokinins, to 

coordinate downstream physiological responses (Liu et al. 2016; Martin et al. 2017; Jiang et 

al. 2023). Through such mechanisms, drought stress memory may influence the 

morphological and functional modifications observed in new leaf tissues, regulate the timing 

of phenological events, and alter stress response capacity during subsequent drought 

exposure. While most epigenetic research has focused on model species and annual crops, 

emerging evidence suggests that similar mechanisms operate in perennial woody species, 

though their specific roles in mediating multi-season legacy effects remain poorly 

understood. 

The mechanistic pathways underlying drought legacy effects likely depend on the severity, 

duration, and timing of stress events. Severe drought that induces substantial hydraulic 

damage or triggers strong hormonal and metabolic stress responses may generate different 

legacy mechanisms than moderate, extended drought that primarily affects seasonal C 

acquisition. Additionally, species traits such as leaf habit may influence legacy vulnerability, 

as deciduous species rely entirely on stored NSC for spring leaf-out while evergreen species, 

which maintain mature foliage interannually, can supplement spring growth demand with 

recent assimilates. The high variability of legacy responses across studies underscores the 

need for controlled experiments that can isolate specific physiological mechanisms that 

determine which legacy pathways dominate. 

1.5 Objectives of the thesis 

 

This thesis aims to improve the understanding of the immediate, short-term, and long-term 

legacy effects of abiotic stress on tree physiological function and stress recovery. In detail, 

the research objectives of this theses are: 
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1. Identify how progressive drought and heat stress interact to affect the contribution of 

photorespiration to photosynthetic efficiency, as well as the resulting regulation of 

oxidative stress via hydrogen peroxide accumulation.  

 

2. Determine how variable drought severity mechanistically affects the physiological 

short-term recovery of tree function. 

 

3. Quantify how summer drought events alter nonstructural carbohydrate dynamics 

across seasons to mediate legacy expression in the following growing season. 

 

1.6 Experimental approach 

 

The objectives of this thesis were addressed in three separate experiments in a greenhouse 

facility at the Institute of Meteorology and Climate Research in Garmisch-Partenkirchen 

(KIT-IMKIFU), Germany (708 m a.s.l., 47°28'32.9"N, 11°3'44.2"E). These experiments were 

carried out on a variety of native and non-native juvenile trees which are commonly used in 

European forestry. Specifically, we utilized four-year-old silver fir (Abies alba Mill.) 

juveniles (Chapter 2), three-year-old Douglas fir (Pseudotsuga menziesii) (Chapter 3), and 

four-year-old European larch (Larix decidua) and Scots pine (Pinus sylvestris) in Chapter 4. 

 

Experiment 1 (2023): 

 

To address objective 1, we withheld irrigation from silver fir juveniles while monitoring soil 

water content and midday water potential. Gas exchange and fluorescence measurements, 

including net photosynthesis, stomatal conductance, and electron transport rate were collected 

at mid-drought (11 days) and end-drought (25 days) timepoints. Following end-drought, we 

imposed a six-hour heat treatment of 40oC, with gas exchange measurements repeated. 

Measurements on each individual were conducted under both ambient (~21% O2) and low-

oxygen (~2% O2) conditions to assess Rubisco carboxylation efficiency and photorespiration. 

Additionally, leaf samples were collected at both the end-drought and heat treatment 

timepoints to assess foliar hydrogen peroxide and peroxidase content. This study design 

allowed us to assess the additive and interactive effects of drought and heat stress on 
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photorespiration as well as the resulting regulation of hydrogen peroxide. This study is 

reported as Chapter 2.  

 

Experiment 2 (2023): 

 

To address objective 2, Douglas fir juveniles were exposed to 28 days of either mild or severe 

drought, followed by a 35-day recovery period. “Pilot” individuals were measured 

periodically for midday water potential, branch NSC content, and foliar ABA content, while 

additional “chamber” individuals were continuously monitored for above- and below-ground 

gas exchange as well as changes to stem basal area using custom-built gas exchange 

chambers. This study design allowed us to identify the physiological impacts of drought 

severity and how these influenced to immediate functional recovery. This study is reported as 

Chapter 3.  

 

Experiment 3 (2024-2025) 

To address objective 3, juveniles of two species with contrasting leaf habit (deciduous 

European larch and evergreen Scots pine) were subjected to an extended summer drought 

period, then placed outside and monitored into the following growing season. We sampled 

bud and branch tissues for NSC content at four timepoints (end-drought, end-autumn, end-

winter, and during active budburst) to track seasonal carbohydrate dynamics. We monitored 

autumn leaf senescence phenology using spectral indices and spring budburst phenology 

using a visual scale. Additionally, we quantified legacy responses by measuring the 

morphology and photosynthetic function of new tissues produced during the following 

growing season. This study design allowed us to identify how summer drought events 

mechanistically impact carbon reserve dynamics across dormancy and relate to legacy 

changes in phenology, morphology, and tissue function. This study is reported as Chapter 4.  

1.7 Structure of thesis 

 

The structure of the thesis is organized as follows. Chapter 2 explores the interactive effects 

of drought and heat stress on photorespiration and hydrogen peroxide accumulation in silver 

fir. Chapter 3 examines the physiological limitations to tree recovery following drought 

events of varied intensity in Douglas fir. Chapter 4 investigates legacy effects induced by 



 10 

summer drought events in European larch and Scots pine, focusing on how altered 

nonstructural carbohydrate dynamics affect phenology and tissue production in the 

subsequent growing season. Chapter 5 provides a comprehensive review of epigenetic 

mechanisms underlying somatic drought stress memory which were not experimentally 

assessed. Specifically, Chapter 5 examines how DNA methylation, histone modifications, and 

phytohormonal signaling interact to mediate persistent changes in leaf morphology, 

physiology, and stress responsiveness. Chapter 6 synthesizes the main findings of this thesis 

and their implications for abiotic stress response at immediate, short-term, and long-term 

(legacy) timescales in forest species.  
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2 Drought and heat stress interactions modify photorespiration and hydrogen peroxide 

content in Silver fir 

This chapter was published as: 

 

Alongi, F., Petrík, P., Ruehr, N.K., 2024. Drought and heat stress interactions modify 

photorespiration and hydrogen peroxide content in Silver fir. Tree Physiol. 

https://doi.org/10.1093/treephys/tpae126 tpae126. 

 

Abstract 

 

Photorespiration (PR) greatly reduces net carbon assimilation in trees (by c. 25%), but 

has received recent attention particular for its potential role in stress-signaling through the 

accumulation of hydrogen peroxide (H2O2), a stress signaling agent. Despite an increasing 

frequency of drought and heat events affecting forests worldwide, little is known about how 

concurrent abiotic stressors may interact to affect PR and subsequent H2O2 accumulation in 

trees. Here, we sought to identify how drought and a compounded one-day heat treatment 

individually and interactively affect PR (determined under variable O2) in Abies alba Mill. 

seedlings. Additionally, we quantified foliar H2O2 accumulation and enzymatic scavenging via 

peroxidase in relation to PR rates. We found drought stress to slightly increase PR (+5.2%) 

during mild-drought (12 days, Ψmd = -0.85 MPa), but ultimately to decrease PR (-13.6%) during 

severe-drought (26 days, Ψmd = -1.70 MPa) compared to the control, corresponding to 

increasing non-stomatal limitations of photosynthesis (i.e., decreased electron transport rate). 

The response of PR to heat stress was dependent on soil water availability as heat stress 

increased PR in control seedlings (+37.8%), but not in drought-stressed seedlings. Decreased 

PR during severe-drought corresponded to ~2x lower foliar H2O2 compared to the control. 

Despite increased PR under heat stress in control seedlings, foliar H2O2 decreased to near-zero 

likely due to enhanced scavenging as observed in ~2x greater peroxidase activity. Our results 

demonstrate that carbon loss to PR during drought stress can be highly dynamic, depending on 

the severity of soil dehydration. Additionally, increased PR under abiotic stress does not 

necessarily lead to accumulated H2O2, as tight regulation by scavenging enzymes instead 

minimize oxidative stress, reducing stress-signaling potential.  
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2.1 Introduction 

 

The world’s forests serve as a global carbon sink, currently accounting for a net removal of -

7.6 ± 49 GtCO2eyr-1 from the atmosphere due to photosynthetic carbon assimilation minus 

respiratory processes. Photorespiration (PR) has a large impact on the global carbon cycle by 

reducing carbon assimilation from photosynthesis by c. 25% in nearly all tree species, which 

predominately utilize C3 carbon fixation (Sharkey 1988; Raghavendra 2003; Young et al. 

2020). Specifically, PR occurs when O2 rather than CO2 fills the active site of ribulose-1,5-

bisphosphate carboxylase/oxygenase (Rubisco), ultimately consuming ATP and NADPH and 

releasing CO2 (Bauwe et al. 2010).  Abiotic stress events such as drought and heat have long 

been known to increase rates of PR (Hochberg et al. 2013; Wolf and Paul-Limoges 2023). 

Despite these associated losses in carbon assimilation, PR has recently received attention 

primarily for its potential role in stress tolerance affecting the cellular signaling of metabolic-

intermediates such as hydrogen peroxide (H2O2; (Voss et al. 2013; Sunil et al. 2019; Ünlüsoy 

et al. 2023). With drought and heat risk expected to increase in forests worldwide, 

understanding the responses of PR to abiotic stress is important to better model both future 

forest carbon fluxes and tree stress responses (Allen et al. 2010; Lloyd et al. 2023; Wolf and 

Paul-Limoges 2023).  
 

Both drought and heat stress can increase PR, as physiological responses to stress in trees 

modify the interaction of Rubisco and CO2 (Ku and Edwards 1978). To minimize water loss 

during periods of drought stress, plants close stomata, increasing stomatal resistance and 

reducing the amount of intercellular CO2 available for carboxylation by Rubisco (Ku and 

Edwards 1978; Martin-StPaul et al. 2017; Petek-Petrik et al. 2023). As Rubisco preferentially 

draws down CO2, the resulting higher O2:CO2 ratio can increase PR rates during initial drought 

(Wingler et al. 1999; Fang et al. 2023). As drought progresses, non-stomatal limitations to 

photosynthesize may increase as processes in the photosynthetic light reactions like electron 

transport rate (ETR)  become limiting, including a reduction in the regeneration of NADPH 

and ATP, which are essential for the Calvin cycle and overall carbon assimilation (Flexas and 

Medrano 2002; Lawlor and Tezara 2009). With increased non-stomatal limitations, 

intracellular CO2 no longer is the greatest limitation to photosynthesis, which may relieve 

photorespiration rates. Heat stress can similarly increase PR rates in trees, as the increased 
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solubility of O2 relative to CO2 at warmer temperatures leads to higher O2:CO2 (Ku and 

Edwards 1977; Doehlert and Walker 1981). In addition, heat stress can enhance PR by altering 

Rubisco kinetics, such as by decreasing affinity to CO2 and/or increasing rates of Rubisco 

misfire (Jordan and Ogren 1984; Salvucci and Crafts-Brandner 2004; Bracher et al. 2017). 

However, despite their mechanistic similarities and often simultaneous occurrence, the 

interacting effects of drought and heat stress on PR in trees remains to be directly 

experimentally investigated, and may represent a limitation in GPP modeling (Zhou et al. 2013; 

Dewar et al. 2022).  

 

PR is suggested to facilitate abiotic stress tolerance through the regulation of excess 

photochemical products and/or by stress-signaling through the PR intermediate H2O2 (Voss et 

al. 2013; Sunil et al. 2019; Ünlüsoy et al. 2023). H2O2 activates transcription factors of stress-

response genes (Marinho et al. 2014), and is used as a secondary messenger in plant-hormone 

pathways, such as abscisic acid induced stomatal regulation (Bright et al. 2006).  During abiotic 

stress, reduced RuBP-regeneration can lead to an overaccumulation of ATP and NADPH from 

the light-reactions of photosynthesis, resulting in the inactivation of PSII and increased ROS 

production (Kato et al. 2003; Bambach et al. 2020). PR can help relieve photoinhibition by 

consuming excess NADPH and ATP to maintain cyclic electron flow (CEF) and dissipate 

excess energy, which may be particularly important for trees during heat stress (Flexas and 

Medrano 2002b; Peñuelas and Llusià 2002; Takagi et al. 2016). While H2O2 can originate from 

multiple cellular compartments such as chloroplasts during high light, in the mitochondrion 

during respiration, and the metabolism of ROS,  70% is produced via glycolate oxidation in 

the peroxisome during PR (Noctor et al. 2002; Voss et al. 2013; Strand et al. 2015). H2O2 can 

also upregulate the alternative oxidase pathway, which limits ROS accumulation and maintains 

redox balance by increasing scavenging enzyme activity (Sunil et al. 2019). As H2O2 itself is a 

ROS that can cause cellular damage, concentrations are continuously regulated by a series of 

scavenging enzymes like peroxidases and catalases, as well as chemical pathways like the 

glutathione-ascorbate cycle to minimize oxidative stress. Thus, it remains unclear how 

potential increases in PR during abiotic stress like drought and heat may affect H2O2 

accumulation and enzymatic scavenging (Abogadallah 2011).   

 

In this study, we aimed to identify how drought and heat stress individually and interactively 

affected the contribution of PR to carbon assimilation, as well as to H2O2 accumulation and 

scavenging in silver fir (Abies alba Mill.) seedlings. Silver fir is a native conifer widespread 
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throughout Europe. While silver fir is considered as a potential alternative to Norway spruce 

because it is able to draw water from deeper depths, it may still be particularly sensitive to 

drought and heat stress (Stangler et al. 2022). To further explore this sensitivity, we exposed 

silver fir seedings to a 25-day drought, followed by a six-hour heat wave at 40°C. Gas exchange 

and electron transport rates were determined to estimate PR during mild and severe drought, 

as well as during a subsequent heat event. Additionally, we analyzed foliar concentrations of 

H2O2 and peroxidase (POD), a major enzymatic H2O2 scavenging class. We hypothesize that 

the relative contribution of PR to net carbon assimilation increases with drought progression, 

and would be greatest during combined drought and heat stress. Additionally, we hypothesize 

that foliar H2O2 concentration increase with PR during drought and heat stress, outpacing 

increased POD activity.  

 

2.2 Materials and Methods 

2.2.1 Plant material and growth conditions 

 

We obtained bare-rooted four-year-old Abies alba seedlings from a tree nursery in 

Gunzenhausen, Germany in March 2023. Seedlings had an average aboveground height of 

32.29 cm ± 0.78, and an average diameter of 9.53 mm ± 0.30 two cm above the soil level. 

Seedlings were planted in 5.7L pots containing a mixture of peat substrate and perlite (5:1). 

Osmocote© 5 8-9 month slow-release fertilizer (16-8-12 + 2.2MgO + TE; ICL Specialty 

Fertilizers) was added to all pots at a rate of 1g/L. During the pre-experimental period (March 

2023 – August 2023) seedlings were kept outdoors at an experimental greenhouse facility in 

Garmisch-Partenkirchen, Germany (708 m a.s.l., 47°28’32.9” N, 11°3’44.2” E). In August 

2023, seedlings were moved inside the greenhouse facility to acclimate to greenhouse 

conditions for three weeks. Seedlings were automatically drip irrigated with 60 mL water twice 

daily (08:00, 21:00; Rain Bird, Azusa, USA), with LED grow lamps maintaining a 15-h 

photoperiod (LED-KE 400 VSP, DHLicht, Wuelfrath, Germany). Continuously measured 

photosynthetic active radiation (PAR) reached daytime averages of 550-650 µmol m−2, while 

temperature and relative humidity were maintained at 23 °C and 55% respectively (Figure S2.1, 

PQS 1, Kipp & Zonen, Delft, The Netherlands). 
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2.2.2 Experimental Conditions 

 

Twenty seedlings were randomly assigned to either a well-watered control (n=10) or drought 

treatment (n=10). On August 26th 2023, irrigation was withheld completely from the drought 

treatment while the control treatment continued to receive drip irrigation. Soil volumetric water 

content (SWC) was measured throughout the experimental period in all pots (10HS, Meter 

Group, USA), with control seedlings maintaining ~37% SWC throughout the experimental 

period. Midday branch water potential (Ψmd) was periodically measured on randomly selected 

individuals to track drought progression by removing axial branches and immediately 

measuring with a Scholander-type pressure chamber (Model 600D, PMS Instruments, Oregon, 

USA). 

 

Gas exchange and fluorescence measurements were collected on August 26th (experimental 

start) September 6th (mild-drought), and September 20th 2023 (severe-drought), beginning at 

midday and lasting c. 3 hours. Additionally, leaf temperature (Tleaf; PI 450, Optris, Germany), 

and samples for chemical analysis were collected on all individuals during severe-drought. On 

September 21st 2023 at 6:00, greenhouse daytime air temperature was increased to 40 °C, 

beyond the thermal optimal in silver fir (Robakowski et al. 2002; Húdoková et al. 2022). Heat 

stress was maintained for six hours before repeated collection of gas exchange and fluorescence 

measurements, leaf temperature, and samples for chemical analysis on both control + heat 

treatment (formerly control) and drought + heat treatment (formerly drought) individuals. All 

gas exchange and chemical analyses were performed on current-year growth.  

 

2.2.3 Gas exchange and fluorescence measurements  

 

Branches with c. 6 leaves (aligned flat for consistent coverage) were measured for net 

photosynthetic carbon assimilation rate (Anet), stomatal conductance (gsw) and electron 

transport rate (ETR) using a LI-6800 portable photosynthesis system equipped with the 6800-

01A multiphase flash fluorometer (LI-COR Biosciences, Lincoln, Nebraska, USA). The 2-cm2 

cuvette conditions were set to: 600 µmol m−2 s-1 photosynthetic photon flux density (estimated 

saturation point from light-response curves, Figure S2.2), 400 ppm [CO2] and a 750 µmol s-1 

flow rate using ambient humidity levels (~25-55%, Figure S2.1). Air temperature inside the 
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cuvette was set to 25°C at measurement timepoints before heat stress, and to 40°C during heat 

stress to reflect greenhouse air temperature. Directly following the measurement under ambient 

air (~21%-O2), while the cuvette was still attached to the leaves, reduced oxygen air (~2% -O2) 

at the same flow rate and same CO2 concentration was supplied to the cuvette. The 

measurements were taken after instrumental stability of Anet (slope < 0.5 µmol CO2 m-2 s-1 

min- 1) and gsw (slope < 0.01 mol m-2 s-1 min-1) was reached, with a minimum stabilization time 

of one minute. The ~2%-O2 Anet was compared to that measured under ~21%-O2, with their 

ratio being an estimation of Rubisco carboxylation efficiency, and their difference being the 

estimation of PR (Sharkey 1988; Yin et al. 2020). The air source provided to the LI-6800 was 

modified using a three-way valve connected to an air tank containing 2%-O2 in N2, with another 

valve open to ambient air. All parameters were recalculated using individually measured leaf 

area within the 2-cm2 cuvette. 

 

2.2.4 Chemical analysis: Hydrogen peroxide and Peroxidase activity 

 

Axial branches of c. 10 cm were harvested from all individuals at both severe-drought and 

during subsequent heat stress, with leaves being removed and immediately flash frozen in 

liquid nitrogen. Frozen leaf material was ground to a fine powder in liquid nitrogen using 

mortar and pestle. Hydrogen peroxide (H2O2) concentration was quantified using the 

Amplex™ Red Hydrogen Peroxide/Peroxidase Assay Kit (ThermoFisher Scientific, Waltham, 

Massachusetts, USA), as described in Chakraborty et al. (2016). In short, the oxidation of 

AmplexTM Red reacts in 1:1 stoichiometry with H2O2 in the presence of peroxidase resulting in 

the fluorescent product resorufin, which we measured using a spectrophotometer for 

absorbance at 560nm following excitation between 530-560 nm (Epoch 2, BioTek, Vermont, 

USA). Sample H2O2 concentrations were determined by comparing absorbances to a standard 

curve of known H2O2 concentrations, with all samples saturated with horseradish peroxidase. 

Peroxidase enzymatic activity (POD) was quantified using the same reagents following a 

similar procedure, where concentrations were determined by comparing absorbances to a POD 

standard curve, with all samples instead saturated with H2O2. POD activity is reported in units 

(U), defined by the manufacturer as the amount of enzyme that forms 1.0 mg purpurogallin 

from pyrogallol in 20 seconds at pH 6.0 and 20oC. Additional fresh leaf samples were taken at 

each sampling day to standardize chemical concentrations from fresh material analyses to dry 

weight (DW) by weighing the fresh and dried (at 60°C for 48 hours) samples.  
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2.2.5 Statistical analysis 

 

All statistical analyses and data visualizations were conducted in the R statistical programming 

environment  v4.3.2 (R Core Team 2022). The contribution of PR to net carbon assimilation 

was assessed using linear mixed-effect regression to model the relationship between Anet at 

both 21%-O2 (ambient) and 2%-O2 (PR suppressed) using the package nlme (Pinheiro et al. 

2023). This relationship indicates the relative efficiency of Rubisco carboxylation, where 

slopes closer to one represent less PR. Differences in slope (interactions) were assessed across 

levels of drought and heat treatments as main effects, with plant ID as a random effect to 

account for repeated measures during the heat treatment. Similar mixed effect models were 

used to evaluate the additive and interactive effects of drought and heat treatment on Tleaf, H2O2, 

and POD. Family-wise comparisons across treatment combinations were performed using 

Tukey’s Honest Significant Difference (emmeans package; Lenth et al. 2024) and informed 

compact letter displays in figures with a 0.05 significance level. Parametric modeling 

assumptions of normality, equal variance, and influential points (Cook’s distance > 0.5) were 

verified using diagnostic plots. Due to heteroscedasticity when modeling H2O2, weights were 

assigned to each observation based on variance of the residuals. All parameter means are 

reported with standard error. 
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2.3 Results 

2.3.1 Treatment progression 

 

 
Figure 2.1: Time series visualization of volumetric soil water content (SWC, a), midday 
branch water potential (Ψmd, b), and percent change in stem diameter (c) during the 
experimental period. Data points are displayed with standard error, while vertical black 
lines represent mild-drought, severe-drought, and heat treatment timepoints, 
respectively. 

During the experiment drought, soil volumetric water content (SWC), midday plant water 

potential (Ψmd), and stem radial diameter progressively declined (Figure 2.1), and were 

significantly different from control trees during both mild- and severe-drought (both p < 0.001). 

By severe-drought, volumetric SWC had declined to 2.28% ± 3.26 compared to 37.01% ± 2.46 

in the control, while Ψmd had declined to -1.70 MPa ± 0.08 compared to -0.75 MPa ± 0.05 in 

the control. Stem radial diameter in the drought treatment decreased by 0.61% ± 1.10 during 

the experimental period, while control tree diameter increased by 6.50% ± 1.20 over the same 

period.  
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During the one-day heat event, midday Tair increased by 16 °C to 39 °C, while RH decreased 

from 58% to 31.5% (Figure S2.1), corresponding to an increase of ambient vapor pressure 

deficit (VPD) from 1.18 kPa to 4.75 kPa. Both drought and heat stress individually increased 

Tleaf (both p<0.001): in the drought + heat treatment it was highest with 42.4 oC ± 0.36, followed 

by the control + heat treatment with 40.5 oC ± 0.41, the drought treatment with 28.5 oC ± 0.11, 

and the control with 25.4 oC ± 0.27, (Figure S2.3).  

 

2.3.2 Photorespiration and chlorophyll fluorescence 

 
Figure 2.2:  Photorespiration and Rubisco carboxylation efficiency derived from 
measurements of photosynthetic carbon assimilation (Anet) under 21% and 2%-O2 in 
silver fir. Shown are the data points from the measurements of all individuals (n=8 per 
treatment) during both mild-drought (a), as well as during severe-drought and a one-
day heat event (b). The ratio (slope) of these measures estimates Rubisco carboxylation 
efficiency. The 1:1 dotted line represents 100% carboxylation efficiency, while the 
regression line represents within treatment variation in photosynthetic assimilation. The 
length of the vertical line above each point estimates net photorespiration flux for each 
individual. Shaded area around regression lines represents 95% confidence intervals. 

 

During mild-drought we found relative PR to increase (p<0.001, Figure 2.2a, Table 1) as 

Rubisco carboxylation efficiency in the drought treatment slightly decreased to 76.3% ± 1.50 

compared to 81.46% ± 1.74 in the control. Contrastingly, by severe-drought, we found relative 

PR to decrease to near zero (p<0.001, Figure 2.2b, Table 1), as Rubisco carboxylation 

efficiency increased to 99.02% ± 7.23 compared to 85.43% ± 2.25 in the control. Overall, 
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Rubisco carboxylation efficiency decreased slightly during the initial drought stress, but 

carboxylation ultimately increased to nearly 100% as SWC declined to 0% (Figure 2.3).  

 

 
Figure 2.3: Rubisco carboxylation efficiency in response to soil water content (SWC) in 
silver fir. Data points present measured values collected on individual drought 
treatment seedlings (n = 4-6 per measurement campaign) at the experimental start, mid-
drought, and end-drought. The provided equation represents a second-degree 
polynomial regression model, where Rubisco carboxylation efficiency is modeled as a 
function of SWC. 
 

During the one-day heat event, relative PR in the control + heat treatment increased greatly 

(p<0.001, Figure 2.2b, Table 1), as Rubisco carboxylation efficiency decreased to 47.62% ± 

8.66. However, under combined drought and heat stress, Anet was near or below zero and 

relative PR no longer increased (p=0.689, Figure 2.4b, Table 1), leaving Rubisco carboxylation 

similar to the control.  
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Figure 2.4: Treatment effects on electron transport rate (ETR) in silver fir. Shown are 
boxplots of ETR during mild-drought (a) and severe-drought plus a one-day heat event 
(b, n=8). Uppercase letters indicate significant pairwise differences determined post-hoc 
using Tukey’s Honest Significant Difference. 

 

Similarly, while ETR was unaffected during mild-drought, it largely declined during severe-

drought (p=0.008, Figure 2.4b, Table 2.1). Additionally, we found ETR to increasingly explain 

the variation in Anet with drought progression (estimated using sums of squares ratio), 

suggesting an increase in photochemical limitations with increasing drought. Heat stress further 

decreased ETR (p<0.001, Table 2.1), with the greatest decrease in ETR occurring under 

drought + heat stress (Figure 2.4b), at which point Anet was near or below zero. Additional gas 

exchange data including stomatal conductance and transpiration are available in Figure S2.4.  
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2.3.3 Foliar hydrogen peroxide and peroxidase 

 

 
Figure 2.5: Treatment effects on foliar hydrogen peroxide (H2O2) and peroxidase levels 
in silver fir. Shown are boxplots of H2O2 concentration (a) and peroxidase (b) during 
severe-drought and a one-day heat stress in silver fir (n = 8). Uppercase letters indicate 
significant pairwise differences determined post-hoc using Tukey’s Honest Significant 
Difference.   

Foliar H2O2 concentration was sensitive to water-limitation as well as heat stress. We found 

drought to decrease foliar H2O2 concentration by ~50% (0.68 mg gDW-1 ± 0.12) compared to 

the control (1.29 mg gDW-1 ± 0.18; p<0.001, Figure 2.5a, Table 2.1). Surprisingly, the one-

day heatwave largely reduced foliar H2O2 to near zero in both control + heat as well as 

drought + heat (p<0.001, Figure 2.5a, Table 2.1), indicating that H2O2 was quickly 

scavenged. While drought stress alone did not affect POD activity (p=0.419, Figure 2.4b, 

Table 2.1), heat stress approximately doubled POD activity in both control + heat and drought 

+ heat treatments (635.33 U gDW-1 ± 57.59) compared to the control (320.33 U gDW-1 ± 

40.17; p<0.001, Figure 4b, Table 1). 
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Table 2.1: Summary of mixed-effect models comparing the individual and interactive 
effects of drought (mild-drought, severe-drought) and heat treatment on leaf 
temperature (Tleaf), photorespiration, electron transport rate (ETR), hydrogen peroxide 
(H2O2), and peroxidase enzyme activity (POD). Reported values include estimated 
effect, t-value with degrees of freedom (not-applicable for H2O2 due to weighted 
analysis) and the respective p-value.  

 

 

2.4 Discussion 

 

We found that mild drought stress can increase PR when stomatal conductance primarily limits 

photosynthesis, but that severe drought stress may lead to decreases in PR as non-stomatal 

limitations of photosynthesis intensify, as observed with decreased ETR, ultimately decreasing 

photosynthetic CO2 demand. We also found that heat stress can greatly increase PR, but in 

combination with drought this increase was no longer observed. Surprisingly, we found that 

foliar H2O2 concentrations were near zero under both heat and drought + heat treatments 

despite an increase in PR under heat. Analysis of POD activity suggests that heat stress led to 

rapid H2O2 scavenging, demonstrating a tight oxidative regulation independent of 

photosynthesis and thus also independent of water availability. Together, these results provide 

key insights into the response of the PR pathway and its stress-signaling potential to combined 

drought and heat stress. In the following we will further elaborate on the finding that the 

magnitude and direction of PR changes during drought and/or heat stress depend on the timing 

Mild-Drought Drought   

Response Estimate t-value P-value  

Photorespiration 0.052 50.761(17) <.001  

ETR -3.212 -0.489(18) 0.631  

Severe-

Drought + 

Heat  

Drought Heat Drought*Heat 

Response Estimate t-value P-value Estimate t-value P-value Estimate t-value P-value 

TLeaf 2.404 3.735(18) 0.002 15.056 39.500(48) <0.001 -0.507 -0.801(48) 0.427 

Photorespiration -.159 13.421(10) <0.001 0.378 -6.219(10) <0.001 -0.258 1.810(10) 0.100 

ETR -15.563 -2.906(23) 0.008 -46.486 -10.206(12) <0.001 6.087 0.912(12) 0.377 

H2O2 -.416 -7.759 <0.001 -1.032 -19.262 <0.001 .415 7.700 <0.001 

POD 5.818 0.066(17) 0.948 324.661 8.657(12) <0.001 95.327 1.536(12) 0.150 
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and intensity of stress events, and that increased PR does not necessarily lead to accumulated 

H2O2 due to enzymatic scavenging.  

 

2.4.1 PR depends on timing and interactions between drought and heat 

 

We observed that PR slightly increased at mild drought, with declines in SWC from about 40% 

down to 25%, but only small changes in Ψmd and radial growth indicating mild drought stress 

(Figure 2.1). PR is commonly assumed to increase during mild to moderate drought stress, as 

reduced CO2 uptake from higher stomatal resistance increases the rate of Rubisco oxygenation 

relative to carboxylation (Bai et al. 2008; Voss et al. 2013; Tsonev et al. 2014). In contrast, 

more severe drought stress decreased relative PR, suggesting that reduced CO2 uptake was no 

longer the main limiting factor of photosynthesis. As drought stress progresses, other factors 

such as reduced photochemical efficiency and/or limited regeneration of RuBP can additionally 

limit photosynthesis (Dias and Brüggemann 2010), demonstrated in our results by reduced ETR 

at severe-drought. Under severe drought stress, stomatal closure may not necessarily lead to 

decreased intercellular CO2 as non-stomatal limitations may instead limit the ability of the 

Calvin-Benson cycle to utilize existing, resulting in intercellular CO2 accumulating due to 

cellular respiration and cuticular permeability (Cornic and Briantais 1991; Flexas and Medrano 

2002a; Pirasteh-Anosheh et al. 2016). As such, while Rubisco efficiency may approach 100%, 

reduced net gas exchange limits the benefit of increased carboxylation efficiency.   

 

Thus, the presented results demonstrate that PR may increase or decrease during drought 

depending on the influence of non-stomatal limitations such as the slowdown of photosynthetic 

light reactions, and indicate that any ability of PR to mitigate stress may decrease with drought 

progression (Noctor et al. 2002; Lawlor and Tezara 2009). Additionally, this likely represents 

an inaccuracy in models of GPP which do not consider non-stomatal limitations of 

photosynthesis (Rödig et al. 2017; Yin and Struik 2017; Nadal-Sala et al. 2021; Asargew et al. 

2024), despite being coordinated with stomatal control to maximize photosynthesis during 

drought (Salmon et al. 2020). Such models of GPP therefore do not account for potential 

fluctuations of PR’s contribution to net carbon assimilation with soil dehydration, and may 

therefore be less accurate predicting GPP during drought events (Zhou et al. 2013). As stomatal 

and non-stomatal coordination during drought varies across forest species (Dewar et al. 2022), 

a better species-level understanding of such coordination is needed to improve models of GPP.   
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We observed the largest increase in PR relative to Anet following six hours of 40°C Tair, 

decreasing average Rubisco carboxylation efficiency by nearly half. Individual 

photorespiration responses to heat stress had increased variance than under other treatments, 

particularly with higher Anet values. Heat stress often increases PR despite constant atmospheric 

CO2 due to an increased relative solubility of O2 at higher temperatures, by decreasing Rubisco 

CO2 affinity, and/or by increasing Rubisco misfire (Zhang and Sharkey 2009; Bracher et al. 

2017). This increase in PR during heat stress could potentially be amplified by mild drought, 

when the ratio of O2:CO2 can be further increased by limited CO2 uptake. However, we did not 

observe an amplification of PR under combined severe drought and heat stress when most 

plants had stomata closed and Anet was close to zero (Fig. S4), instead finding that severe 

drought stress eliminated the heat induced increase in PR. This suggests that despite changes 

in O2:CO2 solubility or Rubisco kinetics during heat that would otherwise favor PR, 

intercellular CO2 may no longer limit photosynthesis during severe drought when non-stomatal 

limitations are increased, such as reduced ETR and greater NPQ (Flexas and Medrano 2002a; 

Zhou et al. 2013). Studies combining drought and heat stress also suggest a greater role of 

biochemical limitations rather than stomatal limitations on photosynthesis, supporting our 

observations (Flexas and Medrano 2002a; Ruehr et al. 2016; Perdomo et al. 2017). 

Additionally, drought stress can lower the optimal temperature of photosynthesis, meaning heat 

stress combined with drought is more likely to reach temperatures beyond this optimal 

photosynthesis threshold than just heat alone, increasing biochemical limitations (Fang et al. 

2023). Taken together, our results demonstrate that while heat alone can increase PR, 

compounding non-stomatal limitations in the light-dependent reactions from additional 

drought stress may eliminate this increase. 

 

2.4.2 H2O2 accumulation is tightly regulated despite variable PR during stress 

 

Drought stress tended to reduce foliar H2O2 by c. 50% on average, suggesting either lower 

production and/or an increase in enzymatic scavenging from stress. Drought stress often leads 

to an accumulation in H2O2  due to increased PR which can outpace upregulated scavenging 

enzyme activity (Luna et al. 2005; Pan et al. 2017). Other studies demonstrate that drought 

stress instead reduces scavenging enzyme activity, resulting in a greater accumulation of H2O2 

from PR (Silva et al. 2012). As we observed no significant changes in POD activity of silver 
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fir leaves in the drought treatment, we attribute lower foliar H2O2 concentration either to nearly-

eliminated PR at severe-drought, and/or to increased activity of other scavengers like 

peroxisomal catalases. The remaining H2O2 concentration in the drought treatment may 

originate in cellular compartments not associated with PR, including in the thylakoid 

membrane during the light-dependent reactions of photosynthesis (Khorobrykh et al. 2015). 

With ETR reduced during drought stress, electrons may increasingly transfer to O2 forming 

superoxide radicals, which are then quickly converted to H2O2. However, increased Non-

Photochemical Quenching (NPQ) can mitigate this by dissipating excess excitation energy as 

heat, reducing H2O2 accumulation in the chloroplast. Our observation of small concentrations 

of H2O2 and increased leaf temperatures (Figure S2.3) under stress conditions additionally 

suggest increased NPQ under our severe stress conditions. While the expectation that the 

proportion of total H2O2 originating from PR increases during drought (Noctor et al. 2002; 

Silva et al. 2012), this likely is only true under mild-to moderate-drought stress when stomatal 

closure primarily limits photosynthesis.   

 

Heat stress reduced H2O2 to near-zero concentration while greatly increasing POD activity, 

suggesting an efficient scavenging of H2O2 despite likely higher production from increased 

PR. The potential of H2O2 from PR as a stress-signaling molecule is dependent on the balance 

between accumulation and scavenging (Petrov and Van Breusegem 2012). H2O2 accumulated 

in the peroxisome during PR can diffuse into the cytosol, where it can be converted to 

hydroxyl radicals and cause cellular membrane damage, DNA mutations, and cell death 

(Richards et al. 2015; Carvalho and Silveira 2020). In addition to the measured POD 

enzymatic increase, increased H₂O₂ scavenging by catalases in the peroxisome, or enhanced 

regulation by the glutathione-ascorbate cycle in various cellular compartments such as 

chloroplasts, mitochondria, peroxisomes, and the cytosol, could have also contributed to the 

decreased H₂O₂ we observed. Quick scavenging of ROS like H2O2 during abiotic stress 

mitigates oxidative stress and maintains cell function, but may reduce the potential of ROS 

stress-signaling. Our results show that H2O2 can be effectively scavenged despite increases in 

PR during short-term heat stress, likely attributable to the high temperature stability of POD 

enzymes (Plieth and Vollbehr 2012). Furthermore, POD increases under combined drought 

and heat stress demonstrate tight regulation of H2O2 despite compounding stress, reducing 

H2O2 stress-signaling potential during abiotic stress. This regulation may limit the induction 

of stress responsive genes by H2O2 as well as limit the effectiveness of H2O2-mediated 

hormonal pathways. As prolonged heat stress may ultimately reduce the production of ROS 
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enzymatic scavengers (Foster et al. 2015), stress-signaling via H2O2-accumulation may have 

an increased role during longer-term heat events. 

 

2.5 Conclusion 

 

This study demonstrates that the effects of drought and heat stress on PR as well as foliar H2O2 

in silver fir strongly depend on the timing and intensity of the stress event. We found that PR 

increased during mild drought stress but ultimately decreased during severe drought stress, 

likely due to intensifying non-stomatal limitations of photosynthesis such as reduced ETR. 

Additionally, while heat stress alone increased PR, greater non-stomatal limitations during 

severe drought corresponded to lower PR under combined stress. H2O2 accumulation was 

limited by scavenging enzyme activity during heat stress despite increases in PR. This 

demonstrates a tight regulation of ROS production during abiotic stress while limiting the 

potential for cellular stress-signaling. To understand tree-level stress signaling, it is necessary 

to consider photorespiration and the underlying physiological processes which determine its 

dynamic nature.  
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2.6 Supplementary Materials 

 
Figure S2.1: Time series visualization of greenhouse photosynthetic active radiation 
(PAR, a), air temperature (Tair, c), and relative humidity (RH, e) during the 
experimental drought and subsequent heat stress. Vertical dashed lines represent mild-
drought, severe-drought, and heat treatment timepoints, respectively. Error bars 
represent daytime max and minimum values. Diurnal cycles are reported for each 
parameter (PAR, b; Tair, d; RH, f) by hour of day during both the drought (blue) and 
heat (red) periods.  
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Figure S2.2: Light response curves displaying response of mean net carbon assimilation 
(Anet) to variable light conditions (Qin) under both ambient (21%-O2) and 
photorespiration-suppressed (2%-O2) conditions. Data points are displayed with 
standard error (n = 10), while vertical dashed line is at Qin = 600, estimated as the light-
saturation point and utilized in all experimental measurements of Anet. 
 

   

 
Figure S2.3: Boxplots displaying leaf temperature (Tleaf) determined using thermal 
imaging during severe-drought and a one-day heat stress. Uppercase letters indicate 
significant pairwise differences determined post-hoc using Tukey’s Honest Significant 
Difference.   
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Figure S2.4: Boxplots displaying net photosynthetic assimilation (Anet, a), stomatal 
conductance to water vapor (gsw, b), and transpiration (E, c) during severe-drought and 
a one-day heat stress. Uppercase letters indicate significant pairwise differences 
determined post-hoc using Tukey’s Honest Significant Difference.   
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3 Drought-induced delays in stem hydraulic development shape gas exchange and growth 

recovery in Douglas fir 

At the time of thesis submission, this chapter is accepted for publication as:  

 

Alongi, F.; Knüver, T.; McAdam, S.A.M.; Ziegler, Y.; Gast, A.; Ruehr, N.K., 2025. Drought-

induced delays in stem hydraulic development shape gas exchange and growth recovery in 

Douglas fir. Plant Physiology. Plant Physiology - Accepted. 

 

Abstract 

 

The limiting factors of tree recovery from drought, particularly the coordination between 

carbon sources and sinks, remain poorly understood. In this study, juvenile Douglas fir 

(Pseudotsuga menziesii) were exposed to 28 days of mild or severe drought, followed by 35 

days of recovery. We continuously monitored CO₂ and H₂O fluxes in shoots and roots to 

derive gas exchange and carbon accumulation, while measuring basal area to estimate stem 

growth and sapwood development. To identify underlying mechanisms of drought recovery, 

we periodically measured nonstructural carbohydrates (NSC), midday water potential (Ψmd), 

and foliar abscisic acid (ABA). We found no evidence that ABA or Ψmd limited gas exchange 

recovery, with stomatal conductance recovery instead related to drought-induced reductions 

in sapwood development. While carbon accumulation ultimately recovered to control levels 

following mild stress, severe stress caused persistent impairments, ultimately reducing carbon 

accumulation by 51%, with stem growth similarly affected. We found no evidence of growth 

being limited by NSC, which remained abundant. However, we suggest that drought-induced 

limitations to stem development governed this pattern. This became clear when considering 

the diurnal growth cycle, where daytime growth was largely absent in severe trees post-

drought while accounting for up to 30% of total growth in control trees. Daytime growth 

appeared to depend on sufficient sapwood area, which likely buffered xylem tension to 

support growth conditions. Our findings suggest drought-induced reductions of stem 

hydraulic development constrain the recovery of gas exchange and growth. Further, altered 

diurnal growth patterns may explain prolonged productivity declines in forests following 

drought.  
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3.1 Introduction 

 

Forests are major carbon (C) sinks, but their capacity to accumulate C is increasingly 

threatened by the growing intensity of drought events (Liu et al. 2024). Severe drought events 

impose physiological constraints that alter C source and sink coordination, leading to delayed 

or limited recovery (Ruehr et al. 2019). While impaired forest productivity following drought 

is well documented in observational field studies (Serra-Maluquer et al. 2018), these studies 

struggle to identify the physiological mechanisms limiting recovery. In contrast, experimental 

studies can isolate physiological responses to drought, but few examine recovery—leaving a 

critical gap in understanding how impairments such as reduced photosynthesis, nonstructural 

carbohydrate (NSC) reserves, and tissue damage persist beyond drought and affect long-term 

carbon accumulation. Physiological impairment and damage are known to scale with drought 

intensity (Ruehr et al. 2019), but the extent to which drought-induced damage affects tree 

recovery potential is still largely unexplored. Understanding how drought severity 

mechanistically alters tree resilience during recovery is essential, as it directly affects long-

term C storage efficiency and ultimately the role of forests as C sinks. 

Effective stomatal regulation is crucial for minimizing water loss and maintaining hydraulic 

function during drought so that hydraulic impairment does not delay recovery. Stomatal 

conductance (gsw) is tightly regulated by tree water status, with stomatal closure initiated by 

mild water stress and further suppressed under severe drought by elevated foliar abscisic acid 

(ABA) (McAdam and Brodribb 2014). Persistent reductions in gsw during drought recovery 

have been attributed to delayed hydraulic restoration, assessed through measures of water 

potential (ψ), as well as continued signaling from ABA (Brodribb and McAdam 2013; 

Rehschuh et al. 2020). However, it is important to distinguish that ψ reflects the plant water 

status as indicated by xylem tension, whereas overall hydraulic conductance also depends on 

the extent of functional xylem present in the sapwood. The sapwood determines the tree’s 

capacity to transport water to the canopy, and thus, its potential for recovering stomatal 

conductance (Matthaeus et al. 2022). Metrics such as the ratio of sapwood area to leaf area 

(Huber value, Hv) assess the hydraulic supply-demand balance. Hv values are closely linked 

to stem hydraulic conductance across species (Mencuccini et al. 2019), with higher Hv 

associated with greater gsw, as the hydraulic system is better equipped to maintain guard cell 

turgor (Zlobin et al. 2024). Due to the formation of embolized xylem conduits during severe 

drought stress, gsw recovery is likely dependent on new xylem formation. As a result, an 
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increase in Hv may be necessary to restore hydraulic capacity, enabling trees to recover gsw 

and ultimately photosynthetic function. 

Reduced gsw limits CO2 uptake and photosynthetic assimilation (Anet), restricting C 

availability for secondary metabolism and leading to shifts in C allocation. These shifts often 

reduce respiration and minimize growth, ultimately conserving C for primary metabolic 

function (Rodríguez-Calcerrada et al. 2021). Furthermore, slight reductions in water potential 

under drought stress can limit growth by imposing turgor constraints on cellular expansion 

and differentiation (Körner 2015; Peters et al. 2021), indicating a sink-driven control of 

growth during drought. As such, turgor-sensitive “resting” sink tissues can simultaneously 

experience an accumulation of carbohydrates and a reduced input from recent assimilates 

during drought (Hagedorn et al. 2016), assuming C input remains above respiratory demand. 

Therefore, drought-induced carbohydrate accumulation in sink tissues may lead to feedback 

inhibition of photosynthesis (Paul and Foyer 2001; M. Tian et al. 2024), decoupling the 

limitations of photosynthesis from stomatal control. Thus, the non-instantaneous recovery 

of Anet, and ultimately carbon uptake and growth is not readily attributed to either persistent 

hydraulic impairment or metabolic inhibition alone, highlighting the challenge of 

disentangling their relative contributions in limiting post-drought recovery. 

Physiological damage sustained during drought stress may increase the C cost of recovery 

due to the need to repair or replace damaged tissues (Ruehr et al. 2019), ultimately delaying 

the resumption of growth. Cellular and hydraulic damage sustained under severe drought 

stress can directly impair the post-drought recovery of gas exchange (Rehschuh et al. 2020). 

This may be particularly relevant in conifers, which tend to maintain higher hydraulic safety 

margins and are therefore more embolism avoiding than angiosperm forest species (Johnson 

et al. 2011). Additionally, conifers have comparatively little parenchyma in their woody 

tissues compared to angiosperms (Morris et al. 2016), which store NSC that could aid in 

embolism refilling. However, whether embolism dissolution naturally occurs at all following 

drought-induced cavitation remains disputed (Choat et al. 2019). As such, conifers likely rely 

on the formation of new xylem tracheids via new sapwood area to overcome losses of 

hydraulic function sustained during drought stress, constituting a high C cost during recovery 

(Brodribb and Cochard 2009). This high C demand of tissue replacement and repair 

following stress-release may be why tree growth recovery often takes longer than the 

recovery of gas exchange (Kannenberg et al. 2022), and could explain why the lag in growth 



 34 

recovery in conifers directly scales with the intensity of drought (Sergent et al. 2014). 

However, drought severity-induced shifts in tree C allocation during stress recovery are 

poorly understood due to difficulties in assessing whole-tree C status. This knowledge gap 

complicates our ability to assess C costs associated with drought stress, and how these 

ultimately translate to long-term reductions in C accumulation and growth ability.  

NSCs represent a major C sink in conifers and play a critical role in sustaining tree function 

during drought stress. As drought intensifies and photosynthesis (Anet) declines, stored NSC 

are mobilized to support cellular respiration and lower osmotic potential (Long and Adams 

2023). NSC depletion during drought is more frequent in gymnosperms than in angiosperms, 

and is closely related to xylem hydraulic vulnerability (Adams et al. 2017). Similarly, 

sustaining high NSC levels during drought is linked to increased drought survival in conifers 

(Garcia-Forner et al. 2016), suggesting that NSC retention may be prioritized over other 

metabolic processes like growth (Stefaniak et al. 2024). However, whether NSC 

accumulation is actively or passively regulated during drought remains widely debated. as 

growth typically ceases before photosynthesis due to turgor limitations on cell expansion, 

which could passively facilitate NSC accumulation for as long as C assimilation remains 

above respiratory demand (Hartmann and Trumbore 2016).  

During post-drought recovery, NSC influence the ability of trees to regain optimal function 

and growth. In Picea abies it has been observed that NSCs in xylem parenchyma that were 

maintained during drought stress were depleted one week following recovery, which 

corresponded to increased xylem conductance (Tomasella et al. 2017).  Similarly, 

accumulated NSCs during drought are linked to the rapid xylem cell formation upon recovery 

(Martínez-Sancho et al. 2022), allowing trees to develop functional new xylem to compensate 

for non-functional, embolized xylem. Due to the critical role of NSCs in tree survival during 

drought and in supporting recovery, prioritization of NSC maintenance may limit long-term 

growth (Kannenberg and Phillips 2020; Guo et al. 2021). Determining the prioritization 

between NSC maintenance and growth requires an understanding of whole-tree C balance 

during both drought and recovery; however, few studies integrate NSC responses to stress 

with whole-tree C exchange measurements (Hartmann et al. 2015; Hartmann and Trumbore 

2016). Simultaneous measurements of gas exchange and NSC dynamics can clarify how trees 

allocate between storage and growth following stress-induced changes in carbon balance, 
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providing critical insights into the physiological mechanisms that govern stress recovery and 

long-term forest resilience.  

In this study, we aimed to identify how drought severity mechanistically limits the recovery 

of key physiological processes related to C acquisition and allocation in Douglas fir 

(Pseudotsuga menziesii) seedlings. This study builds on existing conceptual frameworks that 

describe the dual impacts of drought severity on hydraulic function and metabolic C 

dynamics during recovery (Ruehr et al. 2019).  Douglas fir was selected because of its 

widespread distribution across North America, as well as its increasing role in European 

forestry due to its higher drought tolerance and growth resilience than many native species 

(Stangler et al. 2022). Specifically, this study uses whole-tree gas flux chambers to examine 

the effects of mild and severe drought on C assimilation, accumulation, and growth during 

recovery, while foliar ABA and branch NSC concentrations were periodically sampled to 

identify phytohormone regulation and C reserve status. We addressed the following 

hypotheses:  

(1) Foliar ABA and Ψmd will increasingly limit gas exchange during drought and initial post-

drought recovery. 

(2) C assimilation and C accumulation will acclimate to mild stress and quickly recover, 

while severe drought stress will more greatly limit recovery. 

(3) NSC will accumulate following growth cessation and ultimately decrease during severe 

stress (due to higher respiration relative to photosynthesis), while stem growth will partially 

recover only after NSC reserves are restored. 
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3.2 Results 

 
 

Figure 3.1: Dynamics of water potential, abscisic acid levels, and stomatal conductance 
during drought and recovery in Douglas-fir juveniles. Midday branch water potential 
(a, Ψmd) was measured periodically on pilot trees (n = 5 per treatment). Foliar abscisic 
acid (b, ABA) concentrations were measured periodically in pilot trees (n = 5-7 per 
treatment). Error bars are ±SE between individual mean values. Uppercase letters 
indicate significant pairwise differences at each timepoint determined post-hoc using 
Tukey’s Honest Significant Difference. Mean daytime (09.00 – 14.00) stomatal 
conductance (gsw, c) rates for are reported for chamber seedlings (n = 4-6 per 
treatment). Generalized additive models were fit to produce smoothing lines for panel c, 
with shaded gray are representing ±SE. The vertical black dashed line in all panels 
indicates the transition from drought to recovery.  
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3.2.1 Dynamics of water potential, abscisic acid, and stomatal conductance 

 

Midday water potential (ψmd) in the mild drought treatment plants remained close to or at 

control levels (-1.0± 0.1 MPa) throughout the drought period (Figure 3.1a), despite lower 

volumetric soil water content (SWC). In the severe treatment plants, ψmd progressively 

decreased throughout the drought period. The severe drought treatment plants reached -3.8± 

0.3 MPa by the end of drought stress, corresponding to 70-85 % loss of conductivity for this 

species (Chauvin et al. 2019). Following the release of drought stress, ψmd in the severe 

treatment plants returned to levels of the control treatment plants within two days. 

 

Foliar ABA levels in the severe drought treatment plants more than doubled by day 14 of 

drought stress (p = 0.016, t12= -2.801, Figure 3.1b), and remained through the end of drought 

(p = 0.024, t12= 2.467), corresponding to a strong decrease in ψmd.  We observed no 

differences in ABA levels between the control and mild drought treatment plants during 

either drought or recovery, corresponding to the lack of a detectable difference in ψmd. Within 

two days of recovery, ABA levels declined in the severe treatment to levels measured in 

control treatment plants as ψmd recovered, and were maintained throughout the recovery 

period. 

 

Stomatal conductance (gsw) responded according to drought severity (Figure 3.1c). Mild 

stress plants moderately decreased gsw values by the end of drought stress to 45.02± 7.11 

mmol m−2 s−1, which was 81 % lower than the control treatment (p = 0.004, t12= -3.526), as 

the control treatment plants instead continuously increased gsw. This increase in gsw in control 

treatment plants over the course of the experiment was strongly related to increases in Huber 

value (stem sapwood:leaf area; Hv), suggesting increases in hydraulic supply occurred due to 

continual stem growth (Figure 3.2a), until a Hv of ~0.08 was reached, at which point maximal 

gsw was sustained. In individuals exposed to severe stress, gsw consistently decreased 

throughout the drought period, reaching 31.52± 2.35 mmol m−2 s−1, or 86 % lower than the 

control by the end of drought (p = 0.004, t12= -3.547). An exploratory model to determine the 

contributing factors to gsw during the experimental period revealed that gsw was negatively 

related to VPD (p < 0.001, t904.64 = -9.03), with the effect of VPD weakened by increasing Hv 

(p < 0.001, t908.81 = 5.25; Figure 3.3). The highest VPD was recorded in the severe treatment 

at the end of the drought period (~2.4± 0.2 kPa), while the VPD in the control treatment 

remained consistent (~1.5 ± 0.1 kPa, Figure S3.2d).   
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Figure 3.2: Development of daytime gsw with Huber value (sapwood area : leaf area; Hv) 
throughout the experimental period (a, n = 4-6). The drought period for the mild 
treatment is denoted by a dashed line, while it is omitted for the severe treatment due to 
observed effects of abscisic acid on gsw, as well as stem contraction due to dehydration. 
Time series of daytime (09.00 – 14.00) intrinsic water use efficiency (b, WUEi). The 
vertical dashed black line indicates the transition from drought to recovery. Generalized 
additive models are fit to produce smoothing lines in both panels, with the shaded gray 
area representing ±SE. 
 

Within two days of recovery, the mild stress treatment immediately increased gsw to 90.42± 

19.13 mmol m−2 s−1, which was above pre-stress levels. gsw continued to recover in the mild 

stress treatment, corresponding to increases in Hv (Figure 3.2a), ultimately reaching 204.9± 

67.3 mmol m−2 s−1, 30 % below that of the control (n.s. due to high SE). Interestingly, this gsw 

was associated with a Hv of ~0.08, a similar value to that which facilitated the highest gsw in 

the control group (Figure 3.2a, Figure 3.3). In contrast, there was no immediate recovery of 

gsw following severe stress despite an immediate reduction in foliar ABA, with pre-stress 

levels not reached until five days into recovery. Despite this, gsw ultimately recovered to 

similar levels as the mild stress treatment, reaching 234.6± 119.2 mmol m−2 s−1 by the end of 

recovery, or 20 % below that of the control (n.s. due to high SE). Transpiration (E) was lower 

than the control in both stress treatments; however, a higher E was observed in the severe 
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treatment than the mild treatment during both drought and recovery (Figure S3.1), likely due 

to the generally higher VPD in the severe treatment chambers (Figure S3.2d).  

 

 
 

 

Figure 3.3: 3D representation of the influence of vapor pressure deficit (VPD) and 
Huber value (sapwood area : leaf area; Hv) on stomatal conductance (gsw). The direction 
of increase for each variable is indicated with an arrow. Gray points represent the raw 
data, while the blue surface represents model-predicted values from a linear mixed-
effects model. The model included additive and interactive effects of VPD and Hv, along 
with treatment as a fixed effect, and plant identity (PlantID) as a random intercept to 
account for repeated measures. Model predictions were generated by creating a regular 
grid of Hv and VPD values across their observed. The predict() function was used to 
compute predicted gsw values across this grid. Raw and modeled data were merged and 
visualized using the cloud() function from the lattice package, with symbol shapes and 
colors differentiating observed and predicted data. This modeling approach was 
exploratory and aimed to assess potential interactions between structural and 
environmental controls on stomatal conductance, not to produce causal inference. 
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3.2.2 Carbon assimilation and accumulation 

 
Figure 3.4: Net carbon (C) assimilation and accumulation from Douglas fir seedlings in 
gas exchange chambers. Mean daytime (09.00-14.00) net photosynthesis rates (a, Anet) 
for each individual tree were fit with generalized additive models to produce smoothing 
lines, with the shaded gray area are representing ±SE. Carbon accumulation is reported 
in grams of carbon from chamber seedlings (b). Data reflect daily sums of CO2 gas 
exchange of shoot and root sections indicating the whole-seedling net carbon 
accumulation over the course of the experiment. In panel b, linear models are fit for the 
final 10 days of recovery for each treatment (black lines) with the slope reported to 
indicate daily C accumulation rates. Significant differences of the slopes (uppercase 
letters) were calculated using Tukey’s Honest Significant Difference. The dashed black 
line indicates the transition from drought to recovery in both panels. 
 

Net photosynthetic assimilation (Anet) largely mirrored drought intensity throughout the 

experimental period (Figure 3.4a). During the experimental drought, control plants 

continuously increased daytime Anet in coordination with gsw, reaching 6.56± 0.74 µmol m−2 

s−1 by the end of drought stress. Anet in the mild drought treatment plants fluctuated around 

initial values, with an Anet of 2.25± 0.55 µmol m−2 s−1 by the end of drought, 66 % below that 

of the control (p < 0.001, t12= -5.174). As a result, intrinsic water use efficiency (WUEi) 

remained higher than the control during mild stress (Figure 3.2b). WUEi during severe stress 

ultimately decreased below control levels, and turned negative due to net daytime respiration 

(Figure 3.4b), suggesting metabolic and non-stomatal limitations to photosynthesis.   
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As with gsw, Anet in the mild stress treatment immediately recovered to higher rates than pre-

stress, and continued to increase through recovery in-line with increases in Hv, ultimately 

reaching an Anet of 5.53± 1.25 µmol m−2 s−1 at the end of recovery, 26 % less than the control 

on average (n.s.). As a result, WUEi in the mild stress trees immediately returned to control 

levels upon recovery (Figure 3.2b), reflecting the release of stomatal limitations to 

photosynthesis. Anet in the severe stress treatment immediately increased upon recovery; 

however, unlike the mild stress treatment, remained below pre-drought levels for ~10 days, 

five days longer than gsw. This corresponded to WUEi temporarily remaining below control 

levels during the first two weeks of recovery. As with gsw, Anet ultimately recovered to similar 

levels following severe stress as after mild stress, approximately 26 % below control levels 

on average (n.s.). This delayed recovery of both Anet and gsw was associated with a higher Hv, 

suggesting that new basal area was necessary to regain the hydraulic supply required to 

facilitate maximal gas exchange. In support of this, the intercorrelations between gsw, ANet, 

and Hv were strongest in the mild and severe treatments (Table S3.1), as the control treatment 

reached sufficient Hv to support maximal gas exchange earlier in the season (Figure 3.2a).  

 

Net C accumulation was limited by drought stress during both the drought and recovery 

period. While control plants accumulated 4.93± 0.88 gC during the drought period, 

accumulated C was on average 41 % lower under mild stress (p = 0.040, t12 = -1.92), and 94 

% lower under severe stress (p = 0.001, t12 = -4.07). These trends were similar in both above- 

and below-ground compartments (Figure S3.3), with both aboveground net C assimilation 

and belowground respiration rates decreasing with drought intensity (Table 3.1, Figure S3.4). 

During the recovery period, control trees accumulated an additional 6.61± 1.31 gC, with a C 

accumulation rate of 0.25± 0.01 g C d-1 during the final week of recovery, similar to the mild 

treatment (p = 0.76). The severe stress treatment plants accumulated 69 % less carbon than 

the control treatment plants during recovery (p = 0.011, t11 = -3.075). Daily C accumulation 

rates at the end of recovery were similar between the control and mild treatment, but were 51 

% lower in the severe treatment (Figure 3.4b, TukeyHSD). 
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3.2.3 Nonstructural carbohydrates (NSC)  

 
Figure 3.5: Non-structural carbohydrate (NSC) concentrations in axial branch tissues of 
Douglas fir pilot seedlings (n = 5-7 per drought treatment). Displayed are free sugar (a, 
glucose + fructose + sucrose), starch (b) and total NSC (c, free sugar + starch). Error 
bars indicate standard error, while the dashed black line in all panels indicates the 
transition from drought to recovery. Uppercase letters indicate significant pairwise 
differences per timepoint determined post-hoc using Tukey’s Honest Significant 
Difference. 
 

Branch free sugar concentrations were highly dynamic during the drought period (Figure 

3.5a), more than doubling under severe drought stress to 8.01± 0.49 % DW after 14 days 

compared to the control (p < 0.001, t12= 6.942). By the end of the drought period (28 days), 

free sugar concentrations were still 58 % greater than the control treatment plants (p = 0.004, 

t18= 2.962). In mild stress treatment plants axial branch free sugar concentration remained 

unchanged throughout the drought. Within two days of recovery, sugar concentrations in the 
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severe treatment individuals returned to concentrations measured in control treatment plants, 

and did not vary at any timepoint in the 35-day recovery.  

 

Axial branch starch concentrations responded inversely to free sugar during drought stress 

(Figure 3.5b). By 14 days into drought stress, starch decreased by 70 % to 1.03± 0.49 % DW 

in the severe treatment individuals, and was no longer detectable by the end of drought. As 

was the case with free sugars, starch concentrations did not differ at any timepoint between 

the mild drought treatment plants and the control treatment plants. Within two days of 

recovery, starch concentrations in the severe drought treatment plants quickly increased to 

levels measured in control treatment plants and were higher than the control 15 days into 

recovery (p = 0.015, t17= 2.689). Starch concentrations ultimately returned to levels measured 

in control treatment plants by the end of the 35-day recovery.  

 

Total NSCs (sum of sugar and starch) differed between treatments only at the mid-drought 

timepoint (Figure 3.5c), where total NSC reached 9.03± 0.52 % DW, or was 28 % higher in 

the severe drought stressed plants than the control treatment plants (p = 0.041, t12 = 2.289). 

Of this, about 90 % of NSC was allocated in free sugars. Total NSC no longer differed by 

treatment by the end of drought, and did not differ at any time during recovery.  

 

3.2.4 Growth and Biomass accumulation 

 

Stem basal growth proportionally reflected drought intensity throughout the drought and 

recovery period (Figure 3.6a). While control plants increased basal area on average by 0.58± 

0.05 mm2 d-1 during drought, growth decreased by 47 % under mild stress to 0.28± 0.03 mm2 

d-1 (p = 0.038, t12= -1.95). In the severe drought treatment plants, basal area growth 

ultimately stopped and began shrinking due to stem dehydration (Figure 3.6a), with an 

average growth rate of only 0.04 ± 0.02 mm2 d-1. Basal area growth in the mild stress 

treatment immediately accelerated upon rewatering; however, was on average 25 % (0.61± 

0.06 mm2 d-1) than the control (0.80± 0.05 mm2 d-1), although not statistically different (p = 

0.351). Following rewatering, severely stressed plants quickly regained their previous 

maximum diameter; however, further growth (and therefore stem hydraulic development) did 

not resume until the second week of recovery (Figure 3.6b). Basal area expansion rates 

remained below the control, leading to a 42 % lower stem growth on average during recovery 
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(0.40± 0.02 mm2 d-1) than the control treatment plants, though not statistically significant (p = 

0.085, t12= -1.88).  

 
Figure 3.6: Basal area and growth metrics of Douglas fir chamber seedlings during the 
experimental (drought and recovery) period. Displayed are daily changes in stem basal 
area (a, n = 4-6 per treatment), with error bars indicating standard error and the 
dashed black line indicating the transition from drought to recovery. Diurnal growth 
dynamics during each week of the experimental period are reported with growth 
calculated following the zero-growth concept (b), whereby no growth is assumed during 
periods of stem dehydration. The shaded error indicating standard error. Linear 
regression lines and the corresponding slopes represent the midday growth rate 
(between 5.00 and 17.00). 
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Notably, differential growth patterns were apparent on a diurnal scale, whereby daytime basal 

area growth appeared in the control trees by the third week of the drought period, while 

growth remained restricted to nighttime in the mild and severe treatments throughout drought 

(Figure 3.6b). Daytime growth appeared in the mild treatment by the third week of recovery, 

and by the final week of recovery in the severe treatment. An exploratory model to determine 

the contributing factors to daytime growth revealed daytime growth rate was positively 

related to Hv at the start of the day (p=0.001, t682.06 = 2.62) and negatively related to VPD 

(p=0.001, t290.33 = -2.28). Net daytime growth appeared possible once trees reached an Hv of 

~0.08 or greater in mild and control trees (Figure 3.6b, Figure S3.5), but occurred at a slightly 

higher Hv in the severe treatment (~0.09).  

 

Root-to-shoot ratios revealed drought-dependent carbon distribution between biomass 

compartments (Figure S3.6). The root:shoot ratio was highest in control plants (0.67± 0.04) 

despite having the largest diameter expansion, reflecting elevated allocation to belowground 

tissues. The root:shoot ratios of mild and severe treatment plants were both below that of the 

control (mild: 0.42± 0.06, p = 0.001, t13= -4.134; severe: 0.37± 0.06, p<0.001, t13= -4.323), 

indicating lower allocation to belowground tissues relative to above ground tissues, in line 

with reduced belowground respiration (Figure S3.4a). A summary of biomass between 

belowground woody biomass, aboveground woody biomass, and needle tissues can be found 

in Table S3.2.  

 

3.3 Discussion 

3.3.1 Drought severity-induced hydraulic and ABA control of stomatal conductance 

 

We found that drought stress impacted gsw in an intensity-dependent manner; however, this 

was not solely attributable to Ψmd or phytohormone status. Stomatal closure during drought is 

regulated both passively and actively in gymnosperms, whereby water stress passively 

decreases guard cell turgor early in drought, while active accumulation of ABA further 

reduces gsw (McAdam and Brodribb 2014; Tombesi et al. 2015; Manandhar et al. 2024). In 

agreement, branch Ψmd gradually decreased, triggering an increase in foliar ABA levels as the 

severe drought progressed, corresponding to gradual and near complete stomatal closure in 

these plants (Fig. 1c). Under mild drought stress, gsw remained around initial values while 

Ψmd and ABA levels were maintained. While this could be interpreted as gsw not responding 
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to the mild drought treatment, the control individuals contrastingly increased gsw over the 

same time period. Considering leaf-out was complete by the start of the drought period, we 

attribute the increasing gsw in the control treatment plants to greater hydraulic supply from 

sapwood growth, indicating that gsw was hydraulically limited in all treatments during the 

early growing season by inadequate stem hydraulic supply (Song et al. 2024). This is 

supported by the positive relationship between Hv (stem sapwood area : leaf area) and gsw 

(Figure 3.2a), with Hv and chamber VPD identified as key factors contributing to gsw 

throughout the experimental period (Figure 3.3). Thus, the lack of gsw increase in the mild 

stress treatment plants may be due to minimal sapwood growth during the drought treatment, 

suggesting that gsw remained low due to stem hydraulic supply. This effect of stem hydraulic 

supply; however, was not reflected in our measurements of Ψmd. It is important to distinguish 

that Ψmd represents the plant water status, i.e., xylem tension, whereas hydraulic supply refers 

to the xylem water transport capacity, which closely depends on the functional sapwood area. 

Diurnal traces of whole plant gas exchange and water potential in conifers during a drought 

have demonstrated that the critical water potential thresholds conferring reductions in gas 

exchange can be subtle given the passive regulation of stomatal control in these species under 

mild drought stress (McAdam and Brodribb 2014; Manandhar et al. 2024). Thus, small yet 

physiologically relevant differences in water potential likely existed between the mild and 

control treatments, but appeared to be below our detection threshold or were present outside 

of our sampling timeframe. 

 

After rewatering, we observed an immediate partial recovery of gsw in mild-stressed plants, 

and a gradual increase in gsw in the severely drought-stressed plants. While high levels of 

ABA contributed to greatly reducing gsw during severe stress, ABA recovered to control 

levels within two days of recovery (Figure 3.1b).  Accumulation of foliar ABA has been 

linked to delayed gsw recovery on rewatering in Cinnamomum camphora and in conifers such 

as Pinus radiata (Brodribb and McAdam 2013; Duan et al. 2020); however, this was not 

observed in Pinus sylvestris (Zlobin et al. 2023), nor in field studies (Skelton et al. 2017). 

While drought-induced xylem embolism can limit gsw recovery in conifers (Brodribb and 

Cochard 2009; Rehschuh et al. 2020), we found Ψmd immediately returned to control values 

following rewatering (Figure 3.1a), despite Ψmd reaching ~-3.8 MPa during severe stress, 

corresponding to an estimated loss of conductivity between 70 and 85% (Chauvin et al. 

2019). This indicates that the recovery of water status (Ψmd) occurred rapidly, while full 

hydraulic recovery was more gradual and likely dependent on new xylem formation. The 
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gradual increase of gsw in the drought-treated plants during recovery was likely related to 

drought-induced limits of stem hydraulic supply (estimated via Hv) and embolized conduits 

both being relieved by new sapwood growth (Song et al. 2024). Greater Hv reflects a larger 

potential hydraulic conductivity relative to leaf area, which reduces the xylem tension 

necessary to supply the evaporative demand from the foliage (Gattmann et al. 2023), thereby 

sustaining the delivery of water to the guard cells, maintaining their turgor pressure, and 

allowing stomata to remain open to support maximal gsw. It is important to note that slightly 

higher VPD during recovery in the drought treatments contributed to reduced gsw in addition 

to Hv, as both of these factors were related to gsw  (Figure 3.3). Reduced growth rates during 

mild drought stress likely led to the formation of fewer or smaller xylem tracheids (Olano et 

al. 2014), leading to lower hydraulic conductivity per area of new growth than the control. As 

such, gsw remained below control levels during stress recovery in trees with a similar Hv 

(Figure 3.2a). Reduced xylem conductivity per area of growth suggests that previously 

drought-stressed trees may require a greater stem basal area to achieve the same gsw as 

unstressed trees, particularly in plants exposed to severe drought which develop embolism. 

Taken together, these results emphasize how stem anatomical constraints on hydraulic supply 

strongly regulate gas exchange in conifers (Gattmann et al. 2023; Knüver et al. 2025), and 

may ultimately limit the recovery of gas exchange following any intensity of drought stress.  

 

3.3.2 Drought severity increasingly limits recovery of C accumulation 

 

Recovery of C assimilation was limited according to drought severity. During recovery from 

mild drought stress, photosynthesis gradually increased in-step with gsw, suggesting the non-

immediate photosynthesis recovery from mild stress was due to stomatal limitations. In 

contrast, following severe stress, the recovery of Anet was initially decoupled from gsw. This 

occurred despite an immediate increase in Anet, but not gsw following rewatering, indicating 

Anet was initially more sensitive to rewetting. However, Anet required longer than gsw to reach 

pre-drought levels, meaning WUEi remained below control levels during this time period. 

This suggests that Anet was ultimately less sensitive to the recovery of soil water availability 

than gsw following severe stress. To balance ATP and NADPH regeneration to lower Rubisco 

demand during drought, plants actively minimize electron flow through photosystems I and II 

(Pandey et al. 2022; Alongi et al. 2024), and down-regulate Rubisco activity and content 

(Parry et al. 2002). While reduced photosynthesis can occur due to NSC feedback inhibition 
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during periods of reduced sink-activity (M. Tian et al. 2024), we did not observe evidence of 

NSC accumulation during recovery. Our observed decoupling of gsw and photosynthesis 

following stress release indicates that short-term recovery of C assimilation may be less 

limited by hydraulic constraints than by persistent metabolic inhibition of the photosynthetic 

apparatus following severe stress. In addition to metabolic downregulation, other mechanisms 

could explain the observed initial non-stomatal limitation of photosynthesis. Photoinhibition, 

particularly damage to photosystem II due to the production of reactive oxygen species, may 

impair recovery until repair processes restore photosystem functionality (Schönbeck et al. 

2022). Furthermore, reduced mesophyll conductance can persist independently of gsw, 

thereby increasing the resistance of CO2 diffusion (Galle et al. 2010). These alternative 

mechanisms may act independently or in concert with biochemical downregulation to limit 

initial photosynthesis recovery following severe drought events.  

 

These drought-severity dependent limitations to C assimilation recovery were clearly 

reflected in whole-tree C accumulation. While mild-stressed plants accumulated on average 

45 % less C per day than the control plants throughout the drought period, net C 

accumulation rates were close to control levels during the recovery period. This occurred 

despite generally lower Anet in mild compared to control trees being compensated for by 

lower root respiration (Figure S3.4). In agreement with hypothesis (2), severe drought-stress-

treated plants accumulated 69 % less C per day than the control-treated plants throughout the 

entire recovery period, with final daily accumulation rates still 51 % lower. This largely 

confirms other work demonstrating strong negative relationship between drought severity and 

recovery of C accumulation rates (Martínez-Sancho et al. 2022). Moreover, these results 

emphasize that the recovery potential following droughts of varying severities are directly 

related to the degree and mechanisms of physiological limitation that occur in response to the 

stress event (Ruehr et al. 2019). 

 

3.3.3 Reduced recovery of growth not limited by NSC 

 

Drought-induced reductions in growth persisted through recovery, with 25 % less basal 

growth during recovery from mild stress and 42 % less from severe stress. The stronger 

limitation of growth by severe stress can be partially attributed to a delay in the resumption of 

growth, as growth was minimal during the first week of recovery, suggesting a temporary 
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delay due to cellular repair (Kannenberg et al. 2022; Lv et al. 2022) or due to regaining 

phloem functionality (Rehschuh et al. 2020). Our observed growth rate reductions following 

both mild and severe drought stress are difficult to explain under the sink-driven model of C 

accumulation. In a sink-driven model of C accumulation, the capacity for growth, as 

determined mostly by nighttime cell turgor conditions, regulates the amount of C intake via 

photosynthesis during the day (Körner 2015). While we did not observe differences in branch 

Ψmd across our stress treatments during recovery, it is possible that small but physiologically 

relevant differences in Ψ were present, but remained below our detection threshold or 

sampling timeframe.  

 

Reduced growth following either stress treatment could not be attributed to increased C 

allocation to storage, as NSC concentrations were maintained at or above nominal levels 

throughout drought and recovery periods. However, it is important to acknowledge that our 

severe drought treatment was relatively intense, as Ψmd rapidly decreased, leading to 

individuals having a net negative C balance during the final eight days of drought on average 

(Figure 3.4b), during which NSC decreased (Figure 3.5c). It is likely that a more gradual 

drought would extend the period of a negative C balance and ultimately lead to NSC 

depletion below control levels. As total NSC concentrations did not deplete below control 

levels in either the mild or severe treatment, refilling of NSC did not appear to limit growth 

recovery as some studies suggest (Kannenberg and Phillips 2020; Guo et al. 2021), in 

contrast to hypothesis (3). We did observe an increase in stem starch concentration around 

two weeks into recovery; however, starch ultimately returned to control levels, representing 

only a temporary increase in C allocation to storage, and likely was a result of reduced 

growth sink strength.  

 

Nonetheless, we recognize that stem NSC concentrations alone likely oversimplify the 

available carbon for metabolic and structural demands. Drought events can additionally 

constrain NSC accessibility by tissue compartmentalization, as well as limitations to transport 

and remobilization (Hartmann and Trumbore 2016). While stem NSC concentrations 

remained stable, it is possible that other large NSC pools, such as those in root tissue, 

remained physiologically inaccessible. Therefore, we conclude that the recovery of stem 

growth is unlikely to be limited by NSC availability following stress (Palacio et al. 2014), but 

cannot rule out constrained NSC mobilization as a contributing factor to delayed growth 

resumption.  
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3.3.4 Modified diurnal patterns restrict growth recovery 

 

A further investigation into the timing of growth revealed key diurnal differences between the 

control and drought treatment plants. Specifically, the higher daily growth rate in control 

plants appeared to be largely due to daytime growth, which progressively increased 

throughout the experimental period (Figure 3.6b). In contrast, daytime growth was absent in 

the mild and severe stress treatments during the drought period. Daytime growth appeared in 

the mild treatment by the third week of recovery, but was delayed until the final week of 

recovery in the severe treatment (Figure 3.6b). As with gsw, the appearance and degree of 

daytime growth was strongly related to sapwood development (estimated via Hv) at the 

beginning of each day (Figure S3.5). This was likely due to a greater stem hydraulic supply 

from increases in sapwood area buffering against daytime changes in xylem tension (Zheng 

et al. 2022; Ziegler et al. 2024), allowing for growth-favorable turgor conditions to be 

maintained during the day. This contrasts with the general understanding of tree diurnal 

growth patterns, where high daytime VPD is expected to restrict growth processes to night 

(Zweifel et al. 2021). In agreement with this, we found that increasing daytime VPD did 

negatively affect daytime growth (Figure S3.5). Interestingly, daytime growth appeared 

possible once Hv reached ~0.08 under moderate VPD (Figure S3.5), corresponding to the 

point in which the seasonal max gsw was reached in both the control and mild stress 

treatments (Figure 3.2a). Daytime growth in the severe treatment, however, did not occur 

until the final week of recovery (Figure 3.6b), corresponding to a notably higher Hv (Figure 

3.2a). This likely was due to the presence of embolism formed during severe drought stress 

(Figure 3.1a), which would reduce stem hydraulic conductance of the existing stem basal area 

(Rehschuh et al. 2020).  

 

Taken together, our findings suggest that drought-induced modifications to sapwood 

development largely regulate the capacity for juvenile trees to optimize growth patterns 

across a greater diurnal scale. With daytime growth constituting up to 30% of daily growth in 

control trees, drought-induced delays in stem hydraulic development may lead to substantial 

reductions in seasonal biomass accumulation. Furthermore, these results highlight the 

importance of the drought timing within the growing season. Drought events occurring early 

in the growing season, before sufficient sapwood has developed to support and canopy gas 
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exchange, may be particularly disruptive (Ruehr and Nadal-Sala 2025). By limiting the 

formation of hydraulic capacity needed to sustain photosynthesis and growth, such early-

season droughts are likely to lead to prolonged recovery periods, and have the potential to 

carry-over into the next season.  

 

3.4 Conclusion 

 

 
 

Figure 3.7: Schematic overview of the mechanistic recovery pathways following mild 
stress (left) and severe stress (right). The restoration of stem hydraulic development 
positively influenced both the restoration of gas exchange as well as the expansion of 
diurnal growth patterns, with this pathway substantially delayed following severe stress. 
 

Our findings demonstrate that tree recovery following drought is primarily governed by stem 

hydraulic constraints, with reduced sapwood development limiting the recovery of both gas 

exchange and growth in juvenile Pseudotsuga menziesii (Figure 3.7). While carbon 

assimilation declined with drought intensity, severe stress induced an initial metabolic 

inhibition of assimilation, yet recovery was ultimately constrained by limited sapwood 

development. Similarly, nonstructural carbohydrate reserves in the stem remained abundant, 

indicating that carbon likely did not limit growth. Instead, reduced sapwood development 

delayed the seasonal appearance of daytime growth particularly under severe stress, where 

daytime basal expansion was largely absent. These drought-induced constraints on stem 

hydraulic development not only slowed gas exchange recovery, but also suppressed seasonal 
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carbon accumulation. As this relationship was identified in a singular conifer species with 

strong stomatal regulation, these mechanisms may not generalize to angiosperms or species 

with anisohydric hydraulic strategies. Nonetheless, our findings highlight the importance of 

drought seasonality, as drought events occurring earlier in the year, before sufficient sapwood 

area has developed to sustain the newly developed leaf area, may disproportionately affect 

gas exchange and growth, and ultimately lead to extended recovery periods. Together, these 

results provide a process-based explanation for the observance of prolonged reductions in 

forest productivity following drought events.  

 

3.5 Materials & Methods 

3.5.1 Plant material and environmental conditions 

 

We obtained 72 bare-root three-year old Pseudotsuga menziesii seedlings (HkG 85305) from 

a tree nursery in March 2023 (Forstbaumschulen Gracklauer, Gunzenhausen, Germany). 

Seedlings were placed in individual 5.7 L pots containing an inorganic substrate mixture of 

fine quartz sand (0.1 – 1.2 mm), medium grain sand (1 – 2.5 mm), perlite, and vermiculite 

(2:2:2:1), with 12 g extended-release fertilizer and 2 g micronutrient mix (Osmocote® 5 8-

9M, Micromax® Premium; ICL Specialty Fertilizers, Geldermalsen, Netherlands).  

 

In May 2023, seedlings were moved into an experimental greenhouse facility in Garmisch-

Partenkirchen, Germany (708 m a.s.l., 47°28’32.9” N, 11°3’44.2” E) to acclimate for four 

weeks. Seedlings were automatically drip irrigated with 150 mL water twice daily (07:00, 

21:00; Rain Bird, Azusa, USA), with LED grow lamps maintaining a 15-h photoperiod 

(LED-KE 400 VSP, DHLicht, Wuelfrath, Germany). Throughout the acclimation and 

experimental period, continuously measured photosynthetic active radiation (PAR; PQS 1, 

Kipp & Zonen, Delft, The Netherlands) reached daytime averages of 600 µmol m−2 while air 

temperature and relative humidity were maintained at 23 °C and 60 % respectively (see 

Figure S3.7 for greenhouse growth conditions). 

 

3.5.2 Experimental conditions 

 

The seedlings were randomly assigned to either a well-watered control (n = 24), mild-drought 

(n = 24), or severe-drought (n = 24) treatment. Six seedlings from each treatment were placed 
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in custom-built tree gas flux chambers (referred to as chamber seedlings); however, three 

individuals were ultimately removed due to exceptionally high initial transpiration rates 

(outliers), resulting in a sample size of n = 6 for control, n = 5 for mild, and n = 4 for severe 

treatments. The remaining seedlings were placed on separate benches by treatment (referred 

to as pilot seedlings), and were utilized for destructive samples as to not influence gas-

exchange measurements.  

 

On June 6th 2023 following leaf out, irrigation was withheld completely from the severe-

drought treatment (0 mL daily), reduced in the mild-drought treatment (60 mL daily), while 

the control treatment continued to receive drip irrigation (300 mL daily). SWC was measured 

throughout the experimental period in all gas flux chamber pots, and in four pilot pots per 

treatment (10HS, Meter Group, USA), and informed drip-irrigation modifications to 

minimize variation within and between the pilot and corresponding chamber treatments. 

Targeted soil volumetric water content (SWC) by the end of drought were 0 % in severe, 10 

% in mild, and >20 % in the control. SWC progressively decreased throughout the drought 

period in the non-control treatments. The mild drought treatment attained the targeted 10 % 

SWC halfway through drought stress and was maintained, reaching 10.3± 1.3 % in chamber 

seedlings and 9.6± 0.7 % in pilot seedlings by the end of drought stress. The severe drought 

treatment continuously dehydrated throughout the drought period, with chamber and pilot 

seedlings reaching values close to zero by the end of drought stress.  

 

All gas flux chamber pots were equipped with dendrometers installed ~5cm above the soil to 

continuously measure relative changes in diameter (DD-S, Ecomatik, Germany, 1.5 µm 

resolution). Absolute diameters were calculated in comparison to the initial diameter 

measured by a caliper, and were transformed into basal area. These measurements of basal 

area were used to infer sapwood area, which we utilized to calculate the Huber value (Hv, 

estimated as the sapwood area to leaf area ratio).  

 

Growth was determined based on the zero growth concept (Zweifel et al. 2016), which 

assumes no growth during periods of stem dehydration when the stem diameter is below the 

previously recorded maximum (Ziegler et al. 2024). Growth data during recovery was 

reported starting the second day of recovery to account for immediate stem rehydration. 

Midday branch water potential (Ψmd) was frequently measured on axial branches of randomly 

selected pilot seedlings (n=3-5 per treatment) using a Scholander-type pressure chamber 
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(Model 1505D, PMS Instruments, Oregon, USA). Midday branch water potential was 

selected to identify the highest daily xylem tension experienced during treatment progression. 

An end-drought target Ψmd of ~-4 MPa in the severe drought treatment was chosen to induce 

hydraulic damage but not mortality, corresponding to a percent loss of conductivity of 70 – 

85 % (Chauvin et al. 2019). 

 

On July 4th 2023, mild and severe drought treatment irrigation returned to 300 mL daily, 

while all parameters continued to be measured until the end of recovery on August 9th 2023. 

Following release of drought stress, mild and severe drought treatment SWC quickly 

increased to control values (>20 %) and were maintained throughout the recovery period 

(Figure S3.8).  

 
Figure 3.8: Experimental design overview and sampling timeline, indicated by both 
calendar date (upper timeline) and experimental day (lower timeline). Seedlings were 
divided between custom-built gas exchange chambers (upper left, n= 4-6 per treatment) 
and pilot seedlings for destructive harvest (lower left, n = 17-18 per treatment). 
Chamber seedlings were measured hourly for net photosynthesis (ANet), stomatal 
conductance (gsw), transpiration (E), root respiration (RRoot), shoot respiration (RShoot, 
nighttime only), with continuous measurements of stem basal area (ΔBasal Area) and 
volumetric soil water content (SWC). Pilot seedlings were destructively harvested at the 
indicated timepoints for midday branch water potential (Ψmd), foliar abscisic acid 
(ABA), and branch non-structural carbohydrate (NSC), with SWC being continuously 
measured (n = 3-4 per treatment).   

 

Following the end of the recovery period, all chamber seedlings were harvested for biomass 

and separated into leaf, above ground woody tissue (stem + branch), and belowground woody 



 55 

tissue (root). Root:shoot is defined as the ratio of belowground biomass (root) to 

aboveground biomass (leaf + stem + branch). Biomass was then dried for 72 hours at 60 ºC, 

with dry weight recorded thereafter. Total leaf biomass was then used to calculate leaf area 

for gas exchange standardization. Leaf area was measured on a subset of fresh leaves, with 

those leaves subsequently dried to determine the leaf area to dry weight ratio, which was then 

used to transform total leaf biomass into leaf area. We assume that leaf area for each 

individual was constant throughout the duration of the experiment, as leaf-out and needle 

elongation was complete at the onset of gas-exchange measurements. Minor leaf shedding 

and lammas growth occurred on a few individuals under drought treatment; however, this 

growth was visually estimated to contribute very little to the total leaf area (< 5%). An 

experimental overview including the measurement timeline is available in Figure 3.8.  

 

3.5.3 Tree gas flux chamber system 

 

Gas exchange (H2O and CO2) was continuously measured in above- (shoot) and belowground 

(root) compartments using a custom-built tree gas flux chamber system (for details see 

Birami et al. 2020 and Rehschuh et al. 2022). Chambers were continuously supplied 

predefined 445.6± 0.2 ppm CO2 and 8.0± 0.0 mmol H2O concentration air, with both the 

provided airstream (reference) and returned airstream (sample) measured for absolute and 

differential CO2 and H2O (Li-840, Li-7000; Li-Cor, Lincoln, NE, USA). CO2 was supplied 

above ambient levels to partially offset reductions in individual chamber CO2 which occur 

during photosynthesis. Additionally, two empty chambers containing the same C-free potting 

substrate were utilized to account for background fluxes, and were accordingly subtracted 

from their respective sample chamber sections. We note that these offsets were relatively 

minor across chamber sections (+0.15 ± 0.09 ppm CO2 and 0.03 ± 0.11 mmol H2O on 

average). Licor devices were calibrated every two weeks using zero CO2 and H2O air. Air 

temperature (Tair) of shoot compartments was regulated by fast-response thermocouples 

(5SC-TTTI-36-2 M, Newport Electronics GmbH, Deckenpfronn, Germany). Air 

measurements were at 10 second intervals, with one measurement cycle through all chambers 

lasting ~80 minutes. For environmental conditions in the gas exchange chambers, see Figure 

S3.2. Net photosynthetic assimilation per leaf area (Anet), root respiration (Rroot), stomatal 

conductance per leaf area (gsw), and  transpiration per leaf area (E) were calculated as in 

Rehschuh and Ruehr 2022. Carbon fluxes were calculated separately for each chamber 
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compartment (root and shoot) without normalizing by leaf area in order to capture the whole-

tree carbon budget.  

 

Molar CO₂ fluxes for each chamber compartment were derived from the difference in dry-air 

CO₂ mole fractions between sample and reference air streams: 

𝐹!"!,$%&' 	= 	−𝑚̇$%&'(𝐶()&'*+,$%&' − 𝐶,+-+,+.$+,$%&') 

Eq. 1 

Where:  

𝐹!"!,$%&'	: molar CO2 flux of the chamber compartment comp (mol CO2 s-1) 

𝑚̇$%&': molar flow rate through the chamber compartment (mol s-1) 

𝐶()&'*+,$%&': CO2 mole fraction in the chamber sample air after correction for water dilution 

(mol CO2 mol-1 dry air) 

𝐶,+-+,+.$+,$%&': CO2 mole fraction in the reference airstream after correction for water 

dilution (mol CO2 mol-1 dry air) 

 

Daily net carbon exchange for each individual (𝐶/)0*1) was then obtained by integrating 

average molar fluxes (mol CO2 s-1) from each compartment throughout the day and then 

multiplying by the molar mass of C and seconds in a day: 

𝐶/)0*1 = (𝐹!"!,(2%%3 + 𝐹!"!,,%%3) ∗ 𝑀! ∗ 𝑠/)1	

Eq. 2 

Where: 

𝐶/)0*1: daily net C exchange for the study individual (g C day-1) 

𝐹!"!,(2%%3 and 𝐹!"!,,%%3: daily average molar CO2 flux (mol CO2 s-1) from the shoot and root 

compartments, respectively 

𝑀!  = 12.01 g mol-1: molar mass of carbon  

𝑠/)1: 86400 s day-1 

 

Cumulative carbon accumulation over the course of the experiment was then calculated as the 

sum of daily values:  

𝑃𝑙𝑎𝑛𝑡	𝐶(𝑑) =4𝐶/)0*1,0

/

045
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Eq.3  

Where: 

𝑃𝑙𝑎𝑛𝑡	𝐶(𝑑): cumulative carbon accumulation up to day d (g C) 

𝐶/)0*1,0: net daily carbon accumulation on day i (g C day-1) 

d: day index (1≤ d ≤ total number of days in the experiment) 

 

3.5.4 Nonstructural carbohydrate quantification 

 

Axial stems (~8 cm) were harvested from randomly selected pilot trees of all treatments (n= 

5-7) and microwaved for three 60s increments to halt metabolic activity. Tissues were then 

dried for 72 hours at 60 ºC and ground to a fine powder. Stems were analyzed for starch and 

sugar (sucrose + fructose + glucose) concentration using a standardized enzymatic method 

(Landhäusser et al., 2018). Free sugar concentrations were determined after conversion to 

glucose-6-P via invertase and isomerase. Starch concentration was determined by 

hydrolyzing a-amylase and amyloglucosidase to convert starch to glucose-6-P. 

Dehydrogenase was used to oxidize glucose-6-P to gluconate-6-P and absorbance was read at 

340 nm on a 96-well microplate photometer (Epoch 2, Agilent, Santa Clara, CA, USA). Total 

NSC is considered the sum of free sugar and starch, with all NSC reported in % dry weight.  

 

3.5.5 Abscisic acid quantification 

 

Needles were collected from the harvested axial stems and immediately frozen in liquid 

nitrogen until ABA quantification at the destructive timepoints (n= 5-7/ treatment). Foliar 

ABA levels were determined via physicochemical methods (McAdam and Brodribb, 2015), 

where samples were fully homogenized and 15 ng of [2H6]ABA internal standard was added 

to each sample. Endogenous ABA was extracted from the homogenized foliar tissue, with an 

aliquot taken and dried under vacuum until completion. Samples were then resuspended in 

200 μL of 2 % acetic acid, with ABA levels then quantified using liquid chromatography–

mass spectrometry (Agilent 6400 LC/MS, USA). 
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3.5.6 Statistical methods 

 

Statistical analysis was conducted in the R statistical programming environment v4.3.2 (R 

Core Team 2022). Linear fixed-effect models were used to identify fixed treatment 

differences for all measured parameters at single timepoints (Ψmd, ABA, NSC, biomass 

metrics, gas exchange, as well as cumulative C uptake and growth for the drought, recovery, 

and total experiment timeframes). For timeseries regression analysis (daytime growth and 

final C accumulation rates), mixed-effect models were used to account for repeated measures 

by including individuals as a random effect, while treatment remained as a fixed effect (lme4 

package, Bates et al. 2014). Exploratory mixed-effect models describing gsw and daytime 

growth throughout the experimental period were fit using an interaction term between VPD 

and Hv with treatment as an additive effect, while including individuals as a random effect. 

All models were analyzed via diagnostic plots to verify parametric modeling assumptions of 

normality, equal variance, and influential points, with log-response transformations used for 

data which violated assumptions. Post-hoc differences between treatments were determined 

using Tukey’s Honest Significant Distance with the Kenward-roger degree of freedom 

method with a 95 % confidence interval and a 0.05 significance level (emmeans package; 

Lenth et al. 2024). Standard error is reported for all included measurements. For daytime 

(09.00-14.00) and nighttime (00.00-05.00) averages, parameters were first averaged for each 

individual, with standard error then calculated per treatment.   
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3.6 Supplementary Materials 

Table S3.1: Correlation matrices of average daytime (09.00 – 14.00) net photosynthesis 
(ANet), stomatal conductance (gsw), and the stem sapwood area : leaf area ratio (Hv) for 
each treatment throughout the course of the experiment. We computed Pearson 
correlations after adjusting for the effect of vapor pressure deficit and repeated 
measures using linear mixed-effects models. Correlation matrices with associated p-
values were generated separately for each treatment group.  
 

 

Table S3.2: Biomass (g DW) measured during destructive harvest at the end of the 
experimental period. Reported are tissue means across treatment with standard error. 
Bold letters indicate significant differences calculated using TukeyHSD.  

 

 
 
  

Treatment Variable ANet gsw Hv 

Control ANet 1.00 (—) 0.32 (p<0.001) 0.42 (p<0.001) 

gsw 0.32 (p<0.001) 1.00 (—) 0.18 (p=0.001) 

Hv 0.42 (p<0.001) 0.18 (p=0.001) 1.00 (—) 

Mild ANet 1.00 (—) 0.66 (p<0.001) 0.56 (p<0.001) 

gsw 0.66 (p<0.001) 1.00 (—) 0.59 (p<0.001) 

Hv 0.56 (p<0.001) 0.59 (p<0.001) 1.00 (—) 

Severe ANet 1.00 (—) 0.51 (p<0.001) 0.37 (p<0.001) 

gsw 0.51 (p<0.001) 1.00 (—) 0.51 (p<0.001) 

Hv 0.37 (p<0.001) 0.51 (p<0.001) 1.00 (—) 

Treatment Total biomass Belowground woody 

biomass 

Aboveground woody 

biomass 

Needle 

Control 49.2 ± 7.4 A 19.8 ± 2.9 A 20.1 ± 2.3 A 9.2 ± 0.7 A 

Mild 45.5 ± 10.5 AB 13.1 ± 3.0 AB 20.5 ± 4.7 AB 11.8 ± 3.2 A 

Severe 24.8 ± 11.8 B 7.1 ± 1.6 B 10.8 ± 1.6 B 7.0 ± 0.7 A 
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Figure S3.1: Time series of daytime (09.00 – 14.00 transpiration (E) throughout the 
experimental period (n = 4-6 per treatment). Generalized additive models were fit to 
produce smoothing lines, with the gray shaded area representing ±SE. The dashed black 
line in both panels indicates the transition from drought to recovery.   
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Figure S3.2: Environmental conditions for chamber seedlings during the experimental 
period. Reported are mean daytime (09.00 – 14.00) air temperature (Tair, a), and the 
diurnal cycle of air temperature (b) throughout the experiment. Due to drought-induced 
changes in transpiration, relative humidity (RH, c) and therefore vapor pressure deficit 
(VPD, d) varied between chamber treatments with drought development, and therefore 
are displayed for each week in the experimental period. All diurnal cycles are shown 
with standard error. Note, while photosynthetic active radiation is not reported for 
chamber seedlings, this can be assumed to be equivalent to the greenhouse PAR shown 
in Figure S3.1.  
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Figure S3.3: Carbon accumulation is reported in grams of carbon from Douglas fir 
seedlings in gas exchange chambers. Reported are daily net C accumulation from shoot 
chamber sections (a) and daily net respiration from root chamber sections (b) over the 
course of the experiment. The dashed black line indicates the transition from drought to 
recovery. Linear models are fit for the final 10 days of recovery for each treatment 
(black lines) with the slope reported to indicate daily C accumulation rates. Significant 
differences of the slopes (uppercase letters) were calculated using Tukey’s Honest 
Significant Difference. 
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Figure S3.4: Change in Douglas fir seedling respiration throughout the experimental 
period (drought and recovery). Due to growth of woody tissues, data is standardized to 
percent change from the experimental start rather than biomass. Generalized additive 
models were fit on individual daily mean belowground respiration rates (RRoot, a), as 
well as nighttime aboveground respiration (RShoot_Night, b). The gray area represents ±SE 
while the dashed black line in both panels indicates the transition from drought to 
recovery.   
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Figure S3.5: Effect plots from an exploratory model evaluating the effects of stem 
hydraulic supply at the start of the day (Huber value; Hv) and vapor pressure deficit 
(vpd) on daytime change in basal area, calculated as the difference in basal area 
between 5.00 and 17.00. The model did not reveal an interaction between Hv and vpd, 
with no additional variation explained by treatment.  
 

 

 

Figure S3.6: The root:shoot ratio is reported for all seedlings utilized in the gas 
exchange chambers at the end of the experiment (c, n = 4-6 per treatment). Uppercase 
letters indicate significant pairwise differences determined post-hoc using Tukey’s 
Honest Significant Difference.   
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Figure S3.7: Time series visualization of mean daytime (09.00 – 14.00) greenhouse 
photosynthetic active radiation (PAR, a), air temperature (Tair, b), relative humidity 
(RH, c), and vapor pressure deficit (VPD, d) during the experimental drought and 
subsequent recovery period for pilot seedlings. The dashed black line indicates the 
transition from drought to recovery.  Diurnal cycles of the environmental conditions are 
reported (e-h).  
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Figure S3.8: Soil water limitation imposed on seedlings by drought treatments (Control, 
Mild, Severe) throughout the experiment. Volumetric soil water content (SWC) is shown 
for gas exchange chamber seedlings (a, n = 4-6 per treatment) and pilot seedlings (b, n = 
3-4 per treatment). Shaded area represents ±SE for each timepoint, while the dashed 
black line indicates the transition from drought to recovery.   
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4 Carbon-mediated drought legacy effects differ between two forest species with 

contrasting leaf habit 

 

This chapter has been submitted (2026) to Journal of Experimental Botany as:  

 

Alongi F.; Knüver T.; Blumstein M.; Sontheim A.; Zeppan J.; Reddy S.; Brandfonbrener J.; 

and Ruehr N.K. Carbon-mediated drought legacy effects differ between two forest species 

with contrasting leaf habit.  

 

Abstract 

 

Drought events induce long-lasting physiological changes in trees. These “legacy effects” 

continue to alter forest productivity during subsequent growing seasons. Due to often 

confounding hydraulic and carbon-related drought impacts, the underlying mechanisms 

causing legacy effects remain poorly understood. To assess carbon-mediated legacy effects, 

we exposed two temperate species of contrasting leaf habit to extended drought, reducing 

photosynthesis while maintaining hydraulic integrity. We quantified bud and branch 

nonstructural carbohydrates (NSC) between two growing seasons, monitored autumn and 

spring leaf phenology, and assessed new tissue function and morphology during the 

subsequent growing season. New tissue development following drought retained 

physiological function, but exhibited significantly reduced biomass, demonstrating 

pronounced legacy effects. These patterns were widely correlated with drought-induced 

reductions in NSC content and dormancy remobilization. Legacy effects were more 

pronounced in the deciduous L. decidua which experienced greater NSC limitations, 

disrupted spring budburst, and larger reductions in tissue production than the evergreen P. 

sylvestris. Our findings establish a carbon-mediated pathway of drought legacy, resulting in 

reduced tissue production while preserving tissue function. Deciduous species, which rely 

predominantly on stored NSC for spring growth, may be particularly vulnerable to this 

carbon-mediated pathway, suggesting leaf habit as a determinant of legacy sensitivity. 
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4.1 Introduction 

 

Drought events are expected to increase in frequency and severity, particularly in temperate 

and boreal forests (Adams et al. 2017; Naumann et al. 2018). Beyond the immediate 

physiological impacts of drought in trees like reduced carbon (C) assimilation and impaired 

hydraulic conductance, there is growing recognition that drought induces persistent legacy 

effects, which modify plant function during subsequent growing seasons (Hartmann et al. 

2018; Ruehr et al. 2019; Sterck et al. 2024). These legacy effects often manifest as disrupted 

seasonal leaf phenology (Vander Mijnsbrugge et al. 2016), reduced productivity (Kannenberg 

et al. 2022), and through structural modifications in newly developed tissues (Petrik et al. 

2022). Despite the growing recognition of legacy effects as drivers of forest function 

following drought events, the underlying physiological mechanisms that enable these effects 

to persist into subsequent growing seasons remain largely unresolved (Kannenberg et al. 

2020). Proposed mechanisms include both hydraulic and C-mediated pathways; however, it is 

often difficult to separate these mechanisms as they typically co-occur. This lack of a 

mechanistic understanding regarding the causes of legacy effects impairs our ability to 

project ecosystem responses to increasingly severe drought events. Addressing this gap 

requires experimental studies that can isolate the physiological effects of drought.  

 

The physiological effects of drought can vary by the intensity, duration, and affected forest 

species (McDowell 2011). Intense drought events induce xylem embolism, impairing 

hydraulic conductance until the formation of sufficient new sapwood (Rehschuh et al. 2020).  

In contrast, mild drought events are less likely to induce permanent hydraulic damage, but 

can still reduce or halt photosynthesis, leading to periods of reduced growth (Ruehr and 

Nadal-Sala 2025) and substantial C losses (Hartmann and Trumbore 2016). While these C 

imbalances are often reversible following short drought events, prolonged drought periods 

can exacerbate C depletion, increasing the recovery time required to replenish C reserves 

(Ruehr et al. 2019). This may pose a significant challenge for temperate tree species, in which 

the post-drought recovery window is ultimately constrained by autumn leaf senescence and 

the onset of winter dormancy.  
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Temperate tree species experience seasonal cycles of growth, senescence, and dormancy, 

during which the balance between C acquisition and utilization fluctuates. To buffer against 

periods of low C assimilation like dormancy, trees rely on internal C reserves in the form of 

nonstructural carbohydrates (NSC), which support winter respiration and provide substrate 

for new tissue growth in spring (Tixier et al. 2018; Furze et al. 2019). Drought may be 

disruptive to this seasonal C budget particularly during late summer and early autumn, when 

temperate perennials typically shift C allocation away from growth and toward NSC 

accumulation and bud development in preparation for dormancy (Strømme et al. 2017; Chen 

et al. 2023). These impacts may be further exacerbated if drought advances autumn leaf 

senescence, effectively limiting late-season photosynthetic gain (Estiarte and Peñuelas 2015; 

Wu et al. 2022). However, delayed autumn leaf senescence has also been reported, interpreted 

as an effort to compensate for drought-reduced growth and NSC storage (Arend et al. 2016; 

Vander Mijnsbrugge et al. 2016; 2025). Because autumn senescence and subsequent spring 

budburst define the bounds of the growing season, drought induced shifts in these events 

directly impact the temporal window for C recovery. 

 

As with autumn senescence, another observed drought legacy effect is either advanced or 

delayed onset of spring budburst (Kuster et al. 2014; Vander Mijnsbrugge et al. 2016; Čehulić 

et al. 2019). Budburst depends on the mobilization of NSC from proximal branches toward 

bud tissues to support new tissue development (Tixier et al. 2018; Blumstein et al. 2024). As 

such, insufficient NSC accumulation during the previous growing season may delay or slow 

budburst (Pérez-de-Lis et al. 2016; Amico Roxas et al. 2021), or even result in aborted buds 

(Misson et al. 2011). Similarly, reduced NSC content in branch tissues are thought to 

contribute to lower productivity and biomass development in the next growing season (Klein 

et al. 2014; Löiez and Piper 2022), as early tissue development is highly dependent on the 

presence of sufficient NSC reserves (Klein et al. 2016, Furze et al. 2019). However, 

additional legacy effects, namely functional trait modification in new tissues, can lead to 

longer-term reductions in C acquisition. Specifically, new growth following drought years 

often displays water-conservative traits, such as lower specific leaf area (SLA) and reduced 

rates of stomatal conductance (Petrik et al. 2022; Thomas et al. 2024), which can limit 

seasonal C gain while simultaneously rendering individuals more resilient to recurrent 

drought events. Understanding drought legacy mechanisms requires linking immediate 

impacts, such as reduced NSC reserves, with delayed responses in leaf phenology, tissue 
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function, and morphology, since these combined effects influence plant productivity and 

resilience in following seasons.  

 

Our understanding of how drought legacy effects are mediated is complicated by the variable 

strategies across forest species. Deciduous species may be particularly sensitive to drought 

legacy effects as they rely exclusively on NSC accumulated during the previous year to 

complete spring leaf-out. In contrast, evergreen species may be able to extend their period of 

C gain both later in autumn and earlier in spring by utilizing persistent leaf tissue (Parazoo et 

al. 2018), thereby rendering them less reliant on previous-year NSC to support leaf out and 

new tissue development (Furze et al. 2019). This dynamic may partially explain the recent 

observation of greater drought resilience in evergreen species (Marchand et al. 2025); 

however, the opposite trend has also been observed (Anderegg et al. 2015). How species of 

contrasting leaf habit regulate their NSC budgets after drought will influence species 

competition and community composition, underscoring the need for comparative studies that 

integrate physiological and phenological responses to identify the mechanisms driving 

drought legacies. 

 

In this study, we experimentally assess how an extended summer drought which maintains 

hydraulic integrity directly and indirectly affects the plant C budget into the next growing 

seasons, and how this relates to legacy changes in phenology and subsequent new tissue 

development. We subjected juveniles of two temperate tree species of contrasting leaf habit 

(Larix decidua, gymnosperm-deciduous; Pinus sylvestris, gymnosperm-evergreen) to an 

experimental drought. Specifically, we explore the immediate and indirect effects of drought 

on bud and branch NSC content and its relationship to autumn leaf phenology, spring 

budburst phenology, and new tissue growth and function in the following growing season. We 

hypothesize that: 

 

H1: Summer drought will decrease NSC content in bud and branch tissues, with these 

reductions persisting into the following growing season.  

 

H2: Drought will advance autumn leaf senescence, further limiting autumn NSC recovery, 

with lower NSC correlated with delayed and slower spring budburst.  
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H3: Drought-reduced NSC reserves will be linked to reduced tissue production in the 

following growing season, with this tissue exhibiting more conservative water use traits and 

decreased photosynthetic capacity.  

 

H4: The extent of drought-related NSC reduction, and therefore legacy effects, will differ 

between species with contrasting leaf habits, with the deciduous L. decidua expected to show 

lower NSC recovery by the start of the following growing season than the evergreen P. 

sylvestris. 
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4.2 Materials and Methods 

4.2.1 Plant material and environmental conditions 

 

We obtained 80 three-year old trees (L. decidua, n = 40; P. sylvestris, n = 40) from a tree 

nursery in March 2023. (Forstbaumschulen Gracklauer, Gunzenhausen, Germany). These 

individuals were immediately placed in individual 5.7 L plots containing an organic substrate 

mixture of peat substrate and perlite (5:1), with Osmocote© 5 8-9 month slow-release 

fertilizer (16-8-12 + 2.2MgO + TE; ICL Specialty Fertilizers) added to each pot at a rate of 

1g/L. All trees were kept outside at an experimental greenhouse facility in Garmisch-

Partenkirchen, Germany (708 m a.s.l., 47°28’32.9” N, 11°3’44.2” E). In March 2024, all trees 

were transplanted into larger 11L pots containing the same soil and fertilizer ratios. In July 

2024, all trees were moved inside the greenhouse facility to acclimate to greenhouse 

conditions for two weeks. Sodium vapor lamps (T-agro 400W; Philips) supplemented natural 

light to maintain a 14-hour photoperiod. Air temperature, relative humidity, and 

photosynthetic active radiation were continuously monitored at the mid canopy height 

(CS215; Campbell Scientific; PQS 1; Kipp & Zonen). For a summary of measured 

greenhouse environmental conditions throughout the drought period, see Figure S1. 

Individuals of each species were randomly assigned to either a control or drought treatment 

(n=20 per species per treatment), and placed on respective greenhouse benches (one per 

treatment/species combination) with dedicated irrigation lines. All individuals were 

automatically drip irrigated twice daily (07:00, 19:00; Rain Bird, Azusa, USA) to maintain 

volumetric soil water content (SWC) greater than 30%. We continuously measured SWC 

(10HS, Meter Group, USA), with five sensors equipped per species in the control treatment, 

and ten sensors equipped per species in the drought treatment.  

 

4.2.2 Experimental design 

The drought treatment started on July 15th 2024 by withholding irrigation from the drought 

individuals until targeted SWC were reached. Target SWC (5%) was determined by a decline 

of photosynthesis (Anet) > 50% from control values in order to substantially reduce C input 

without inducing hydraulic damage (for gas exchange measurement conditions, see section 

Assessment of new leaf photosynthetic function). For drought individuals without an installed 

SWC sensor, SWC was manually measured twice weekly with an additional 10HS unit. All 

trees were provided water as needed to maintain the 5% SWC target. We measured both pre-
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dawn and midday branch water potential (Ψ) using a pressure chamber (Model 600D, PMS 

Instruments, Corvalis, USA) on a random subset of each species-treatment combination 

during peak drought (August 26th, n= 6) to assess the extent of hydraulic stress, with 

measurements repeated at the end of the drought period (September 17th, n=5). For an 

overview of the experimental design, see Figure 4.1.  

 

 

Figure 4.1: Experimental design. Potted juveniles of either Pinus sylvestris (green) or 
Larix decidua (purple) were subjected to an extended mild drought (preserving 
hydraulic integrity) in an experimental greenhouse facility. Following drought, juveniles 
were moved outside and subsequently monitored throughout autumn leaf senescence 
using leaf spectral indices, as well as during spring budburst using a phenological scale. 
New leaf function and new tissue morphology was assessed in July 2025 (one year 
following drought). Bud and branch samples for non-structural carbohydrate (NSC) 
analysis were collected at four timepoints. Juveniles of both species (n=40 per species) 
were divided equally into drought and control treatment groups (n=20 per treatment 
per species). Random subsets (n= 10 per treatment per species) were selected for NSC 
analysis and legacy trait assessment, with the same subsets used at each sampling point. 
Two Pinus sylvestris drought-treatment individuals did not complete budburst, and were 
subsequently removed from analysis (deviations in sample size are de denoted using 
each species’ respective color).  
 
On September 18th, all trees were watered to field capacity and arranged outside in a 

randomized design. All studied individuals remained outside through July 2025, and were 

monitored for autumn and spring leaf phenology, with functional and morphological traits of 

new growth measured during the following growing season (Spring 2025). Environmental 

conditions outside the experimental greenhouse were monitored using a ClimaVue 40 

(Campbell Scientific, Logan, Utah, US; Figure S4.2). No mortality occurred throughout the 

experimental and subsequent monitoring period in any L. decidua individuals, while two P. 



 74 

sylvestris drought-treatment individuals did not survive into the following growing season 

and were subsequently removed from all analyses.    

 

4.2.3 Leaf phenology determination 

 

To quantify autumn leaf senescence while accounting for both deciduous and evergreen leaf 

habit, we measured spectral reflectance in the visible spectrum (380 nm – 790 nm) on all 

study individuals three times per week between the 19th of September 2024 and the 22nd of 

December 2024 using a PolyPen RP 410 (Photon System Instruments, Drásov, Czech 

Republic). For the deciduous L. decidua, leaf spectral measurements for each individual 

continued until >80% leaf shedding occurred (assessed visually), while all evergreen P. 

sylvestris individuals were measured until December 22nd 2024. For each measurement 

timepoint, 26 commonly used reflectance indices for assessing photosynthetic pigment status 

were calculated (Table S1). To identify a common spectral index for analysis of autumn leaf 

senescence, linear correlations were determined between each spectral index and the day of 

year for both species. Numerous spectral indices were found to be highly correlated with 

DOY across the autumn senescence period in both conifer species. As expected, these 

correlations were stronger in the deciduous L. decidua, with the top three correlated spectral 

indices being ZMI (-0.90), GM2 (-0.90), and SR (-0.88) (Figure S4.3). While correlations 

were slightly lower for the evergreen P. sylvestris, we nonetheless identified strong 

phenological signals in the spectral indices PRI (-0.81), ZMI (-0.79), and GM2 (-0.73). Due 

to the high negative correlation in both species, ZMI was selected to evaluate autumn leaf 

phenology. The ZMI index is derived as the ratio between reflectance in the near infra-red 

(R750 nm) and red-edge (R710 nm) region, and is well documented to serve as a proxy for 

leaf chlorophyll content (Zarco-Tejada et al. 2001).  

 

We visually assessed spring leaf phenology (budburst) on the shoot apex on all study 

individuals every other day between March 3rd 2025 and June 20th 2025 using a six-stage 

visual scale (Figure S4.4). For L. decidua, the stages were stage 1 = dormant bud, stage 2= 

bud swelling, stage 3 = leaf emergence (scale attached), stage 4 = leaf emergence (scale 

detached), stage 5 = leaf separation, and stage 6 = leaf elongation. For P. sylvestris, the stages 

were stage 1 = dormant bud, stage 2= bud swelling, stage 3 = bud elongation, stage 4 = 

needle sheath emergence, stage 5 = needle emergence, and stage 6 = needle elongation. 
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4.2.4 Tissue sampling 

 

Tissue sampling occurred at four timepoints to capture both drought and seasonally induced 

variations in NSC concentrations of branches and buds. Specifically, the sampling occurred at 

the end of the drought period before rewatering (September 15th 2024; “end-drought”), 

following the end of the autumn senescence period (December 15th 2024; “end-autumn”), at 

the end of winter (March 2nd 2025; “mid-budburst”), and finally during active budburst (Mar-

April 2025). Sampling during budburst occurred for each species when the control group of 

that species reached budburst phenophase three (50% complete), which occurred March 20th 

2025 in L. decidua and April 22nd 2025 in P. sylvestris. Each sampling campaign consisted of 

removing an axial branch which developed during the 2024 growing season from the 2023 

apical shoot. While only a subset of individuals was used for NSC analysis, tissue removal 

was performed on all individuals to maintain consistent harvest effects. NSC concentrations 

were quantified in branch and bud tissues produced during the 2024 growing season on a 

randomly-selected subset of individuals (n = 9-10 per treatment per species), with buds 

separated from branch tissue and separately microwaved for three minutes to halt metabolic 

activity. NSC samples were then dried for 72h at 60°C and ground to a fine powder using a 

ball-mill. Prior to grinding, buds were counted and weighed to calculate the average bud dry 

mass at both the end-drought and end-autumn destructive harvest timepoints.  

 

4.2.5 Nonstructural carbohydrate quantification 

 

The concentration of starch and sugars (sucrose, fructose, and glucose) in the ground branch 

and bud samples was measured using a well-established enzymatic protocol (Landhäusser et 

al., 2018). In short, 15 mg of ground tissue was weighed into tubes, with the specific mass for 

each sample recorded. Samples were boiled in 80% ethanol for 10 minutes, with the resulting 

supernatant used for soluble sugar quantification following their conversion to glucose-6-

phosphate (G6P) through the action of invertase, hexokinase, and phosphoglucose isomerase. 

The remaining pellet was gelatinized in water and then utilized for quantification of starch. 

The starch pellet was first treated with α-amylase (Sigma-Aldrich, Darmstadt, Germany) to 

convert starch into water-soluble glucans. Following separation of the solids with a 

centrifuge, the glucans were hydrolyzed into glucose using amyloglucosidase (Sigma-
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Aldrich, Darmstadt, Germany), which was then converted to G6P by hexokinase. For both 

sugar and starch quantification, G6P was oxidized to gluconate-6-phosphate by G6P 

dehydrogenase (Sigma-Aldrich, Darmstadt, Germany), and absorbance was recorded at 340 

nm using a 96-well microplate photometer (Epoch 2, Agilent, Santa Clara, CA, USA), with 

sample absorbances compared to those from a standard curve. The total NSC were 

determined by summing the concentrations of soluble sugars and starch, with results 

expressed as a percentage of dry weight. 

 

4.2.6 Assessment of new leaf photosynthetic function 

We assessed new leaf photosynthetic function using a combination of leaf spectral reflectance 

indices, gas exchange, and chlorophyll fluorescence measurements. Spectral indices (see 

section Leaf Phenology Determination) were calculated for all individuals of P. 

sylvestris (n=18-20 per treatment) on new crown foliage, and for L. decidua on long “single” 

leaves emerging from new branch growth (n=20 per treatment).  Gas exchange and 

chlorophyll fluorescence was were measured using a Li-6800 portable photosynthesis system 

equipped with the 6800-01A multiphase flash fluorometer (LI-COR Biosciences, Lincoln, 

Nebraska, USA). The 2-cm2 cuvette conditions were set to 420 ppm CO2, 1000 µmol m−2 s-1 

photosynthetic photon flux density, and a 750 µmol s-1 flow rate at 25°C using ambient 

relative humidity. Gas exchange measurements were corrected for actual leaf area within the 

2-cm2 cuvette on all individuals. Gas exchange and chlorophyll fluorescence measurements 

were conducted on newly developed foliage in the same subset of individuals selected for 

NSC analysis (n = 9-10 per treatment per species). In P. sylvestris, measurements were 

performed on new crown foliage, while in L. decidua, measurements were taken on long 

“single” leaves from current-season branches.  

4.2.7 Growth and new tissue morphology  

Total plant height and stem basal area (measured at pot height) were recorded for all 

individuals in July 2025, and were compared to initial measures of height and diameter to 

quantify annual growth. In addition, we quantified new axial branch growth by counting the 

number, length, and dry mass of all newly emerged branches extending from the previous 

year’s apical shoot in L. decidua (n = 20) and in P. sylvestris (n = 19), following the 
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separation of all foliage. These individuals were the same subset selected for NSC 

quantification to allow for correlation analysis. 

Leaf surface area was calculated prior to drying on fresh leaf subsets. In L. decidua, a new 

branch foliage was scanned to determine one-sided projected leaf area; total leaf surface area 

was estimated by doubling this value to account for both sides of the flattened leaves. For P. 

sylvestris, needles were modeled as half-cylinders to account for both the curved and flat 

surfaces. Each fascicle, containing two needles of uniform length and width, was treated as 

follows: 

𝐴0 = 2 · 𝐿0 · 𝑊0 · (𝜋/2 + 1) 

Where Ai is the total surface area of fascicle i, Li is needle length (mm), and Wi is the needle 

diameter (mm). Following the determination of leaf area to derive specific leaf area (SLA), 

all samples were dried at 60°C for 72h and dry mass determined.  

 

4.2.8 Statistical methods 

All statistical analyses were conducted in R version 4.4.1. (R Core Team 2022; Posit Team 

2025). For gas exchange parameters measured throughout the drought treatment period, we 

used linear mixed-effect models (LME; lme4 package, Bates et al. 2014) with individual tree 

identity included as a random effect to account for repeated measurements. 

 

To evaluate changes in tissue NSC content between seasons, we fit linear mixed-effect 

models separately for each species, including the interaction between treatment and harvest 

timepoint, and with the individual plant included as a random effect to account for repeated 

sampling. 

Treatment effects on single-timepoint response variables—including non-structural 

carbohydrate (NSC) concentrations, phenological timing (start, end, and duration), as well as 

growth and new tissue measurements—were assessed using linear models at each timepoint 

with species and treatment as interactive effects. Model assumptions of normality and 

homoscedasticity were evaluated using diagnostic plots and formal tests. Where necessary, 
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response variables were log-transformed to better meet parametric assumptions of normality 

and equal variance (evaluated again via diagnostic plots). Analysis of variance (ANOVA) 

tables derived from these linear models were used to test the significance of main and 

interaction effects. A main effect of treatment, when no significant interaction was detected, 

was interpreted as a consistent response across each species. In cases where a significant 

treatment by species interaction was observed, post-hoc pairwise comparisons were 

performed within each species using estimated marginal means (emmeans, Lenth et al. 2024). 

These contrasts informed the assignment of significance markers in visualizations. If 

assumptions were still violated after transformation, non-parametric Kruskal-Wallis tests 

were conducted within each species to assess treatment effects. 

To evaluate the legacy effects of drought treatment, species identity, and their interaction on 

leaf function, we conducted a permutational multivariate analysis of variance 

(PERMANOVA) using the adonis2() function from the vegan package in R (Oksanen et al. 

2025). The response matrix consisted of standardized pigment indices, gas exchange traits, 

and chlorophyll fluorescence parameters, and Euclidean distance was used as the 

dissimilarity metric. The model included treatment, species, and their interaction as fixed 

effects, and terms were evaluated sequentially using Type I sums of squares (by = "terms"). 

Statistical significance was assessed using 999 permutations. 

To assess the relationship between tissue NSC and legacy response variables (e.g., phenology 

timing and new tissue development), we calculated correlation matrices using the Pearson 

correlation coefficient. Analyses were conducted separately for each species, with data 

pooled across treatments. Correlations for which we interpret relationships were restricted to 

variables previously determined to have varied by the drought treatment, while all 

correlations are visualized and reported in the supplementary materials.  

Model results for NSC dynamics, new tissue morphology, and correlation analyses are 

provided in the Supplementary Materials, whereas all other model results are reported in-text 

with their corresponding test statistic, degrees of freedom, and type of test performed. 
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4.3 Results 

4.3.1 Drought Treatment Effects 

The imposed drought led to gradual declines in soil water content during the first month of 

treatment, reaching targeted SWC values of c. 5%, which were maintained throughout the 

second month of drought (Figure S4.5a). Drought decreased net photosynthesis by 4.71 ± 

1.23 μmol m⁻² s⁻¹ on average (χ² = 72.97, df = 1, p < 0.001, linear mixed-effects model), or 

by ~63%, with this effect consistent across both species (p = 0.567), with similar reductions 

observed for transpiration (E) and stomatal conductance (gsw, Table 1). Measurements of 

predawn and midday leaf water potential (Ψ) taken during the peak drought period revealed 

lower Ψpd (F₁,₂₈ = 39.59, p < 0.001, Two-way ANOVA) and Ψmd (F₁,₂₈ = 68.65, p < 0.001, 

Two-way ANOVA) in drought individuals of both species (Table 1, Figure S4.5c). Despite 

these decreases, Ψmd remained above –1.5 MPa in both species, above levels typically 

associated with complete stomatal closure and embolism formation in these species (Ziegler 

et al. 2024). In addition, drought reduced stem basal growth in both species by 74.2% during 

the treatment period (F₁,₇₈ = 21.57, p < 0.001, Two-way ANOVA; Figure S4.5d). 

Table 4.1: Summary of photosynthetic, hydraulic, and growth parameters during the 
two-month drought treatment in Larix decidua and Pinus sylvestris juveniles. Provided 
are treatment averages ±SE, and the resulting p-value from mixed effect (Anet, gsw, E, 
ETR), and one-way ANOVA (Ψpredawn, Ψmidday, Basal Area Growth) models. 
 

Variable Larix decidua Pinus sylvestris 
Control Drought p Control Drought p 

Anet 

(µmol m-2 s-1) 

11.5± 0.7 6.1± 0.5 <0.01 10.6± 0.6 4.49± 0.5 <0.01 

gsw 

(mmol m-2 s-1) 
204.7± 18.6 69.5± 6.6 <0.01 121.2± 9.7 39.3± 5.4 <0.01 

E 
(mmol m-2 s-1) 

3.18± 0.3 1.12± 0.1 <0.01 2.0± 0.2 0.7± 0.1 <0.01 

ETR  
(µmol m-2 s-1) 

81.8±2.5 67.9± 3.10 <0.01 93.2± 2.62 68.4± 3.35 <0.01 

Ψpredawn 

(MPa) 
-0.14± 0.04 -0.34± 0.05 =0.01 -0.26± 0.02 -0.47± 0.04 =0.02 

Ψmidday 

(MPa) 
-0.46± 0.04 -0.99± 0.09 <0.01 -0.40± 0.02 -0.75± 0.02 =0.04 

Basal Area Growth 
(mm2) 

60.5± 9.6 13.9± 7.2 <0.01 68.7± 9.1 37.9± 6.9 =0.01 
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4.3.2 Bud Morphological Development 

We observed minimal effects of drought treatment on bud morphological development in the 

studied species. While drought stress caused an immediate 20% reduction in average bud dry 

mass in L. decidua (F1,18 = 11.56, p = 0.003, Two-way ANOVA), this deficit recovered by the 

end of the autumn senescence period (Table S2), and was not observed in P. sylvestris. There 

were no treatment effects observed on the total NSC mass per bud, the total bud NSC mass 

per branch, nor the count of buds at either the end-drought or end-autumn timepoints in either 

species (Table S2).  

4.3.3 Autumn Leaf Phenology 

 
Figure 4.2: Seasonal progression of autumn leaf phenology following an experimental 
summer drought in Larix decidua (a) and Pinus sylvestris (b). Phenological dynamics 
were quantified on all individuals (n = 40 per species) using the Zarco-Tejada & Miller 
Index (ZMI; Zarco-Tejada et al. 2001), a spectral index highly sensitive to changes in 
chlorophyll content. Spectral scans were performed every two days on the upper foliage 
between day of year 259 and 357. Generalized Additive Models were fit to produce 
smoothed phenological trajectories for each species and treatment combination, with 
the shaded area indicating standard error, and the respective R2 reported.   
 

Drought stress did not alter foliar ZMI in L. decidua during the monitoring period (Figure 

4.2a), and both control and drought-treated individuals reached similar ZMI values prior to 

leaf shedding (ZMI = 1.11 ± 0.02). By the end of the drought treatment, drought-stressed P. 
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sylvestris individuals exhibited minor discoloration and shedding of older needle tissues, 

particularly around the bole. Despite this, ZMI values measured on current-season foliage 

were consistently higher in drought-treated than control trees (Figure 4.2b), suggesting 

greater chlorophyll content. By the end of the monitoring period, the rate of decrease in ZMI 

had largely slowed, and a subsequent measurement in January identified the persistence of 

higher ZMI in drought-treated individuals (F₁,₃₉ = 10.57, p = 0.002, One-way ANOVA). 

However, this difference was no longer observed during the following growing season in 

either new or previous year leaves (both p > 0.05). 

4.3.4 Spring Budburst Phenology 

 

Figure 4.3: Seasonal progression of spring leaf phenology (budburst) following an 
experimental summer drought in Larix decidua (a) and Pinus sylvestris (b). Budburst 
phenophase was visually assessed every two days using a six-step scale (reference images 
along the y-axis) on all study individuals (Larix decidua n = 40, Pinus sylvestris n = 38). 
Each data point represents the mean budburst stage (phenophase) per date, with error 
bars indicating the standard error. Statistical comparisons between control and drought 
treatments were conducted for (1) the onset of budburst (stage 2), (2) budburst 
completion (stage 6), and (3) the duration of budburst (number of days between stages 2 
and 6) separately for each species using a Kruskall-Wallis test. 

Drought stress modified spring budburst phenology in L. decidua but not in P.  sylvestris. 

Specifically, drought advanced the start of spring budburst in L. decidua by 5.2 ± 0.8 days on 
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average (χ² = 12.13, df = 1, p < 0.001, Kruskall-Wallis; Figure 4.3a), while budburst 

completion appeared slightly delayed by 0.8 ± 0.8 days, although this effect was not 

significant (p > 0.05). As a result, drought ultimately led to slower phenophase progression in 

the following year, with budburst duration extended by 4.8 ± 1.7 days on average in 

previously drought stressed L. decidua (χ² = 8.74, df = 1, p = 0.003, Kruskall-Wallis). For P. 

sylvestris, we did not observe drought effects on the start of budburst, budburst completion 

date, or the duration of budburst (all p > 0.05; Figure 4.3b). 

4.3.5 Bud nonstructural carbohydrates (NSC) 

Figure 4.4: Seasonal dynamics of non-structural carbohydrates (NSC) concentrations in 
bud (top) and branch (bottom) tissues of Larix decidua (left) and Pinus sylvestris (right) 
following an experimental summer drought. Bar plots show the mean concentration (% 
dry weight) for both starch (green) and soluble sugars (glucose + fructose + sucrose; 
purple), with error bars indicating ±SE. NSC were measured at four timepoints: end of 
drought, end of autumn, end of winter, and during active budburst in the following 
spring. Reported p-values indicate significant effects of drought treatment on NSC 
concentrations, where green text denotes differences in starch, purple denotes 
differences in sugar, and black denote differences in total NSC concentration. Full two-
way ANOVA results and pairwise contrasts are provided in Supplementary Table S3.   
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Drought induced an immediate increase in bud NSC concentrations of both species (L. 

decidua: +22.2 ± 6.7%; P. sylvestris: +22.1 ± 12.3%), driven by soluble sugar (Figure 4.4). 

Despite this immediate increase, differences in total bud NSC were no longer detected by the 

end of autumn, nor at either the end-winter or mid-budburst timepoints in either species. We 

note that previously drought-stressed individuals had lower bud total NSC concentrations on 

average, although this difference was consistently small (Figure 4.4). Changes in bud NSC 

concentration between sampling timepoints were generally consistent regardless of treatment 

but differed between the two species. We found bud NSC concentrations in L. decidua to 

increase through autumn and winter, but depleted during budburst (Figure 4.5a). While in P. 

sylvestris the greatest increase in bud NSC concentrations occurred during autumn, with only 

a minimal change over winter and just a slight decrease by mid-budburst (Figure 4.5b).  

 

 
Figure 4.5: Seasonal total NSC dynamics in bud and branch tissues for Larix decidua 
and Pinus sylvestris subjected to an experimental summer drought. Given are treatment 
averages ±SE as well as individual measurements (lighter color background). In 
addition, average changes in total NSC (% DW, ΔNSC) ±SE are given for the autumn, 
winter and spring period. Printed p-values represent a significant treatment interaction 
term between two dates from linear mixed effect models. 
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4.3.6 Branch nonstructural carbohydrates (NSC) 

 

 In contrast to NSC bud dynamics, branch NSC concentrations showed a much higher 

sensitivity to drought, with treatment effects apparent across all timepoints but varying 

substantially between species (Figure 4.4). While drought immediately reduced total branch 

NSC in both species (L. decidua: -14.4 ± 7.3%; P. sylvestris: -39.6 ± 12.3%), this decrease 

was driven by starch in L. decidua and by sugar in P. sylvestris. These treatment differences 

were exacerbated by the end of autumn in L. decidua, with total branch NSC 47.8 ± 9.2% 

lower in previously drought-treated trees (Figure 4.5c). However, summer drought did not 

limit autumn NSC accumulation in P. sylvestris (Figure 4.5d), resulting in similar branch 

NSC concentrations as the control by the end of autumn, although 15.8% less soluble sugar 

on average (Figure 4.4).  

 

Drought largely affected branch over winter changes in NSC content. Control trees of 

both species greatly reduced branch NSC concentration, with smaller decreases occurring in 

the previously drought-stressed trees (Figure 4.5c, d). Despite different net NSC changes over 

winter, L. decidua individuals entered spring with similar branch NSC concentrations, while 

previously drought-stressed P. sylvestris had 251.8± 25.6% higher branch NSC 

concentrations than controls, driven by accumulation of soluble sugar (Figure 4d). These 

species-specific NSC responses further diverged by mid-budburst, with branch NSC 49.7± 

6.7% lower than the control in drought-treated L. decidua (Figure 4.5c). In contrast, drought-

treated P. sylvestris had 31.7± 6.7% higher branch NSC than the control by mid-budburst, 

with similar spring NSC accumulation in each treatment. Statistical model output including 

ANOVA and relevant contrasts are available in Table S3.  

 

4.3.7 New Leaf Function in the Following Growing Season 

We assessed physiological legacy effects on newly developed tissue in the year following the 

drought event. For the multivariate analysis 26 leaf spectral indices (Table S1), gas exchange 

(Anet, gsw, E), and chlorophyll fluorescence parameters (ETR, NPQ) were assessed. We found 

a strong effect of species, which explained the majority of total variance (R² = 0.664, p = 

0.001, PERMANOVA). In contrast, the drought treatment explained little additional variance 

(R² = 0.002, p = 0.675, PERMANOVA), with the species effect consistent across both 
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drought and control groups (R² = 0.007, p = 0.393, PERMANOVA). These results indicate 

little to no drought legacy effect on new leaf function in the following year (Figure 4.6a). 

 

Figure 4.6: Changes in leaf function and tissue morphology in newly developed growth 
during the growing season following an experimental summer drought. (a) Principal 
component analysis (PCA) of new leaf functional traits based on 26 spectral indices (see 
Table S1), gas exchange (Anet, gsw, E), and chlorophyll fluorescence parameters (ETR 
and NPQ). Shaded ellipses represent 95% confidence intervals around treatment 
groups. (b) Percent change from control in new tissue morphology, including height and 
basal growth, new branch development (count, total length, total mass), total leaf mass, 
and specific leaf area (SLA). Bars represent the mean % change from control, with 
error bars denoting standard error. Asterisks indicate significant effects of the drought 
treatment. Full two-way ANOVA model results and pairwise contrasts are provided in 
Supplementary Table S4.   
 
4.3.8 New Tissue Morphology in the Following Growing Season 

We observed substantial morphological changes in new tissue development during the 

growing season following drought, with effects generally more pronounced in L. 

decidua than in P. sylvestris (Figure 4.6b). Specifically, drought treatment led to fewer new 

axial branches (L. decidua: –48.7 ± 9.0%; P. sylvestris: –30.7 ± 5.6%), despite no differences 

in bud quantity between treatments (Table S2). As a result of fewer new branches, this total 

branch length was reduced (L. decidua: –58.6 ± 9.6%; P. sylvestris: –24.6 ± 6.6%) as well as 

total branch mass (L. decidua: –52.8 ± 14.1%; P. sylvestris: –24.6 ± 7.9%). Drought similarly 

decreased new leaf mass in the following growing season (L. decidua: –54.2 ± 14.9%; P. 

sylvestris: –17.8 ± 6.6%), without altering specific leaf area (SLA, Figure 4.6b). 
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Shoot height growth in the following growing season responded differently between species, 

with no change observed in L. decidua, but with slightly less height growth in drought-

treated P. sylvestris (–13.4 ± 7.2%). Basal area growth of both species increased between the 

end of drought stress and the peak of the following growing season (L. decidua: +31.8 ± 

8.6%; P. sylvestris: +21.0 ± 13.2%), effectively compensating for the lower basal area growth 

observed during the drought treatment. As a result, differences in stem basal area between 

treatments were no longer apparent in the following growing season (p = 0.639, Two-way 

ANOVA). Detailed statistical model results for new tissue morphological data are available 

in Table S4.  

4.3.9 Relationships between legacy NSC, phenology, and morphology 

 

 
 
Figure 4.7: Correlation heatmap showing the relationship between legacy non-
structural carbohydrate (NSC) effects in branch tissue (x-axis) and phenological or 
morphological legacy effects (y-axis) in two conifer species of contrasting leaf-habit 
(Larix decidua, a; Pinus sylvestris, b). Only variables found to be significantly affected 
by the drought treatment are displayed for each species. Pearson correlation coefficients 
(r) are displayed for significant correlations (p< 0.05). The color scale represents the 
strength of the correlation, ranging from -1 (strong negative, red) to +1 (strong positive, 
blue).  
 

To derive distinct relationships, we conducted correlation analyses between identified 

drought legacy NSC dynamics, phenology, and new tissue development. A striking difference 
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between the two species became apparent (Figure 4.7), indicating more pronounced 

relationships in L. decidua than in P. sylvestris.  

 

In L. decidua, we found lower NSC concentrations in branch tissues at the end of autumn and 

mid-budburst to be moderately associated with earlier budburst timing and slower budburst 

progression. These reduced NSC levels were also linked to reduced branch and leaf biomass 

in the following growing season. The strongest correlations were observed with the 

calculated change in winter branch NSC, whereby a greater winter decline in NSC was 

strongly associated with greater growth. A full correlation matrix including non-drought-

affected variables as well as bud NSC concentrations is shown in Figures S4.6 and S4.7. 

 

In P. sylvestris, correlations among drought legacy NSC, phenology, and morphology effects 

were fewer and generally weaker than in L. decidua (Figure 4.7b). However, these 

correlations were generally aligned with those found in L. decidua, where greater NSC status 

in the control treatment at the end of autumn associated with greater branch and leaf growth.  

As in L. decidua, the change in winter branch NSC displayed the strongest correlations with 

new tissue morphology, where greater winter NSC decline (as observed in the control) was 

related to greater branch length, as well as new branch and leaf mass. The broader lack of 

correlation was also observed when including bud NSC concentrations and insignificant 

variables (Figure S4.6, S4.7). 

 

4.4 Discussion 

 
We imposed an extended, mild summer drought to investigate how carbon legacies from 

stress affect tissue phenology, function, and morphology during the following growing 

season. Critically, while photosynthesis was strongly reduced, xylem water potential 

remained well above embolism thresholds in both species, allowing us to assess carbon-

mediated legacy effects without the confounding influence of hydraulic damage. Within this 

framework, drought legacy effects were characterized by altered NSC composition that 

carried across growing seasons and corresponded with shifts in phenology, as well as reduced 

tissue production. The two studied species also varied greatly in their legacy response, with 

leaf habit providing a clear framework to explain these divergent responses. 
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4.4.1 Drought affects NSC composition into the following growing season 

 
Carbon allocation to bud tissues remained unaffected by drought, both during and after stress. 

At the end of drought, both species’ bud tissues contained higher soluble sugar concentrations 

than the control, consistent with osmotic adjustment, while adjacent branches had reduced 

total NSC. Importantly, bud NSC did not vary strongly between treatments at subsequent 

timepoints, even as branch reserves diverged substantially (Figure 4.5). Bud counts and bud 

mass were also similar across treatments by winter (Table 1), suggesting that C investment 

into meristems was maintained, likely at the expense of radial growth or woody NSC 

accumulation (Figure 4.4). This pattern supports the view that buds are prioritized sinks (Sala 

et al. 2012; Martínez-Vilalta et al. 2016), and shows that buds are preferentially maintained 

into dormancy despite extended periods of limited C. 

In contrast with buds, branch NSC dynamics diverged strongly between species following 

drought. During autumn NSC accumulation was reduced by more than 70% in L. decidua, 

while accumulation in P. sylvestris remained unaffected. Considering that autumn 

photosynthetic capacity appeared undisrupted in L. decidua (Figure 4.2a), the lower NSC 

accumulation may be related to compensation for the initial bud mass deficit (Table 1), or 

potentially toward increased root allocation (Karlowsky et al. 2018). However, both species 

displayed similar drought-induced NSC patterns during winter dormancy: control trees 

showed substantial NSC depletion over winter, while drought trees exhibited little to no 

decline. Considering that overwinter losses in NSC are typically driven by respiratory 

demand (Tixier et al. 2019), and that the individuals in each treatment were of similar mass, 

we would expect similar winter NSC use. Therefore, it is likely that drought trees mobilized 

compensatory NSC from distal storage pools, such as stem or root parenchyma, to support 

winter respiration (Hoch et al. 2003; Godfrey et al. 2020). Although we did not quantify NSC 

in these distal tissues, such instances of remobilization have been observed following girdling 

(Amico Roxas et al. 2021), which along with our study supports the ability of woody 

perennials to rebalance NSC across tissues during winter in response to C-limitations. 

 

Despite similar winter mobilization patterns, the two species entered spring with largely 

different NSC status. Winter NSC mobilization left L. decidua branch NSC temporarily 

rebalanced, but deficient again by mid-budburst. In stark contrast, winter NSC mobilization 

left P. sylvestris with greater branch NSC, with further accumulation by mid-budburst 
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presumably due to C assimilation by the persisting foliage (Moser et al. 2010). In partial 

disagreement with H1, drought legacy manifested not through persistent NSC deficits in our 

measured tissues, but instead through altered seasonal mobilization patterns, with the ultimate 

ability to recover local NSC levels dependent upon species-specific leaf habit.  

4.4.2 Altered autumn and spring leaf phenology as drought legacy effects 

In disagreement with H2, autumn senescence remained largely unaffected by drought in 

either species. Species displayed similar temporal patterns of pigment remobilization between 

treatments (Figure 4.2), with reduced photosynthetic capacity therefore not explaining 

inhibited autumn NSC accumulation in L. decidua. This contrasts with many observations of 

drought advancing autumn leaf senescence (Estiarte and Peñuelas 2015; Jan et al. 2019; 

Vander Mijnsbrugge et al. 2025). In these cases, early leaf senescence can be attributed to 

drought-induced dehydration of leaf mesophyll, with compromised cells unable to maintain 

cell turgor (Radermacher et al. 2019). The lack of phenological shift in our study therefore 

can be explained by the uncompromised tissue hydraulics, meaning signaling pathways 

involved in regulating leaf senescence were likely not initiated (Vander Mijnsbrugge et al. 

2016; 2025). Drought-treated P. sylvestris; however, displayed higher pigment content 

throughout the fall period, although the phenological pattern remained unchanged. While this 

may reflect an active mechanism to extend photosynthetic gain in the late season, this shift 

occurred alongside senescence of the oldest (four-year-old) foliage—a common response to 

drought in the species thought to reduce water loss while facilitating nutrient recycling 

(Galiano et al. 2011). To this effect, autumn NSC accumulation remained unaffected, and the 

elevated leaf pigment content subsided by the following growing season, supporting this as a 

temporary shift for the purpose of resource (N) storage. 

Drought effects on spring phenology differed between species and were closely linked to C 

status, supporting H3. Drought-treated L. decidua initiated budburst earlier yet progressed 

slower through bud development, resulting in an extended budburst period. This slower 

development was moderately correlated with lower branch NSC levels and the drought-

modified winter mobilization, adding to the body of evidence that stress-induced changes in 

NSC can disrupt phenological timing (Corot et al. 2017; Monteiro et al. 2022). As sugars 

serve as signaling molecules to promote bud outgrowth in woody species (M. Wang et al. 

2022), reduced NSC may have cued earlier dormancy release, consistent with recent evidence 

that carbohydrate status may function as a “molecular clock” for leaf-out (Blumstein et al. 
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2024). This mechanism may explain why warming temperatures advance spring budburst, as 

higher rates of respiration more rapidly deplete NSC (Dixit et al. 2020), resulting in critical 

NSC thresholds occurring earlier in the year (Vitasse et al. 2018). Our results support the role 

of NSC in regulating both the timing and speed of budburst development, and demonstrate 

how C-mediated legacy effects can manifest as disrupted spring phenology. 

4.4.3 NSC legacy effects are largely correlated with reduced tissue production in the 

following year 

 

Against our expectations, foliage developed in the year following drought displayed no 

adjustments to leaf functioning in either species, with photosynthetic rates, pigment spectral 

reflectance, and chlorophyll fluorescence unchanged. This contrasts with studies reporting 

increased water use efficiency, largely through reductions in stomatal conductance (Petrik et 

al. 2022; Herrera et al. 2024) or SLA (Thomas et al. 2024), and agrees with studies not 

observing structural (Peltier et al. 2016; Gattmann et al. 2023). Phytohormonal signaling 

pathways are thought to mediate structural modifications to leaf architecture in response to 

environmental stress. For example, abscisic acid (ABA) is involved in triggering a cascade of 

hormonal responses involving auxin and cytokinin which can alter leaf architecture (Alongi 

et al. 2025); however, ABA is typically upregulated following severe water stress to ensure 

stomatal closure (McAdam and Brodribb 2014; Kane and McAdam 2023). Under the mild 

drought stress conditions here, which did not lead to full stomatal closure, the phytohormonal 

signaling pathways that trigger structural modifications likely were not initiated. 

 

Despite no changes to leaf function, new biomass production was strongly reduced in 

previously drought-stressed trees. Specifically, both species produced fewer branches, 

decreasing total branch length, mass, and foliage (Figure 4.6b). This occurred despite similar 

bud counts and bud mass by the end of the previous season. Fewer new branches in L. 

decidua, despite similar initial bud counts, likely resulted from post-drought adjustments in 

bud development. Branch differentiation in this species is dependent upon the formation of 

the “axial” region (Frampton 1960), with buds lacking this region instead forming foliar 

fascicles. In contrast, a loss of bud vitality explains the similar pattern of reduced branch 

numbers in P. sylvestris (Thomas et al. 2024), observed visually through aborted buds during 

spring budburst. Despite occurring through different mechanisms, this observed pattern of 

reduced branching in both species suggests that active regulation of bud fate is likely a 
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common drought legacy effect to regulate new tissue production. 

 

Correlative analyses underscore the tight connection between C reserves and new growth. 

In L. decidua, the markedly greater reductions in biomass production were moderately to 

strongly correlated with branch NSC deficits from autumn through budburst, consistent with 

direct C limitation of tissue production (Klein et al. 2016; Tixier et al. 2019). In contrast, P. 

sylvestris showed biomass reductions despite having greater branch NSC concentrations, a 

pattern also observed in field studies (Peltier et al. 2022), which taken together suggest that 

this legacy effect in P. sylvestris of reduced productivity is not necessarily due to NSC 

limitation. The strongest correlations in either species; however, involved the magnitude of 

overwinter NSC change, where we interpret the drought-modified NSC mobilization patterns 

as reflecting a whole-plant C limitation (discussed above). These findings indicate that the 

tree’s total NSC reserve status, rather than local branch concentrations, is the critical 

constraint on new tissue development in the following season. Taken together, our results 

provide quantitative evidence that drought-driven NSC legacies limit subsequent-year tissue 

production. 

 

The ecological implications of these morphological shifts likely hinge on drought recurrence. 

Under non-stress conditions, the observed marked reduction in new leaf area, particularly in 

the deciduous L. decidua, would likely limit the tree’s ability to exploit optimal light and 

growth opportunities, and therefore could be interpreted as a loss of fitness. Conversely, a 

higher sapwood-to-leaf area ratio (Figure 4.6b) should reduce water loss and improve 

buffering in the case of recurrent drought conditions. This finding provides a mechanistic 

explanation for recent reports that prior drought exposure can enhance resilience to recurrent 

droughts (Marchand et al. 2025). In addition, the elevated branch NSC content observed 

during budburst in P. sylvestris may represent a form of ‘drought priming’ for the following 

growing season (Blumstein et al. 2023), providing a higher starting carbon-safety margin 

should C limitation reoccur (Mitchell et al. 2013). However, this elevated branch NSC in pine 

was achieved through extensive remobilization from distal tissues, which may represent a 

riskier strategy that could compromise whole-tree reserves. The two observed pine mortalities 

(10%), compared to zero larch mortalities, suggest that while pine's compensatory response 

enables greater short-term tissue production, it may come at the cost of reduced survival 

under severe or repeated stress. 
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4.4.4 Evidence for leaf-habit influencing the expression of drought legacy effects 

 

In agreement with H4, our study provides evidence that leaf habit influences the mechanisms 

through which drought legacies are expressed. Although the immediate physiological 

responses to drought were comparable in L. decidua and P.sylvestris, including similar 

reductions in growth, gas exchange, and immediate NSC responses, their post-drought 

trajectories diverged sharply. In L. decidua, autumn NSC accumulation was strongly inhibited 

despite normal leaf senescence, budburst occurred earlier yet progressed slower, and NSC 

appeared limiting by mid-budburst, reflecting the species’ complete reliance on stored C to 

fuel spring growth. In contrast, P. sylvestris maintained normal autumn NSC accumulation 

and even increased branch NSC during budburst, as persisting foliage appeared to be utilized 

for the temporary storage of remobilized nutrients (Figure 4.2b) as well as early season C 

gain (Figure 4.5d). This extended capacity to assimilate C makes P. sylvestris, and likely 

other evergreens, less dependent on previous-year NSC to support budburst. Such contrasting 

strategies provide a mechanistic explanation for observations that drought can induce highly 

dynamic, species-specific legacy responses (Peltier and Ogle 2020) and can explain why 

temperate deciduous trees, through greater reliance on NSC reserves for spring development, 

show steeper long-term declines in post-drought recovery than evergreens (Marchand et al. 

2025). Although our observed species responses appeared aligned with leaf habit, these 

contrasting post-drought strategies likely represent different risk-reward trade-offs. Pine's 

extensive remobilization enabled greater tissue production but resulted in mortality in two 

individuals, suggesting a less conservative approach. Assessment of the relative fitness 

consequences of these strategies requires evaluation under repeated drought conditions to 

determine their costs and benefits across different drought regimes. As our results are derived 

from a singular deciduous and evergreen species, further studies utilizing a broader range of 

species and taxonomic groups are necessary to determine whether this leaf-habit pattern is 

generalizable, or instead represents species-specific strategies.  

 

4.5 Conclusion 

 

By imposing a drought event where hydraulic integrity was maintained, we were able to 

isolate C-related mechanisms of drought legacy and quantitatively link these to shifts in 

phenology and morphology during the following growing season. In both species, altered 
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NSC dynamics manifested through reduced branching and foliar production, underscoring 

how drought, through modifications to C availability, can induce legacy changes in tissue 

architecture in subsequent growing seasons. Nonetheless, L. decidua displayed more severe 

legacy effects, including greater NSC limitations, disrupted budburst phenology, and 

generally greater decreases in new tissue production. The divergent responses between the 

deciduous L. decidua and evergreen P. sylvestris highlight the role of stored C reserves, with 

the deciduous species more sensitive to carbon-mediated legacy effects due to their leaf habit. 

These findings establish NSC as a critical driver of drought legacy effects and demonstrate 

how species-specific differences in seasonal NSC utilization likely determine the extent of 

legacy morphological modifications.  
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4.6 Supplementary Materials 
 
Table S4.1: Calculated spectral indices utilized for phenology and leaf function 
assessment.  
 
 

Index Name Equation Reference 
NDVI Normalized Difference 

Vegetation Index 
NDVI = (R780 – R630)/ 
(R780+ R630) 

Rouse et al. (1974) 

SR Simple Ratio Index SR = R780/R630 Jordan (1969) 
MCARI1 Modified Chlorophyll 

Absorption in 
Reflectance Index 

MCARI1 = 1.2 * [2.5 * 
(R790 - R670) - 1.3 * 
(R790 - R550)] 
 

Haboudane et al. (2004) 
 

OSAVI Optimized Soil-Adjusted 
Vegetation Index 
 

OSAVI = (1 + 0.16) * 
(R790 - R670) / (R790 - 
R670 + 0.16) 
 

 Rondeaux et al. (1996) 
 

G Greenness Index  G = R554 / R677 Gitelson et al. (2002) 
 

MCARI Modified Chlorophyll 
Absorption in 
Reflectance Index  
 

MCARI = [(R700 - 
R670) - 0.2 * (R700 - 
R550)] * (R700 / R670) 
 

Daughtry et al. (2000) 
 

TCARI Transformed CAR index TCARI = 3 * [(R700 - 
R670) - 0.2 * (R700 - 
R550) * (R700 / R670)] 
 

Haboudane et al. (2002) 
 

TVI Triangular Vegetation 
Index 

TVI = 0.5 * [120 * 
(R750 - R550) - 200 * 
(R670 - R550)] 
 

Broge and Leblanc 
(2000) 
 

ZMI Zarco-Tejada & Miller 
Index 
 

ZMI = R750 / R710 
 

Zarco-Tejada et al. 
(2001) 
 

SRPI Simple Ratio Pigment 
Index 

SRPI = R430 / R680 
 

 Peñuelas et al. (1995) 
 

NPQI Normalized 
Phaeophytinization 
Index 

NPQI = (R415 - R435) / 
(R415 + R435) 
 

Barnes et al. (1992) 
 

PRI Photochemical 
Reflectance Index 

PRI = (R531 - R570) / 
(R531 + R570) 
 

Gamon et al. (1992) 
 

NPCI Normalized Pigment 
Chlorophyll Index 

 NPCI = (R680 - R430) / 
(R680 + R430) 
 

Carter (1994), Carter et 
al. (1996) 
 

SIPI Structure Intensive 
Pigment Index 

SIPI = (R790 - R450) / 
(R790 - R650) 
 

Peñuelas et al. (1995) 
 

Lic1 Lichtenhaler Index 1 Lic1 = (R780-
R680)/(R780+R680) 

Lichtenthaler et al. 1996 

Lic2 Lichtenhaler Index 2 Lic2 = R440/R690 Lichtenthaler et al. 1996 
GM1 Gitelson and Merzlyak 

Index 1 
 

GM1 = R750 / R550 
 

Gitelson & Merzlyak 
(1997) 
 

GM2 Gitelson and Merzlyak 
Index 2 
 

GM2 = R750 / R700 
 

Gitelson & Merzlyak 
(1997) 
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CRI1 Carotenoid Reflectance 
Index 1 
 

CRI1 = (1/R510) – (1 
/R550) 
 

Gitelson et al. (2002) 
 

CRI2 Carotenoid Reflectance 
Index 2 

CRI2 = (1/R510) – (1 
/R700) 
 

Gitelson et al. (2002) 
 

RDVI Renormalized Difference 
Vegetation Index 
 

RDVI = (R780 - R670) / 
((R780 + R670)^0.5) 

 

Roujean & Breon (1995) 
 

CCI Chlorophyll Carotenoid 
Index 

CCI = (R532 - R630)/ 
(R532 + R630) 

Gamon et al. 2016 

ARI1 Anthocyanin Reflectance 
Index 1 

ARI1 = (1/R550)-
(1/R700) 

Gitelson et al. (2001) 
 

ARI2 Anthocyanin Reflectance 
Index 2 

ARI2 = R790 * 
((1/R550) – (1/R700)) 

Gitelson et al. (2001) 
 

Ctr1 Carter Index 1 Ctr1 = R695/R420 Carter (1994) 
Ctr2 Carter Index 2 Ctr2 = R695/R760 Carter (1994) 
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Table S4.2: Average bud dry mass and non-structural carbohydrate (NSC) content per 
bud at the end of drought and end of autumn for each species and treatment. Provided 
are treatment averages ±SE, and the resulting p-value from one-way ANOVA models.  

 
  

 Larix decidua Pinus sylvestris 
Control Drought p Control Drought p 

Bud Mass 
(mg DW 
bud⁻¹) 

End-
Drought 1.48 ± 0.09  1.12 ± 0.06  <0.01 19.91 ± 3.19  18.07 ± 2.10  0.63 

End-
Autumn 2.14 ± 0.20  2.29 ± 0.30  0.69 26.16 ± 3.25  21.27 ± 2.27  0.23 

Change 0.66 ± 0.23  1.17 ± 0.27  0.09 6.25 ± 1.46  3.20 ± 2.08 0.58 

NSC (mg 
bud⁻¹) 

End-
Drought 0.06 ± 0.01  0.06 ± 0.01  0.50 0.35 ± 0.07  0.37 ± 0.05  0.71 

End-
Autumn 0.14 ± 0.02  0.10 ± 0.02  0.18 1.43 ± 0.23  1.21 ± 0.24  0.39 

Change 0.08 ± 0.02  0.04 ± 0.02  0.27 1.08 ± 0.19  0.84 ± 0.21  0.28 

Bud NSC 
(mg 
branch⁻¹) 

End-
Drought 3.15 ± 0.43  4.16 ± 0.55  0.16 2.32 ± 0.40  2.32 ± 0.35  0.99 

End-
Autumn 4.75 ± 0.53  3.68 ± 0.91  0.33 7.46 ± 1.26  5.89 ± 1.17  0.37 

Change  1.60 ± 0.89  -0.53 ± 0.89 0.11  5.14 ± 1.17  3.57 ± 1.27 0.39 
Buds 
(n) 

End-
Drought 30.5 ± 1.8 30.2 ± 1.1 0.89 4.6 ± 0.2 4.6 ± 0.2 >0.99 

End-
Autumn 36.9 ± 2.3 37.1 ± 2.3 0.95 5.1 ± 0.2 5.2 ± 0.2 0.72 

Change 6.4 ± 2.3 6.9 ± 2.2 0.88 0.5 ± 0.2 0.6 ± 0.4 0.81 
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Table 4.3.1 ANOVA results for interactive models on non-structural carbohydrates.  
Tissue Date Variable Term Df Sum Sq Mean Sq F value P value 

Branch  21.09.24  Starch  

Treatment 1 3.01 3.01 8.24 0.007 
Species 1 46.95 46.95 128.58 0.000 
Treatment:Species 1 2.54 2.54 6.95 0.012 
Residuals 35 12.78 0.37   

Branch  21.09.24  Sugar  

Treatment 1 1.56 1.56 1.86 0.181 
Species 1 3.88 3.88 4.64 0.038 
Treatment:Species 1 6.43 6.43 7.69 0.009 
Residuals 35 29.26 0.84   

Branch  21.09.24  Total  

Treatment 1 8.89 8.89 6.93 0.013 
Species 1 23.84 23.84 18.58 0.000 
Treatment:Species 1 0.89 0.89 0.69 0.412 
Residuals 35 44.90 1.28   

Bud  21.09.24  Starch  

Treatment 1 0.12 0.12 0.75 0.394 
Species 1 4.11 4.11 24.69 0.000 
Treatment:Species 1 0.12 0.12 0.69 0.410 
Residuals 35 5.83 0.17   

Bud  21.09.24  Sugar  

Treatment 1 5.35 5.35 5.49 0.025 
Species 1 41.38 41.38 42.41 0.000 
Treatment:Species 1 1.59 1.59 1.63 0.210 
Residuals 35 34.15 0.98   

Bud  21.09.24  Total  

Treatment 1 3.85 3.85 4.73 0.036 
Species 1 71.59 71.59 88.06 0.000 
Treatment:Species 1 0.85 0.85 1.04 0.314 
Residuals 35 28.45 0.81   

Branch  16.12.24  Starch  

Treatment 1 8.37 8.37 8.19 0.007 
Species 1 80.65 80.65 78.89 0.000 
Treatment:Species 1 7.80 7.80 7.62 0.009 
Residuals 35 35.78 1.02   

Branch  16.12.24  Sugar  

Treatment 1 42.12 42.12 9.19 0.005 
Species 1 78.05 78.05 17.04 0.000 
Treatment:Species 1 4.32 4.32 0.94 0.338 
Residuals 35 160.34 4.58   

Branch  16.12.24  Total  

Treatment 1 88.03 88.03 10.72 0.002 
Species 1 0.02 0.02 0.00 0.960 
Treatment:Species 1 23.72 23.72 2.89 0.098 
Residuals 35 287.35 8.21   

Bud  16.12.24  Starch  

Treatment 1 0.49 0.49 3.28 0.079 
Species 1 11.26 11.26 75.37 0.000 
Treatment:Species 1 0.50 0.50 3.32 0.077 
Residuals 35 5.23 0.15   

Bud  16.12.24  Sugar  

Treatment 1 3.02 3.02 0.56 0.459 
Species 1 3.46 3.46 0.64 0.428 
Treatment:Species 1 0.97 0.97 0.18 0.674 
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Residuals 35 188.28 5.38   

Bud  16.12.24  Total  

Treatment 1 5.93 5.93 0.97 0.331 
Species 1 2.23 2.23 0.36 0.550 
Treatment:Species 1 2.85 2.85 0.47 0.500 
Residuals 35 214.18 6.12   

Branch  01.05.25  Starch  

Treatment 1 1.66 1.66 0.21 0.651 
Species 1 33.67 33.67 4.22 0.047 
Treatment:Species 1 185.25 185.25 23.23 0.000 
Residuals 35 279.11 7.97   

Branch  01.05.25  Sugar  

Treatment 1 0.02 0.02 0.01 0.917 
Species 1 468.70 468.70 231.85 0.000 
Treatment:Species 1 0.76 0.76 0.38 0.544 
Residuals 35 70.75 2.02   

Branch  01.05.25  Total  

Treatment 1 2.06 2.06 0.17 0.684 
Species 1 753.60 753.60 61.39 0.000 
Treatment:Species 1 162.28 162.28 13.22 0.001 
Residuals 35 429.68 12.28   

Bud  01.05.25  Starch  

Treatment 1 83.14 83.14 5.53 0.024 
Species 1 57.11 57.11 3.80 0.059 
Treatment:Species 1 120.02 120.02 7.98 0.008 
Residuals 35 526.36 15.04   

Bud  01.05.25  Sugar  

Treatment 1 3.74 3.74 1.78 0.191 
Species 1 18.38 18.38 8.75 0.006 
Treatment:Species 1 10.70 10.70 5.09 0.030 
Residuals 35 73.54 2.10   

Bud  01.05.25  Total  

Treatment 1 122.16 122.16 7.37 0.010 
Species 1 140.30 140.30 8.46 0.006 
Treatment:Species 1 59.06 59.06 3.56 0.067 
Residuals 35 580.35 16.58   
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Table S4.3.2: Contrast results for signficiant interaction effects in nonstructural 
carbohydrates. 
 

 
 
  

Tissue Date Variable contrast estimate std.error df statistic p.value 

Branch 21.09.24 Sugar 
Control - 
Drought -0.39 0.41 35 -0.956 0.345 

Branch 21.09.24 Sugar 
Control - 
Drought 1.23 0.42 35 2.938 0.006 

Bud 01.05.25 Sugar 
Control - 
Drought 1.64 0.65 35 2.530 0.016 

Bud 01.05.25 Sugar 
Control - 
Drought -0.46 0.67 35 -0.686 0.497 

Branch 21.09.24 Starch 
Control - 
Drought 1.05 0.27 35 3.897 0.000 

Branch 21.09.24 Starch 
Control - 
Drought 0.03 0.28 35 0.112 0.911 

Branch 01.05.25 Starch 
Control - 
Drought 4.66 1.26 35 3.688 0.001 

Branch 01.05.25 Starch 
Control - 
Drought -4.07 1.30 35 -3.136 0.003 

Branch 16.12.24 Starch 
Control - 
Drought 1.80 0.45 35 3.976 0.000 

Branch 16.12.24 Starch 
Control - 
Drought 0.01 0.46 35 0.017 0.987 

Bud 01.05.25 Starch 
Control - 
Drought -0.50 1.73 35 -0.285 0.777 

Bud 01.05.25 Starch 
Control - 
Drought 6.53 1.78 35 3.664 0.001 

Branch 01.05.25 Total 
Control - 
Drought 4.43 1.57 35 2.830 0.008 

Branch 01.05.25 Total 
Control - 
Drought -3.73 1.61 35 -2.319 0.026 
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Table S4.4.1: ANOVA results for interactive models regarding legacy morphological 
variables. 
  

Variable Term Df Sum Sq Mean Sq F value P value 

SLA  

Treatment 1 0.04 0.04 0.71 0.405 
Species 1 8.07 8.07 158.98 1.42E-14 
Treatment × 
Species 1 0 0 0 0.987 
Residuals 35 1.78 0.05   

Branch number  

Treatment 1 400.41 400.41 9.56 0.00389 
Species 1 311.87 311.87 7.45 0.00987 
Treatment × 
Species 1 88.87 88.87 2.12 0.154 
Residuals 35 1465.62 41.87   

Total branch length  

Treatment 1 204129.8 204129.8 9.65 0.00375 
Species 1 104594.3 104594.3 4.94 0.0327 
Treatment × 
Species 1 83381.05 83381.05 3.94 0.055 
Residuals 35 740523 21157.8   

Branch dry weight  

Treatment 1 93.15 93.15 7.73 0.00867 
Species 1 483.03 483.03 40.1 2.83E-07 
Treatment × 
Species 1 0.27 0.27 0.02 0.883 
Residuals 35 421.64 12.05   

Leaf dry weight  

Treatment 1 382.92 382.92 6.77 0.0135 
Species 1 5537.91 5537.91 97.89 1.12E-11 
Treatment × 
Species 1 2.17 2.17 0.04 0.846 
Residuals 35 1979.98 56.57   

Leaf mass per branch 
length  

Treatment 1 0 0 0.08 0.782 
Species 1 0.21 0.21 298.46 1.04E-18 
Treatment × 
Species 1 0 0 0.34 0.564 
Residuals 35 0.03 0   

Height growth  

Treatment 1 0.85 0.85 5.08 0.0271 
Species 1 8.01 8.01 48.08 1.23E-09 
Treatment × 
Species 1 0.72 0.72 4.32 0.041 
Residuals 75 12.49 0.17   

Basal area growth  

Treatment 1 3.19 3.19 8.34 0.00505 
Species 1 4.54 4.54 11.86 0.000936 
Treatment × 
Species 1 0.31 0.31 0.81 0.372 
Residuals 76 29.12 0.38   
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Table S4.4.2: Contrast results of significant interactive terms for legacy morphological 
variables. 
 

  

Variable Species contrast estimate SE df t.ratio p.value 
Height 
growth Larix_decidua 

Control - 
Drought 0.387 0.129 75 3.00 0.004 

Height 
growth Pinus_sylvestris 

Control - 
Drought 0.005 0.131 75 0.04 0.972 
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Figure S4.1: Meteorological conditions inside the greenhouse during the experimental 
drought period. Displayed are daytime (08:00-20:00; circle) and nighttime (20:00-08:00; 
triangle) averages for photosynthetic active radiation (PAR; a), air temperature (Tair; 
b), relative humidity (RH, c), and vapor pressure deficit (VPD; d). As study individuals 
were spatially separated by treatment, meteorological conditions are reported 
separately for control (blue) and drought (red).  
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Figure S4.2: Meteorological conditions outside the experimental greenhouse facility 
during the post-drought period (between mid-September 2024 and mid-July 2025). 
Displayed are daytime (08:00-20:00; circle) and nighttime (20:00-08:00; triangle) 
averages for photosynthetic active radiation (PAR; a), air temperature (Tair; b), relative 
humidity (RH, c), and vapor pressure deficit (VPD; d).  



 104 

 
 
Figure S4.3: Correlations of calculated spectral indices with day of year throughout the 
autumn senescence monitoring period. Indices are ordered by species from greatest to 
lowest correlation. Correlation results were used to inform the selection of a common 
spectral index to visualize autumn leaf phenology trends.  
 
  



 105 

 
Figure S4.4: Visual scale used to determine the progression of budburst in Larix decidua 
and Pinus sylvestris. Trees were visually assessed and assigned a step (phenophase) of 1-
6 throughout the spring.  
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Figure S4.5: Summary of environmental and physiological stress induced during the 
experimental drought period. (a) Volumetric soil water content (SWC) progressively 
decreased during the first month of drought stress, and then maintained ~ 5% for the 
second month. (b) Net photosynthesis measured during peak drought stress, with error 
bars denoting standard error. (c) Xylem water potential (Ψ) was measured both 
predawn and at midday during peak drought stress (August 26th). (d) Stem growth as 
determined by the difference in stem diameter at the end of the drought period 
following rehydration and the initial diameter. 
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Figure S4.6: Correlation heatmap showing the relationship between all non-structural 
carbohydrate (NSC) parameters (bud and branch, y-axis) and measured phenological 
or morphological variables (x-axis) in Larix decidua. Monthly abbreviations denote the 
measurement phase (Sep = End-Drought, Dec = End-Autumn, Mar = End-Winter, May 
= Mid-Budburst). Pearson correlation coefficients (r) are displayed for significant 
correlations (p< 0.05). The color scale represents the strength of the correlation, ranging 
from -1 (strong negative, deep red) to +1 (strong positive, deep blue).  
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Figure S4.7: Correlation heatmap showing the relationship between all non-structural 
carbohydrate (NSC) parameters (bud and branch, y-axis) and measured phenological 
or morphological variables (x-axis) in Pinus sylvestris. Monthly abbreviations denote the 
measurement phase (Sep = End-Drought, Dec = End-Autumn, Mar = End-Winter, May 
= Mid-Budburst). Pearson correlation coefficients (r) are displayed for significant 
correlations (p< 0.05). The color scale represents the strength of the correlation, ranging 
from -1 (strong negative, red) to +1 (strong positive, blue).  
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5 Somatic Drought Stress Memory Affects Leaf Morpho-Physiological Traits of Plants via 

Epigenetic Mechanisms and Phytohormonal Signalling 
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Abstract 

 

Drought stress memory in plants is an adaptive mechanism that enhances resilience to future 

water stress through physiological and molecular modifications triggered by previous drought 

events. This review explores somatic drought stress memory within a plant's lifespan, with a 

specific focus on leaf and stomatal morphology, minimum leaf conductance, photosynthetic 

efficiency, water-use efficiency, antioxidant capacity, and leaf senescence. We examine how 

epigenetic mechanisms—such as DNA methylation, histone modifications, and non-coding 

RNAs—regulate gene expression in coordination with hormonal signalling pathways. 

Phytohormones, including abscisic acid, jasmonic acid, ethylene, salicylic acid, auxins and 

cytokinins, are central to these processes, influencing key morphological and physiological 

adaptations, such as stomatal regulation, cuticle thickness, water reteantion, and improved 

water-use efficiency. The review synthesizes current knowledge on the molecular and 

hormonal networks underlying these adaptations and their impact on leaf architecture and 

metabolism. Despite advancements, critical gaps remain in identifying the specific genes and 

pathways involved, understanding the longevity of epigenetic marks, and elucidating the 

intricate cross-talk between phytohormones during drought stress memory. This review 

emphasizes the need for integrated -omics approaches to map epigenetic modifications and 

uncover their roles in developing drought-resistant plants through targeted stress priming 

strategies. 
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5.1 Introduction 

 

Drought stress is becoming a major driver of ecosystem disturbances worldwide (Allen et al. 

2010; Seidl et al. 2017; Hammond et al. 2022). Moreover, drought stress is also threatening 

global food security due to negative effects on crops production (Cotrina Cabello et al. 2023; 

Wahab et al. 2023). The frequency and severity of the drought spells is expected to increase 

under current climate change scenarios (Vicente-Serrano et al. 2022). Drought stress memory 

in plants refers to the physiological and molecular changes that plants undergo after 

experiencing drought, which then influence their response to future drought events (Wojtyla 

et al. 2020; Jacques et al. 2021; Kambona et al. 2023). This “memory” or stress priming can 

lead to various adaptive changes in leaf morpho-physiological traits, enhancing the plant's 

ability to cope with subsequent water stress. We can distinguish between three main 

categories of stress memory which are somatic, inter-generational and transgenerational 

(Sharma et al. 2022; Lukić et al. 2023). This review focuses solely on somatic stress memory 

within the lifespan of the plant and is not exploring transfer of the stress priming response to 

subsequent generations. Drought exposure can also induce lasting negative impacts on leaf 

physiology, often referred to as drought legacy (Müller and Bahn 2022), but here we focus 

mainly on evidence of positive adaptive acclimation. 

 

Drought stress can lead to epigenetic changes, such as DNA methylation and histone 

modification, which alter gene expression in response to future droughts. (Kinoshita and Seki 

2014; Zhang et al. 2018). These modifications can make plants more resilient by enabling 

faster and more robust activation of stress-responsive genes during subsequent drought 

events. Moreover, histone modifications can enhance or decrease the expression of genes in 

phytohormonal signalling pathways, enabling plants to respond more robustly to perceived 

drought conditions (Chinnusamy and Zhu 2009; Banerjee and Roychoudhury 2017). Another 

drought memory mechanism, non-coding RNAs (ncRNAs), are largely involved in the post-

transcriptional regulation of gene expression. ncRNAs can target mRNAs of phytohormone-

related genes, modulating their stability and translation during and after drought stress 

(Contreras-Cubas et al. 2012; Gelaw and Sanan-Mishra 2021). These epigenetic 

modifications are often reversible but can persist across cell divisions, allowing plants to 

‘remember’ previous stress conditions and respond more effectively to recurrent droughts. 
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Figure 5.1: Overview of drought memory pathways from epigenetic priming to adaptive 
outcomes at leaf level via hormonal signalling and leaf morpho-physiological changes. 
The “DNA methylation and histone modification” image is adapted from previously 
adapted figure by Luong, P. Basic Principles of Genetics, Connexions Web site (2009). 
The “transcription factors” image is adapted from a figure by Adrian Baily. The “non-
coding RNAs” image is authored by Paul Gardner. All three images are shared under a 
Creative Commons Attribution License (CC-BY 3.0). The figure was created in Canva 
software. 
 
Drought memory epigenetic changes affect multiple phytohormones, among others abscisic 

acid (ABA), auxin, ethylene, jasmonic acid (JA), salicylic acid (SA) and cytokinin, that help 

improve and fine-tune future drought response by modifying leaf morphology and physiology 

(Fig. 1). Of these major phytohormones at play during progressive drought, ABA is the 

primary hormone involved in the regulation of drought responses (Sussmilch and McAdam 

2017; Sircaik et al. 2021; Húdoková et al. 2022). Plants with drought stress memory often 

exhibit increased sensitivity to ABA, which can further regulate epigenetic mechanisms of 

drought tolerance (Kaya et al. 2024). This means that during subsequent drought events, these 
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plants more rapidly accumulate ABA, leading to faster stomatal closure and reduced water 

loss (Virlouvet et al. 2018; Forestan et al. 2020). ABA also influences cell division and 

expansion rate, with increased ABA leading to smaller and thicker leaves in plants with a 

history of drought stress (Sah et al. 2016; Ost et al. 2023). Similarly, drought-primed auxin 

signalling, largely through cross talk with ABA, can affect leaf size, stomatal patterning and 

cuticular structure, reducing water lost through transpiration during subsequent drought 

(Yuan et al. 2019; Jiang et al. 2022; Khoudi 2023). Another phytohormone that can be 

positively affected by drought memory and improve future drought resistance is ethylene. 

Drought primed plants can show more efficient nutrient reabsorption from leaves before leaf 

senescence via altered ethylene signalling pathways (Peerzada and Iqbal 2021). JA is also a 

key hormone involved in drought stress response. In plants diplaying drought stress memory, 

JA levels may increase to enhance stress tolerance by increasing antioxidant production 

(Ahmad et al. 2016; Liu et al. 2016). SA contributes to drought stress resistance via systemic 

acquired resistance and can modulate various physiological processes under stress conditions 

(Miura and Tada 2014; Torun et al. 2024). Plants displaying drought stress memory may 

show altered SA signalling pathways, where SA help maintain higher chlorophyll and 

antioxidant levels during subsequent droughts, thereby improving stability of the 

photosynthetic apparatus (Brito et al. 2018; Kohli et al. 2022). These epigenetic and 

phytohormonal changes can influence leaf size, shape, cuticle formation, stomatal behaviour, 

phenology, photosynthesis, transpiration and water-use efficiency, which are vital for water 

retention and stress adaptation capability of a plant. 

 

Information regarding past drought stress can be imprinted in the new leaf buds, which 

therefore affects the morpho-physiological characteristics of leaves in the subsequent 

vegetation season (Sadhukhan et al. 2022). In the following growing season, plants that have 

previously experienced drought stress may develop smaller, thicker leaves with higher leaf-

mass per area (LMA, kg m−2), i.e. lower specific leaf area (SLA, cm−2 g−1), in order to reduce 

total transpiration and improve their water-use efficiency (WUE) (Auler et al. 2021; Petrik et 

al. 2022). Drought stress memory can lead to long-term reductions in stomatal density (fewer 

stomata per unit area) or adjustments in stomatal aperture (opening size) (Mantoan et al. 

2020). These changes help plants regulate gas exchange more efficiently under water-limited 

conditions, reducing water loss while maintaining some level of CO2 uptake for 

photosynthesis. Reduction of stomatal density without an increase in stomatal size also 

lowers total maximal stomatal opening area and therefore limits potential transpiration 
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(Rathnasamy et al. 2023). This may be additionally critical during severe drought stress, as a 

lower minimum stomatal conductance (gmin) can reduce passive water loss when stomata are 

completely closed. The reduction of stomatal size can have positive impact on stomatal 

responsiveness (Kardiman and Ræbild 2018) and water-use efficiency (Petrík et al. 2024). 

The cuticle, a waxy layer on the leaf surface, often becomes thicker in plants with drought 

stress memory (Spieß et al. 2012; Sintaha et al. 2022). This adaptation might reduce water 

loss by enhancing the boundary layer barrier to evaporation (Hasanuzzaman et al. 2023). 

Reducing transpiration improves the water retention ability of plants, leading to higher 

resiliency to drought conditions (Petrík et al. 2023; 2024). 

 

While drought typically reduces photosynthesis due to stomatal closure, plants with drought 

stress memory may exhibit a more efficient photosynthetic response under mild stress (Gallé 

et al. 2007; Arend et al. 2016). This could be due to changes in the expression of genes 

involved in photosynthesis, allowing the plant to maintain productivity even under water-

limited conditions. Drought stress memory often leads to an increase in WUE through tighter 

regulation of stomatal opening, allowing the plant to maximize carbon gain while minimizing 

water loss (Sintaha et al. 2022). Some plants may maintain higher Rubisco content in their 

leaves after a drought, which can help sustain photosynthetic activity during subsequent 

drought events (Lukić et al. 2020). Plants exhibiting drought stress memory may also 

accumulate higher levels of protective metabolites, sugars, and antioxidants, which help 

protect cellular integrity and maintain osmotic balance, reducing the damaging effects of 

drought on leaf tissues and decreasing hydraulic vulnerability (Wang et al. 2019; Liu et al. 

2022; Vuković et al. 2022). Epigenetic modifications under water limitation can also increase 

proline synthesis, which assists in both stress response and recovery (Hayat et al. 2012). 

Recurrent drought stress can prime plants to enhance their antioxidant defences, which help 

mitigate oxidative radicals that can accumulate during drought (Lukić et al. 2020; Kashyap et 

al. 2024). This includes increased activity of enzymes like superoxide dismutase, catalase, 

and peroxidase in the leaves. In plants displaying drought memory, the epigenetic alterations 

can persist, leading to a long-term improvement in water retention, photosynthetic efficiency, 

and faster responses to phytohormonal signalling (Balao et al. 2018). 

 

Taken together, drought stress memory equips plants with enhanced photosynthetic 

efficiency, improved water-use regulation, and bolstered protective mechanisms, allowing 

them to maintain productivity, limit water loss, and mitigate oxidative damage in the case of 
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recurrent drought events. The objective of this review was to summarise the latest research 

and find gaps in knowledge regarding drought stress memory mechanisms at the leaf level of 

plants. Understanding these mechanisms is crucial for developing effective strategies to 

prime crops, tree seedlings, and other plants for enhanced drought tolerance in order to 

provide greater resilience and productivity in the face of increasing climate challenges (Seth 

et al. 2024). 

5.2  Epigenetic mechanisms in drought stress memory 

 

 
Figure 5.2: Drought stress exposure and altered gene expression mechanisms in plants. 
Left Panel: Histone modifications and DNA methylation regulate gene accessibility. 
When histone modifications promote DNA accessibility (green circles), gene expression 
is turned “ON.” Conversely, DNA methylation and histone modifications (red marks) 
make DNA inaccessible, turning gene expression “OFF.” Right Panel: miRNA binds to 
target mRNA, preventing translation (red cross). In the absence of miRNA inhibition, 
mRNA is successfully translated into protein (green arrow). (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this 
article.) 
 

Epigenetic mechanisms, including DNA methylation, histone modifications, and non-coding 

RNAs (ncRNAs), play a pivotal role in establishing and maintaining drought stress memory 

in plants. These mechanisms enable plants to modulate gene expression in response to 

drought (Figure 5.2), leading to both immediate and long-term adjustments (drought 

memory) in leaf morphology and physiology. 
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5.2.1 DNA methylation and histone modification 

 

DNA methylation, typically occurring at cytosine residues, can lead to the repression of gene 

expression by altering chromatin structure or by directly inhibiting the binding of 

transcription factors (Keshet et al. 1986; Mattei et al. 2022). In the context of drought stress, 

methylation patterns can change dynamically, allowing for the upregulation or 

downregulation of specific genes involved in stress responses (Luo et al. 2018; Wang et al. 

2016). DNA methylation often works in conjunction with other epigenetic mechanisms, such 

as histone modifications and small RNAs (e.g., siRNAs and miRNAs), to regulate gene 

expression and maintain genome stability (J.-L. Wang et al. 2022; N. Wang et al. 2022). 

Major proportion (30 %) of drought-induced DNA methylation/demethylation sites (e.g. 

DK151, IR64) stay present even after drought release in rice (Wang et al. 2011). The 

differentially methylated DNA regions are one of the essential mechanisms of drought 

memory of plants (Kou et al. 2022). Drought stress induced methylation reduces gene 

accessibility (e.g. MYC2) and persists after drought release, positively affects jasmonic acid 

biosynthesis and antioxidant capacity of Arabidopsis (Liu et al. 2016). The drought induced 

DNA methylation/demethylation is gene specific and contributes as building block of drought 

memory in plants (Sun et al. 2021; Zi et al. 2024; Sadhukhan et al. 2022). Histone 

modifications, such as acetylation, methylation, phosphorylation, and ubiquitination, further 

influence chromatin accessibility and gene expression. Acetylation of histones, for instance, 

generally correlates with transcriptional activationby loosening chromatin structure, making 

DNA more accessible for transcription (S. Wang et al. 2024; F. Wang et al. 2024). 

Conversely, histone methylation can either activate or repress transcription, depending on the 

specific residues modified. During drought stress, these epigenetic marks can be selectively 

added or removed to fine-tune the expression of genes involved in stress response, such as via 

improved water retention, stomatal regulation, and modified leaf architecture (Liu et al. 2010; 

Luo et al. 2012). If these epigenetic modifications persist beyond the initial stress period, they 

can contribute to the plant's ability to “remember” drought conditions and respond more 

effectively to subsequent stress. Histone modifications can provide a persistent epigenetic 

transmission mechanism associated with drought memory in plants (Luo et al. 2012; 

Avramova 2015; Lämke and Bäurle 2017). Histone modifications help plants “remember” 
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drought by regulating stress-responsive genes, enabling quicker and more effective responses 

to future drought events (S. Wang et al. 2024; F. Wang et al. 2024). 

 

5.2.2 Role of non-coding RNAs 

 

Non-coding RNAs (ncRNAs) are regulatory molecules that do not encode proteins but play 

critical roles in gene expression regulation (Gelaw and Sanan-Mishra 2021; Abdulraheem et 

al. 2024). Among these, micro RNAs (miRNAs) and small interfering RNAs (siRNAs) are 

RNA molecules most commonly involved in post-transcriptional gene silencing, and function 

by guiding the degradation or inhibition of specific mRNA targets (Carthew and Sontheimer 

2009). During drought, ncRNAs fine-tune gene expression, allowing plants to modulate their 

growth and stress response effectively. The involvement of ncRNAs in epigenetic regulation 

contributes to drought memory by establishing chromatin modifications, DNA methylation 

patterns, and histone acetylation changes that “store” stress information, enabling faster and 

more efficient responses to subsequent drought stress (Nguyen et al. 2022; Abdulraheem et al. 

2024). Several miRNAs have been identified to play crucial roles in drought memory, 

impacting leaf development, morphology, and physiological processes. Specific miRNAs are 

upregulated or downregulated, influencing genes that affect stomatal density, leaf size, leaf 

xylem anatomy, cuticular structure, ABA signalling, ROS regulation and photosynthetic 

efficiency (Table 5.1). Apart from miRNAs, siRNAs also play a vital role in drought memory, 

particularly through their involvement in RNA-directed DNA methylation (RdDM) pathways 

(Rao et al. 2024). siRNAs can guide DNA methylation at specific genomic loci. siRNAs 

through modulating the activity of transposable elements (TEs) aid in the maintenance of 

genome stability during drought stress, protecting against deleterious effects caused by TE 

mobilization (Gelaw and Sanan-Mishra 2021), leading to long-lasting transcriptional silencing 

of genes involved in stress responses (Castel and Martienssen 2013). 
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Table 5.1: Overview of micro-RNAs and their regulation targets that affect leaf morpho-
physiological traits in relations to drought tolerance. 

RNA code Regulation target Hormonal or morpho-

physiological target 

References 

miR159 MYB transcription factors ABA signalling, stomatal 

closure 

(Reyes and Chua 2007; 

Millar et al. 2019) 

miR166 HD-ZIP III transcription factors Leaf xylem anatomy, 

transpiration, WUE 

(Li et al. 2017; Yadav et 

al. 2024) 

miR168 AGO1 from RNA-induced 

silencing complex 

ABA signalling (Li et al. 2012; Singroha 

et al. 2021) 

miR171 SCL6 transcription factors Gibberellin, leaf 

morphology 

(Huang et al. 2017; Pei 

et al. 2023) 

miR319 TCP transcription factors Leaf size and shape (Koyama et al. 2017; Lu 

et al. 2023)  

miR393 Auxin receptors of TIR1  Stomatal density, ABA 

signalling 

(Yuan et al. 2019; Jiang 

et al. 2022) 

miR396 GRF Leaf size (Liu et al. 2009; Liebsch 

and Palatnik 2020) 

miR398 APX6, CSD Leaf senescence, ROS 

regulation 

(Chen et al. 2021; M. 

Chen et al. 2020; J. Li et 

al. 2022; Y. Li et al. 

2022) 

miR399 Phosphate homeostasis Stomatal responsiveness (Pant et al. 2008; Zhu et 

al. 2020) 

miR408 Plastocyanin Photosynthetic efficiency, 

stomatal responsiveness 

(Zhang et al. 2017; 

Balyan et al. 2023; Yang 

et al. 2024) 

siRNAs CER3 silencing Cuticular structure and 

biosynthesis 

(Lam et al. 2015; 

Sajeevan et al. 2017) 

 

5.3 Crosstalk between epigenetic mechanisms and phytohormones 

 

Phytohormones, such as abscisic acid (ABA), jasmonic acid (JA), ethylene, and auxins, are 

integral to plant stress responses, including drought. The interaction between epigenetic 

modifications and phytohormone signalling pathways allows plants to coordinate complex 

responses that modulate leaf morphology and physiology (Lu et al. 2017; Jiang et al. 2023; 

Kapoor et al. 2023; Rudolf et al. 2024). The interplay of phytohormones during and after 

drought stress involves crosstalk at molecular, genetic, and physiological levels, modulated 



 118 

by epigenetic mechanisms (Shaffique et al. 2023; Kaya et al. 2024). The complex impact of 

DNA methylation/demethylation, histone acetylation/deacetylation and non-coding RNAs on 

the mentioned phytohormones is visualized in Fig. 3. A coordinated epigenetic and hormonal 

response is essential for establishing drought stress memory, enabling plants to adapt to 

recurring drought conditions by fine-tuning gene expression and physiological processes to 

optimize survival and resilience. 

 

 

Figure 5.3: Graphical overview of epigenetic pathways of phytohormone control as 
drought memory components after drought stress. Epigenetic modifications can result 
in enhanced (blue) or suppressed (red) phytohormone levels. Note: displayed 
relationships are restricted to specific mechanisms discussed in the text. (For 
interpretation of the references to colour in this figure legend, the reader is referred to 
the web version of this article.) 
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5.3.1 Abscisic acid 

 

Abscisic acid (ABA) is the central hormone regulating plant responses to drought stress. It is 

responsible for inducing stomatal closure, reducing water loss, cuticle biosynthesis and 

activating stress-responsive genes (Martin et al. 2017). The crosstalk between epigenetic 

modifications and ABA signalling pathways enhances the plant's ability to respond to drought 

stress, both immediately and during subsequent drought episodes. During drought stress, 

DNA demethylation of key genes involved in ABA biosynthesis, such as 9-cis-

epoxycarotenoid dioxygenase  3 (NCED3) (Virlouvet and Fromm 2015), Ras-associated 

binding 18 (RAB18)  (Ding et al. 2014) or Zeaxanthin Epoxidase 1 (ZEP1) (Forestan et al. 

2020), lead to an increase in ABA production. This rapid accumulation of ABA triggers the 

closure of stomata, minimizing water loss. After stress release, these demethylated regions 

can remain active, priming the plant for quicker ABA synthesis in future droughts (Godwin 

and Farrona 2020), and therefore a more sensitive response of ABA-mediated drought 

tolerance. Additional histone acetylation at ABA-responsive genes, such as ABF2 (ABA-

responsive element-binding factor 2), enhances their expression, promoting faster and more 

robust drought responses (Alves de Freitas Guedes et al. 2019). The memory of drought is 

partially encoded in these epigenetic marks, allowing the plant to respond more rapidly to 

future stress by activating the ABA signalling cascade (Ma et al. 2019). Epigenetic regulation 

of ABA receptors, such as PYR/PYL proteins, ensures that the ABA signalling pathway 

remains primed, with faster ABA-mediated stomatal closure even under milder future drought 

conditions (Lim et al. 2013; Fidler et al. 2022; Jiang et al. 2024). 

 

5.3.2 Jasmonic acid 

 

Jasmonic acid (JA) is associated with responses to biotic stress but also play roles in drought 

tolerance. JA levels increase during drought, modulating antioxidant defences to help plants 

cope with higher oxidative stress (Alam et al. 2014; Mukarram et al. 2021; Kebert et al. 

2023). The crosstalk between JA and epigenetic mechanisms helps fine-tune the plant's 

drought response. Histone acetylation at the promoters of JA biosynthesis genes, such as 

LOX3 (lipoxygenase 3) and AOS (allene oxide synthase), can enhance JA production during 

and after drought (Avramova 2017; Su et al. 2023). This leads to an increase in antioxidant 

enzyme activity and ROS scavenging, which protect the plant from oxidative damage. 
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Epigenetic marks, such as histone methylation at specific loci in JA-responsive genes, 

regulate the plant's ability to modulate growth and defence mechanisms. After drought 

release, these marks can persist, ensuring that the plant maintains elevated antioxidant levels 

and is better prepared for future oxidative stress associated with drought (Ali and Baek 2020; 

Wang et al. 2021; Kaya et al. 2024). Conversely, cross-talk between ABA and JA pathways 

can lead to the repression of genes related to biotic defence during subsequent drought 

periods (Avramova 2019), allowing plants to prioritize their physiological and metabolic 

resources toward drought-specific responses, thereby enhancing water-use efficiency and 

stress resilience. These interactions can lead to changes in leaf morphology, such as reduced 

leaf size and altered leaf architecture, which help conserve water. While the longevity of 

these epigenetic modifications remains largely unclear, initial transcriptional changes to 

drought stress are known to persist throughout subsequent watering and dehydration cycles 

(Liu et al. 2016). 

 

5.3.3 Ethylene 

 

Ethylene interacts with epigenetic mechanisms to regulate leaf senescence under drought 

stress. The epigenetic repression or activation of ethylene-responsive genes can modulate this 

process, influencing leaf lifespan and function under drought conditions (Tan et al. 2023). 

Ethylene also modulates stomatal development by crosstalk with gibberellins, affecting 

stomatal size (Saibo et al. 2003). Epigenetic regulation of ethylene signalling pathways 

ensures that plants optimize resource use during and after drought (Nazir et al. 2024). DNA 

methylation of ethylene biosynthesis genes, such as ACS (ACC synthase), can lower ethylene 

production during drought. This regulation helps balance ethylene levels, preventing 

premature senescence and ensuring that the plant can retain functional leaves during stress 

(Khan et al. 2024). Histone modifications in ethylene signalling genes, such as EIN3 

(ethylene-insensitive 3), regulate the timing and extent of leaf senescence. This ensures that 

plants only shed leaves when necessary, allowing for optimal nutrient reallocation and 

prolonged leaf function after drought conditions (Drenovsky et al. 2019). During drought, 

ethylene levels increase to facilitate senescence and nutrient reallocation from older leaves to 

younger tissues (Munné-Bosch and Alegre 2004). The explicit timing of leaf senescence 

during drought stress is critical to optimize both the continued photosynthetic function of 

leaves and to ensure the complete remobilization of nutrients upon leaf shedding (Tan et al. 
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2023). After drought release, plants with drought memory may exhibit delayed senescence, 

allowing them to maintain photosynthetically active leaves longer, particularly when the 

successful remobilization of nutrients from shed to persisting leaves occurs. Epigenetic 

regulation of ethylene pathways enables plants to fine-tune the timing of leaf senescence 

based on water availability and stress history (Li et al. 2014). 

 

5.3.4 Salicylic acid 

 

Salicylic acid (SA) is a key hormone in regulating systemic acquired resistance and defence 

responses, and plays a crucial role in mitigating the negative effects of stress, particularly in 

the context of drought (Zhang et al. 2010). SA is involved in photosynthetic stability, osmotic 

adjustment, and antioxidant defences, as well as helping plants maintaining chlorophyll levels 

and reducing oxidative damage (Khan et al. 2015; Gao et al. 2023; Torun et al. 2024). The 

crosstalk between SA and epigenetic mechanisms enables the integration of these defence 

responses, ensuring an efficient acclimation to drought stress and contributing to the plant's 

overall resilience during and after recovery. Histone acetylation at the promoters of SA 

biosynthesis genes, such as ICS1 (isochorismate synthase 1), enhances SA production during 

and after drought stress (Kumazaki and Suzuki 2019). This increased SA production helps 

plants maintain higher chlorophyll levels, reduce oxidative damage, and improve 

photosynthetic efficiency under stress conditions. After the release of drought stress, 

persistent epigenetic marks such as DNA methylation and histone modifications at SA-

responsive genes allow plants to maintain elevated antioxidant levels (Ullah et al. 2024). 

These marks ensure that the photosynthetic apparatus remains protected, enabling plants to 

recover more efficiently and maintain defence readiness against future stress. SA-influenced 

epigenetic regulation of osmolyte-related genes enhances solute production and retention, 

allowing plants to adjust osmotically during and after drought (de Souza Neta et al. 2024). 

Epigenetic mechanisms regulate the expression of osmolyte-related genes such as P5CS 

(Safari et al. 2022), RD29A (Jia et al. 2012; Kinoshita and Seki 2014) and DREB (Santos et 

al. 2011; Shriti et al. 2024). This adjustment is critical for stabilizing cell membranes and 

proteins, preventing damage from dehydration, and ensuring proper cellular function. 
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5.3.5 Auxins 

 

Auxins are primarily involved in plant growth and development but also play important roles 

in modulating leaf expansion, stomatal patterning, and cuticular development under drought 

conditions (Teale et al. 2006; Higashide et al. 2014; Verma et al. 2022). Epigenetic regulation 

of auxin pathways allows plants to balance growth and stress responses effectively. miRNAs, 

such as miR393, target auxin receptors like TIR1 (transport inhibitor response 1), modulating 

auxin signalling during and after drought (Jiang et al. 2022). The interaction between 

miRNAs and DNA methylation fine-tunes auxin responses, leading to altered leaf 

morphology and improved drought resilience. Histone modifications in auxin-responsive 

genes, such as ARFs (auxin response factors), ensure that the auxin signalling pathways 

remain active or suppressed as needed during stress and after stress release (Marzi et al. 

2024). This epigenetic regulation affects leaf size, stomatal density, and cuticle formation 

(Guo et al. 2019; Yuan et al. 2019; Torii 2021). Auxin epigenetic adjustment during drought 

stress can also affect mesophyll cell expansion after stress release and therefore increase 

photosynthetic capacity due to mesophyll conductance constraints (Batista-Silva et al. 2024). 

After drought release, epigenetic changes in auxin signalling allow plants to modulate leaf 

growth and stomatal patterning, ensuring that the plant maintains conservative water-use 

strategies while resuming growth (J.-L. Wang et al. 2022; N. Wang et al. 2022). 

 

5.3.6 Cytokinins 

 

Cytokinins play a key role in maintaining chlorophyll content and antioxidant capacity under 

and after drought conditions (Gujjar et al. 2020; Mughal et al. 2024). In plants with drought 

memory, cytokinins help delay leaf senescence and prevent chlorophyll degradation, 

supporting sustained photosynthesis (Efroni et al. 2013; Vankova 2014; Prasad 2022). 

Drought-induced DNA methylation changes at ARR gene promoters can downregulate 

cytokinin responses during stress, reducing chlorophyll loss (Cortleven et al. 2016). Higher 

cytokinin levels during drought reduce chlorophyll loss, while cytokinin signalling recovery 

after stress promotes chlorophyll retention, enhancing the plant's ability to cope with future 

droughts (Prerostova et al. 2018). Cytokinins can also induce physiological changes at leaf 

level via nitric oxide (NO) signalling affecting photosynthetic performance, electron transport 
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rate and stomatal regulation (Shao et al. 2010; Ahmad et al. 2024). Subsequent changes in 

NO can persist for days following stress release, allowing for the continued enhancement of 

drought tolerance (Fan and Liu 2012). This dynamic regulation of cytokinin signalling, 

mediated by both hormonal adjustments and epigenetic modifications, helps to maintain 

photosynthetic efficiency and delay senescence during recurrent droughts, reinforcing the 

plant's ability to ‘remember’ previous stress events and mount a more effective response to 

future drought conditions. 

5.4 Leaf morpho-physiological changes after drought stress release 

 

After a period of drought stress, plants undergo significant morpho-physiological adjustments 

when water availability is restored. These changes are strongly influenced by the memory of 

previous drought episodes, which allows plants to adapt more effectively to subsequent stress 

events. Drought memory, established through mechanisms such as epigenetic modifications, 

transcriptional reprogramming, and hormonal adjustments, ensures that certain stress-

responsive traits persist even after rehydration. For example, genes involved in stomatal 

regulation, cuticle composition, or antioxidant defence may remain primed for rapid 

activation during future droughts (Figure 5.4). Additionally, morphological traits such as 

altered leaf thickness, stomatal density, and cuticular wax are often retained to some degree, 

improving water retention during subsequent drought events. 

 

Understanding how drought memory shapes leaf morpho-physiological responses highlights 

the balance plants maintain between recovery and resilience. These memory-driven 

adaptations not only contribute to efficient stress recovery but also enhance long-term plant 

fitness, particularly in environments where drought stress is recurrent. 
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Figure 5.4: Example for specific genes and phytohormonal signals regulating drought 
priming responses such as stomatal density, cuticular thickness, antioxidants, osmotic 
adjustment, chlorophyll maintenance, and leaf senescence to enhance drought tolerance 
in plants.  
 

5.4.1 Leaf morphology: size and thickness 

 

During drought stress, leaf growth is typically suppressed as plants focus on conserving water 

and prioritize resources toward water-acquisition in root tissues (Kou et al. 2022). When 

stress is relieved, plants often resume leaf expansion, but the rate of recovery depends on the 

severity and duration of the prior stress (Xu et al. 2010). In plants exhibiting drought 

memory, this resumption may be delayed or occur at a reduced rate to prevent excessive 

water loss during any subsequent stress events. Persistent reductions in leaf size are 

commonly observed in plants following drought events (Fleta-Soriano and Munné-Bosch 

2016; Metz et al. 2020). Smaller leaves reduce transpiration and water loss, serving as a 

protective adaptation even after water becomes available again (Smith and Geller 1980; Zhu 

et al. 2020). Moreover, smaller leaves are more efficient at cooling down under high 
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temperatures, reducing unnecessary water loss (Konrad et al. 2021). SLA, which represents 

the leaf area relative to its dry mass, often remains lower (or higher leaf mass per area LMA = 

SLA−1) in plants that have experienced drought (Fleta-Soriano and Munné-Bosch 2016; 

Weithmann et al. 2022). This is indicative of thicker leaves with higher tissue density, which 

can aid in water retention and increase hydraulic safety margins. Reduction of leaf area post 

drought release, particularly when accompanied by an increased resource sink in roots, also 

often means increase in root:shoot ratio, which can positively affect drought resistance of 

plants (Fleta-Soriano and Munné-Bosch 2016). The drought memory pathways leading to 

reduction of leaf size after drought release are usually mediated by epigenetic crosstalk with 

phytohormones like ABA and Auxins (discussed in 3.1 Abscisic acid, 3.4 Salicylic acid). 

Especially epigenetic upregulation of NCED3 leads to ABA biosynthesis and reduced leaf 

growth (Lee et al. 2021). Furthermore, upregulation of DREB/CBF suppresses leaf growth 

during and after drought (Morran et al. 2011). This intricate balance between growth 

suppression and adaptive resource allocation underscores the importance of understanding the 

molecular and physiological mechanisms behind drought memory. 

 

5.4.2 Stomatal morphology: size and density 

 

Stomatal morphology, including stomatal density and stomatal size, plays a critical role in 

regulating gas exchange and water loss (Hetherington and Woodward 2003). Stomatal density 

shows higher phenotypic plasticity than stomatal size in response to precipitation conditions 

or drought stress (Stojnić et al. 2015; Petrík et al. 2020; Petek-Petrik et al. 2023). Therefore, 

any drought memory impact on stomatal morphology is often more visible in changes of 

stomatal density than size (Petrik et al. 2022). After drought stress release, stomatal 

characteristics may only partially revert to pre-stress conditions, as plants with drought 

memory retain modifications to minimize water loss. Drought memory induced long-term 

reduction of stomatal density in sorghum, which was connected with the methylated 

H3K4me3 epigenetic memory marker (Mantoan et al. 2020). Moreover, methylation of 

NCED3 (Virlouvet and Fromm 2015), RAB18 (Ding et al. 2014) or ZEP1 (Forestan et al. 

2020) increases ABA synthesis and subsequently reduces stomatal density. This reduction in 

stomatal density helps plants regulate water loss more effectively in anticipation of future 

drought episodes, reducing the effective surface area through which water can be lost via 

transpiration (Doheny-Adams et al. 2012). Drought memory can also lead to prolonged 
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reduction of stomatal guard cell length, which can be also linked to increased water-use 

efficiency of plants (Herrera et al. 2024; Petrík et al. 2023; 2024). This retention of drought-

induced stomatal modifications highlights the role of epigenetic memory in optimizing water-

use efficiency, allowing plants to better prepare for and withstand future water-limiting 

conditions. 

 

5.4.3 Stomatal responsiveness and transpiration 

 

Stomatal closure is a key response to drought that limits water loss but also restricts carbon 

dioxide uptake and photosynthesis. Drought stressed plants often reduce their stomatal 

conductance and transpiration in order to prevent excessive water loss (Střelcová et al. 2013; 

Rui et al. 2024). Upon drought stress release, stomata typically reopen, restoring gas 

exchange. However, in plants exhibiting drought memory, stomatal behaviour often remains 

altered, with stomata showing a more conservative response to water availability (Virlouvet 

and Fromm 2015). Stomatal reopening is often more gradual in plants recovering from 

drought stress, allowing them to maintain a balance between gas exchange and water 

conservation (Rui et al. 2024). The delayed stomatal opening can be partially attributed to 

changes in the trafficking protein SYP121, which regulates ion channel activity in stomatal 

guard cells (Eisenach et al. 2012). This behaviour may lead to increased intrinsic water-use 

efficiency (iWUE) which can persist long-term, as iWUE is largely linked to the plant's 

methylation status (Zhong et al. 2021). Drought stress primed plants close their stomata faster 

under subsequent drought stress exposure due to higher accumulation of ABA and increased 

Ca2+ influx rate, which was connected to higher expression of CIPK23 and higher 

expression of the SLAC1 gene (Yang et al. 2023). Plants with drought memory are better 

capable of fine-tuning their stomatal control with ABA and therefore exhibit enhanced iWUE 

with sustained biomass or yield gains (Yao et al. 2021). Long-term exposure to water-deficit 

reduces the transpiration sensitivity to soil water content and VPD, resulting in plants 

maintaining low transpiration even under well-watered conditions (Grossiord et al. 2018; 

Zavadilová et al. 2023). This sustained reduction in transpiration enhances future drought 

tolerance by enabling a conservative approach to survive subsequent drought episodes and 

maintain physiological function. 
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5.4.4 Cuticular structure and residual water loss 

 

The cuticle is a waxy layer preventing excessive water loss. The water loss after stomatal 

closure under drought conditions is dominated by cuticular pathway and through leaky 

stomata, which together comprise minimum leaf conductance (gmin). Minimum leaf 

conductance has been characterised as one of the most critical traits affecting drought 

survival time of plants and biomass accumulation capacity under drought (Petek-Petrik et al. 

2023; 2024; Ziegler et al. 2024). Drought memory can have significant impacts on cuticular 

wax composition via the aliphatic wax biosynthetic pathway, including CER1, CER2, CER3, 

CER4, CER10 and WSD1 (Dimopoulos et al. 2020). Nevertheless, changes of cuticular 

waxes are not necessarily translated into changes in minimum leaf conductance. There are 

few studies suggest that gmin may be plastic, with plants potentially acclimating to drought 

stress by reducing gmin (Le Provost et al. 2013; M. Chen et al. 2020; Y. Chen et al. 2020) or 

that changes in cuticular waxes are related more to temperature stability of the cuticular layer 

(VanderWeide et al. 2022). On the other hand, several studies have found very limited 

phenotypic plasticity of gmin and no response pattern to drought stress (Schuster et al. 2017; 

Slot et al. 2021; Petek-Petrik et al. 2024; S. Wang et al. 2024; F. Wang et al. 2024). Therefore, 

the acclimation potential of gmin reduction as part of drought memory mechanisms is still 

unknown. CYP86A family genes, which are essential for cutin and wax biosynthesis, are 

regulated by auxin and are important for cuticle formation (Kong et al. 2020). The CYP86A 

genes can be epigenetically altered following drought stress, but the precise hormonal 

signalling pathway is still not known (Duan and Schuler 2005). There is lack of studies 

directly linking drought priming or drought memory to changes in cuticular structure and 

residual water losses or minimum leaf conductance. As gmin is a critical component of 

drought tolerance, it is essential that future research focuses on how drought memory 

influences potential gmin acclimation, identifying epigenetic and physiological pathways that 

regulate long-term reductions in minimal stomatal conductance under recurrent drought 

conditions. Photosynthetic recovery and chlorophyll retention 

 



 128 

Figure 5.5: Conceptual figure showing potential pathways of photosynthetic efficiency 
for drought primed plants that exhibit drought memory or drought exhaustion effects, 
compared with non-primed plant. 
 

Drought stress can impair photosynthesis due to reduced stomatal conductance and by 

damaging the photosynthetic apparatus. Upon stress release, photosynthesis usually resumes, 

but the recovery process is modulated by drought memory. Plants with drought memory often 

exhibit enhanced photosynthetic efficiency during subsequent drought compared to non-

primed plants (Figure 5.5), allowing them to maintain productivity with limited water loss 

(Zhou et al. 2016). Specifically, plants may exhibit higher Rubisco activity and antioxidant 

capacity which supports photosynthetic rates (Menezes-Silva et al. 2017). Leaf level 

photosynthesis, electron transport rate and photosystem IIperformance index can be also 

significantly higher after drought release compared to the pre-stress state (Arend et al. 2016; 

Kannenberg et al. 2019; Antunović Dunić et al. 2023). Plants with drought memory have 

often reduced stomatal conductance, but if able to maintain their photosynthetic capacity may 

achieve higher water-use efficiency post drought release (Herrera et al. 2024). The faster 

recovery of photosynthetic rates after drought may result from altered gene expression related 

to photosynthetic machinery (PSBS, LHCB, PGR5), especially efficiency of photosystem II 

(Li et al. 2000; Damkjær et al. 2009; Arend et al. 2016; Yamamoto and Shikanai 2019). 

Drought stress primed plants also show increased chlorophyll and carotenoid contents under 

subsequent drought stress compared to non-primed plants (Ben Abdallah et al. 2017), which 

is intricately linked to the epigenetic silencing of genes involved in pigment decomposition 

and upregulation of pigment synthases (Zhang et al. 2015; Anwar et al. 2021). Drought stress 

priming can also lead to increase of Rubisco content, which helps maintain photosynthetic 

rate under subsequent drought stress (Abid et al. 2016). Drought memory can be also 

associated with accumulation of the D1 protein which improves the photoprotection under 

subsequent drought stress (Gadzinowska et al. 2021). As such, persistent epigenetic control 
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enables plants to maintain photosynthetic function through the maintenance of pigment and 

Rubisco activity, allowing for a more resilient photosynthetic apparatus during subsequent 

stress event. 

 

5.4.5 Antioxidant defenses and osmolyte accumulation 

 

Plants exposed to drought stress typically increase the production of antioxidants and 

osmoprotectants (e.g., proline, soluble sugars) to mitigate oxidative damage and maintain 

osmotic balance (Ditmarová et al. 2010; Vuksanović et al. 2023). Higher antioxidant capacity 

under drought helps plants to protect photosynthetic apparatus (Hasanagić et al. 2020; Alongi 

et al. 2024). In plants with drought memory, antioxidant enzyme classes such as superoxide 

dismutase, peroxidase, glutathione reductase and catalase continue to function at higher 

levels, helping the plant recover from stress and defend against future oxidative damage 

(Alves et al. 2020; Lukić et al. 2020; Carvalho et al. 2024). Drought priming can increase 

antioxidant capacity and is also linked to higher d13C, reflecting higher water-use efficiency 

of plants (Ramírez et al. 2015). Higher leaf antioxidant content after drought priming can also 

enable plants to accumulate more biomass in subsequent drought stress exposure by reducing 

ROS agents, which would otherwise weaken cellular membrane integrity (Amini et al. 2023). 

Increased antioxidant capacity in cotton was linked to H3K4me3 methylation (Z. Tian et al. 

2024). Drought stress memory positively affects leaf soluble sugars and proline content, 

therefore improving osmotic balance of drought stress primed plants under subsequent 

drought (Ben Abdallah et al. 2017). The study also found a positive impact of drought 

memory on antioxidant capacity in subsequent drought. The drought memory osmotic 

adjustment in wheat was associated with demethylation of TaP5CS and TaBADH (Li et al. 

2023). Therefore, sustained epigenetic control from drought priming can lead to both 

antioxidant and osmotic adjustment to improve future drought tolerance. 

 

5.4.6 Leaf senescence: water loss avoidance, nutrient reallocation or assimilation recovery 

 

Drought can both accelerate to prevent water losses and delay leaf senescence to conserve 

resources. The premature defoliation under extreme drought events is often attributed to 

tissue dehydration damage, rather than controlled process (Arend et al. 2022). Nevertheless, 

leaf senescence is largely regulated by epigenetic mechanisms, such as through the increased 
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methylation of senescence-specific histones (Rudy et al. 2024). Overexpression of NTL4 

during and after drought stress response accelerates leaf senescence (Tan et al. 2023). 

Moreover, upregulation of ORE1 during drought stress can lead to faster leaf senescence (Yu 

et al. 2021). Nevertheless, the longevity of the epigenetic changes after stress release is still 

unknown. On the other hand, in plants exhibiting drought memory, leaf senescence may be 

delayed, allowing leaves to remain photosynthetically active for longer, which aids in the 

recovery of growth and productivity after stress (Arend et al. 2016). Selective leaf 

senescence, when plants reallocate nutrients such as nitrogen (N) from older to younger 

leaves, may further optimize resource allocation for new growth when conditions improve 

(Touche et al. 2024). Epigenetic modifications such as DNA methylation and siRNA are 

known to help regulate N responses, particularly under nutrient deficient conditions (Zhang et 

al. 2023). This is especially critical for ecosystems that experience repeated drought stress 

periods which can negatively affect access of plants to soil nutrients (Gessler et al. 2017; 

Joseph et al. 2021; Touche et al. 2022). However, impaired or incomplete nutrient 

reallocation during leaf senescence may occur, particularly during severe drought stress when 

leaf senescence is expedited due to rapidly sustained hydraulic damage (Estiarte and Peñuelas 

2015). Effective epigenetic regulation of leaf senescence processes may therefore be critical 

to optimize the trade-off between efficient nutrient scavenging and the timely senescence of 

damaged or older tissues. 

 

5.5 Conclusion and future prospects 

 

While DNA methylation, histone modifications, and non-coding RNAs have been linked to 

drought stress memory, the specific genes and pathways regulated by these epigenetic marks 

at the leaf level are not fully mapped. Additionally, current studies have largely focused on a 

handful of model or crop species such as Arabidopsis or Populus, which benefit from the 

existence of complete and relatively simple genome maps (Ding et al. 2013; Georgii et al. 

2019). Hence, species of which genomes are not completely available, particularly in 

perennial plants with relatively large and highly repeated genomes, remain understudied. 

While many epigentic mechanisms are conserved across species, an increased focus of future 

research on these understudied species will likely identify orthologous genes, which enable 

epigenetic control. Such studies will help to elucidate the longevity of such modifications and 

overall duration of stress-memory. There is also a need for comprehensive profiling of both 
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epigenetic and metabolomic processes to understand how stress memory translates to 

physiological responses in leaves. The interplay between different phytohormones (e.g., 

ABA, auxins, cytokinins) in the context of drought memory at the leaf level is complex and 

not fully understood. It is unclear how epigenetic modifications influence the dynamic 

balance of these hormones during repeated drought events and how these interactions are 

integrated to produce a coordinated response toward drought memory. Although some 

ncRNAs are known to be involved in drought responses, their specific roles in establishing 

and maintaining drought stress memory at the leaf level are not well defined. 

 

Identifying key ncRNAs within drought memory acquisition and understanding their targets 

and regulatory networks in leaf tissues is an ongoing challenge. The specific changes in leaf 

anatomy (e.g., cuticle thickness, vascular structure), ion homeostasis (Pesacreta et al. 2021; 

Acharya and Pesacreta 2022) that contribute to drought stress memory are not fully 

understood. More research is needed to link anatomical changes with physiological and 

molecular responses exhibited via drought memory, and to identify how long such 

modifications persist and therefore lead to increased stress tolerance during subsequent 

droughts. Integrating metabolomic and transcriptomic studies is essential for identifying how 

epigenetic changes translate into stress-related metabolites and gene expression patterns that 

sustain stress responses and result in drought memory. These -omics approaches will help 

clarify the connections between epigenetic modifications, metabolic pathways, and long-term 

stress tolerance in plants. 

 

Understanding drought memory in plants has become increasingly critical due to the 

escalating impacts of climate change. With global warming driving more frequent and severe 

drought events, the ability of plants to “remember” previous stress episodes and adapt 

accordingly is vital for ensuring their survival and productivity. In agriculture, identifying and 

breeding crops with enhanced drought memory traits could improve food security by 

enabling stable yields under water-limiting conditions. Similarly, for forest ecosystems, 

understanding how long-lived trees retain drought memory could inform reforestation efforts 

and the selection of resilient species for afforestation projects in drought-prone regions. 
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6 Synthesis 

 
Figure 6.1: Schematic overview of the physiological processes governing the stress, 
recovery, and long-term legacy response. Yellow shading denotes processes occurring 
during or due to mild stress (defined as levels before which permanent hydraulic 
damage forms), while red shading denotes processes occurring during or due to severe 
stress (defined as levels after which permanent hydraulic damage forms).  
 

Abiotic stress impacts tree physiology across multiple temporal scales, from short-term 

regulatory changes in resource acquisition and allocation, to persistent modifications which 

continue to alter plant function during subsequent growing seasons. Understanding forest 

resiliency to increasing abiotic stress requires integrating these physiological responses across 

time. The three experimental studies synthesized here are integrated to explore how 

metabolic, hydraulic, and signaling pathways interact to shape tree response during abiotic 

stress and recovery (Figure 6.1). Additionally, a comprehensive review of epigenetic 

mechanisms underlying drought stress memory (Chapter 5) provides a molecular framework 

for understanding how stress-induced modifications can persist beyond the immediate 
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recovery period, complementing the physiological processes demonstrated experimentally. 

 

6.1  Physiological Responses to Abiotic stress 

6.1.1 Responses to mild stress  

 

Mild drought stress, defined as moderate soil dehydration, initiates primarily passive, 

stomatal-mediated adjustments that balance water conservation with continued carbon 

assimilation. Across all three experiments, mild drought responses reflected coordinated 

reductions in gas exchange without triggering significant metabolic or hormonal stress 

responses (Figure 6.1). 

During early drought progression in silver fir (Chapter 2), soil water content declined to 

about 20% (half of control), corresponding to slight increases in xylem tension which 

remained comfortably above those associated with hydraulic damage. These slight increases 

in xylem tension passively decreased stomatal conductance, reducing intercellular CO₂ 

availability and causing a modest increase (~5%) in photorespiration as the O₂:CO₂ ratio 

shifted in favor of RuBP oxygenation (Ku and Edwards 1978; Wingler et al. 1999). This 

represented classical stomatal limitation of photosynthesis, with the photosynthetic apparatus 

itself remaining functional, albeit slightly less efficient. Similarly, a short-term heat exposure 

alone increased photorespiration by ~38% in well-watered seedlings through combined 

effects of reduced stomatal conductance, increased O₂ solubility relative to CO₂ at higher 

temperatures, and altered Rubisco substrate discrimination (Jordan and Ogren 1984; Zhang 

and Sharkey 2009). Although photorespiration is the main pathway for the production of the 

reactive oxygen species (ROS) and stress-signaling molecule H2O2, higher photorespiration 

did not induce H2O2 accumulation, as ROS scavenging was efficiently upregulated. This 

demonstrates tight enzymatic regulation that rapidly scavenges ROS even when production 

pathways are elevated, limiting both oxidative damage and stress signaling potential (Petrov 

and Van Breusegem 2012). 

Similarly, Douglas fir exposed to moderate drought (Chapter 3) maintained photosynthesis 

and growth at reduced rates without elevating foliar ABA, indicating that passive hydraulic 

regulation of stomata was sufficient to conserve water without eliminating carbon uptake 

(McAdam and Brodribb 2014). Water potential remained near control levels, and while 

growth occurred at a reduced rate compared with control trees, stem expansion continued, 
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demonstrating that turgor conditions at this moderate drought level remained adequate for 

cell expansion despite reduced water availability (Körner 2015; Peters et al. 2021). 

The extended mild drought in larch and pine (Chapter 4) similarly reduced photosynthesis 

proportionally to stomatal closure, with no evidence of non-stomatal limitations constraining 

gas exchange. As with silver fir in Chapter 2, hydraulic integrity was maintained at this mild 

drought level, as slightly increased xylem tensions remained well above cavitation thresholds 

throughout the 60-day drought period. Growth slowed substantially in both species, reflecting 

turgor limitations on cell expansion rather than complete cessation of metabolic sinks. 

NSC responses under mild drought were modest and varied by tissue and species. Douglas fir 

under moderate stress maintained NSC concentrations similar to controls throughout the 

drought period (Chapter 3). In the extended mild drought (Chapter 4), bud tissues 

accumulated soluble sugas, likely serving osmotic adjustment and hydration maintenance 

functions, while branch NSC declined moderately, driven by starch depletion in larch and 

sugar depletion in pine. These patterns indicate that while mild drought can slightly alter 

NSC composition and allocation priorities, it does not trigger the dramatic accumulation or 

depletion characteristic of severe stress.  

6.1.2 Response to severe stress 

Severe stress induces a qualitative shift from passive stomatal regulation to active metabolic 

downregulation and hormonal signaling, accompanied by hydraulic damage and complete 

cessation of growth (Figure 6.1). The transition from mild to severe stress represents a 

physiological threshold beyond which recovery becomes substantially more complex and 

prolonged. 

In silver fir (Chapter 2), progression to severe drought (soil water content near zero, xylem 

tension -1.70 MPa) fundamentally altered photosynthetic metabolism. Unlike during mild 

stress, severe drought decreased photorespiration by ~14% despite continued low stomatal 

conductance, as non-stomatal limitations became dominant. In support of this, electron 

transport rates declined substantially during severe stress, indicating impairment of the 

photosynthetic light reactions themselves (Flexas and Medrano 2002b; Lawlor and Tezara 

2009). Thus, photosynthesis was no longer limited primarily by lower CO₂ availability from 

reduced stomatal conductance, but instead through an inhibited capacity to regenerate RuBP 
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and process absorbed radiation. Importantly, when severe drought was combined with heat 

stress, the heat-induced photorespiration increase observed in well-watered controls was 

absent, demonstrating that biochemical impairments from the severe drought override typical 

short-term heat responses to photosynthesis. Despite this metabolic suppression of 

photosynthesis from severe drought, peroxidase activity remained highly responsive to heat 

stress, increasing approximately 2-fold. This demonstrates that ROS scavenging capacity is 

maintained independently of photosynthetic function, providing resilient oxidative protection 

even when photosynthetic metabolism has been severely compromised. 

Douglas fir under severe drought (Chapter 3) experienced xylem tensions reaching -3.8 MPa, 

corresponding to an estimated 70-85% loss of hydraulic conductivity (Chauvin et al. 2019). 

This hydraulic stress triggered a doubling of foliar ABA concentrations, which induced near-

complete stomatal closure and likely contributed to active metabolic downregulation of 

photosynthesis (Tombesi et al. 2015). As with severe drought in Chapter 2, growth processes 

ceased entirely, with stems ultimately shrinking due to dehydration. During the final eight 

days of severe drought, trees entered net negative carbon balance as respiratory demand 

exceeded near-zero photosynthetic input. 

The NSC dynamics under severe stress revealed critical insights about carbon economics 

during extreme events. Despite drastically reduced photosynthesis, stem NSC concentrations 

in Douglas fir increased rather than depleted. This accumulation likely occurred because 

turgor stress eliminated the primary carbon sink (cell expansion and new tissue formation) 

before photosynthesis stopped completely, allowing for a temporary accumulation of NSC 

(Hartmann and Trumbore 2016). The subsequent decline in NSC during the final week of 

drought, at which point study individuals were experiencing a net carbon deficit, indicates 

that NSC utilization occurs only when respiratory demand continues without sufficient 

assimilatory input. This pattern supports the interpretation that observed NSC increases 

during severe drought likely represents a passive consequence of sink limitation rather than 

an active storage strategy, and that depletion becomes a risk primarily when photosynthesis 

ceases for extended periods (Salmon et al. 2020; Stefaniak et al. 2024). These findings call 

into question the importance of carbon starvation as a primary mortality mechanism, 

suggesting instead that its relevance depends critically on the rate of drought progression. 

When soil dehydration is strong enough to halt photosynthesis but stabilizes before inducing 

significant xylem cavitation, similar to drought conditions achieved in Experiment 3, carbon 
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starvation could conceivably occur as NSC are slowly depleted by ongoing respiration. 

However, if soil continues to dehydrate well beyond the point of zero assimilation, which is 

common in rapid, severe droughts, hydraulic failure from cavitation likely represents a more 

immediate threat to mortality than carbon depletion (McDowell et al. 2011; Adams et al. 

2017). 

6.2 Drought recovery and legacy effects 

 

Short-term recovery from drought depends critically on the severity of stress, with distinct 

physiological bottlenecks emerging along this gradient. While mild drought enables a 

relatively quick restoration of gas exchange upon rehydration, severe drought created longer-

term structural hydraulic constraints, fundamentally limiting gas exchange and growth until 

new sapwood formation restores hydraulic transport. Beyond these short-term recovery 

dynamics, moderate extended drought which limits photosynthesis while maintaining 

hydraulic integrity can generate carbon-mediated legacy effects, reducing subsequent-season 

productivity and disrupting spring phenology, with the sensitivity to these legacy effects 

strongly shaped by species leaf habit. 

 

6.2.1 Early recovery from drought 

Following mild drought in Douglas fir (Chapter 3), stomatal conductance immediately 

recovered to its highest seasonal levels, with intrinsic water use efficiency returning to 

control levels, indicating that photosynthesis and stomatal conductance increased in-step 

through recovery. In stark contrast, severe drought imposed stronger bottlenecks to recovery. 

Within two days of rewatering, both water potential and foliar ABA concentrations returned 

to control levels, yet stomatal conductance remained substantially depressed below pre-

drought levels for approximately two weeks. This temporal decoupling demonstrates that 

neither water stress nor hormonal signaling limited initial gas exchange recovery as both 

were quickly restored, which when considering the high regulation of ROS in Chapter 2 

despite severe stress combinations, demonstrates the unimpeded control of biochemical 

systems during and after stress.  

Instead, the primary limitation of gas exchange recovery emerged from structural hydraulic 

constraints. Mild and severe drought progressively reduced the rate of sapwood development 
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during the stress period, which in the control trees was linked to the seasonal optimization in 

stomatal conductance. The resulting low ratio of sapwood area to leaf area (Huber value) 

under stress created a hydraulic supply bottleneck that persisted until new xylem formation 

restored transport capacity (Brodribb and Cochard 2009; Rehschuh et al. 2020). In the case of 

mild stress recovery, higher growth rates during and after stress facilitated a quicker recovery 

than under severe stress, which due to additional damage from embolism, ultimately required 

greater stem radial growth to achieve seasonal maxima in stomatal conductance. This strong 

positive relationship between Huber value and stomatal conductance throughout recovery 

demonstrates that new sapwood development, rather than phytohormone or NSC status, 

governed gas exchange restoration (Mencuccini et al. 2019; Gattmann et al. 2023). 

Photosynthesis recovery, and with that the rate of carbon accumulation, was similarly 

coupled with increases in Huber value. As water use efficiency immediately returned to 

control levels following recovery from mild stress, the recovery of photosynthesis depended 

on new sapwood development increasing hydraulic supply to support stomatal conductance. 

In contrast, water use efficiency following recovery from severe stress remained below 

control levels during the first two weeks of recovery, indicating that non-stomatal limitations, 

such as those experienced under severe stress in Chapter 2 like photosystem inhibition 

(Lawlor and Tezara 2009), continued to limit photosynthesis. As these metabolic constraints 

were alleviated, the limitation to photosynthesis returned to stomatal control, which 

ultimately was governed by the ability to form new sapwood.  

Altered diurnal growth patterns provided particularly clear evidence of persistent structural 

limitations. Control trees progressively developed daytime growth capacity throughout the 

season as sapwood area increased, with daytime radial expansion eventually accounting for 

~30% of total daily growth by the end of the experimental period. The emergence of daytime 

growth was progressively delayed by mild and severe stress, reflecting the gradient of growth 

limitation which occurred during the stress period. Trees which experienced mild stress 

gradually increased their daytime growth capacity throughout recovery, while daytime 

growth remained largely absent following severe drought until the fourth week of recovery, 

when sapwood area eventually reached levels sufficient to buffer against daytime xylem 

tension increases (Zweifel et al. 2021; Ziegler et al. 2024). These results demonstrate a 

critical feedback loop: insufficient sapwood development during drought delays or eliminates 

both the seasonal maximal stomatal conductance and the ability to buffer daytime xylem 
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tension for turgor-dependent growth. This delayed development of stem hydraulic supply 

further postpones the resumption of daytime growth which would accelerate the hydraulic 

capacity needed for gas exchange restoration.    

Importantly, carbon availability did not appear to limit recovery from severe stress. Despite 

reduced photosynthesis during drought, NSC concentrations remained at or above control 

levels throughout recovery. Growth limitations reflected hydraulic and turgor constraints 

rather than carbon deficits, challenging assumptions that NSC depletion constrains post-

drought recovery (Palacio et al. 2014; Kannenberg and Phillips 2020). 

6.2.2 Extended recovery and drought legacy 

 

The extended mild drought in larch and pine (Chapter 4) isolated carbon-mediated legacy 

effects by substantially reducing assimilation while ensuring xylem tension remained above 

embolism-inducing thresholds. This study revealed how extended moderate stress generates 

persistent impacts on phenology and productivity through altered NSC dynamics, with the 

extent of legacy effects dramatically different between the deciduous and evergreen species. 

Following summer drought, autumn branch NSC accumulation was reduced by >70% in 

Larix decidua despite normal autumn leaf pigment status indicating uninhibited 

photosynthetic capacity, suggesting increased carbon allocation to other sinks like bud 

development or stem radial growth. In contrast, Pinus sylvestris maintained normal autumn 

branch NSC accumulation, with enhanced leaf pigment status combined with an evergreen 

leaf habit facilitating sufficient photosynthesis throughout the autumn period (Moser et al. 

2010). Both species, however, displayed similar drought-induced changes in winter NSC 

remobilization, where drought-stressed trees showed minimal over-winter branch NSC 

decline while controls substantially depleted reserves for respiratory demands (Hoch et al. 

2003; Godfrey et al. 2020). This pattern strongly suggests that winter respiratory substrate 

demand in woody branch tissues was met through the import of NSC from distal storage 

pools, aligning with studies reporting over-winter NSC rebalancing to compensate for 

artificially-induced C limitation (Amico Roxas et al. 2021). By spring, L. decidua showed 

NSC deficits by mid-budburst while P. sylvestris largely accumulated NSC through early-

season assimilation, maintaining a surplus of branch NSC content, demonstrating how leaf 

habit influences the delayed capacity to recover from drought-induced C-limitation. 
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Legacy effects manifested primarily through altered spring phenology and reduced tissue 

production. In L. decidua, budburst initiated 5 days earlier but progressed slower, and was 

correlated with lower branch NSC content and drought-induced winter mobilization patterns. 

P. sylvestris showed no disruption to phenology. Both species produced fewer, shorter 

branches with reduced foliage in the subsequent year, with more severe reductions in L. 

decidua (~50%) than P. sylvestris (~25-30%). These morphological reductions in biomass 

production were largely correlated with drought-induced changes to NSC composition and 

mobilization in both species, despite drought-stressed P. sylvestris exhibiting higher branch 

NSC content by mid-budburst. Critically, measures of leaf function (gas exchange, 

fluorescence, and pigment content) in new foliage of both species remained unaltered, 

suggesting that functional legacy effects are unlikely to arise through C-mediated pathways, 

and may instead be initiated through hydraulic or hormonal feedbacks which arise under 

severe drought events (McAdam and Brodribb 2014; Alongi et al. 2025).  

 

The absence of functional trait modifications in new foliage, despite clear morphological and 

phenological legacy effects, supports the idea that distinct drought characteristics, such as 

severity and duration, activate distinct legacy mechanisms. As reviewed in Chapter 5, severe 

drought alters phytohormone regulation and other regulatory mechanisms like DNA 

methylation, histone modification, and non-coding RNAs. Epigenetic regulation of 

phytohormonal pathways can result in structural modifications of tissues, and could explain 

observations of modified tissue function in other studies (Petrik et al. 2022; Thomas et al. 

2023). As the moderate extended drought imposed in Chapter 4 primarily produced carbon-

mediated legacy effects, without the hormonal or epigenetic modifications that would yield 

tissue functional modifications. 

 

The fitness consequences of these observed morphological shifts likely depend upon the 

environmental conditions in the following year. Reduced leaf area, particularly in L. decidua, 

is likely to limit the potential growing season productivity under favorable conditions, 

representing a fitness cost. However, in the event of recurrent drought, reductions in canopy 

leaf area effectively increases the sapwood: leaf area ratio (Huber value). As demonstrated in 

Douglas fir (Chapter 3), higher Huber values buffer xylem tension increases, maintaining 

greater stomatal conductance under stress, and reducing turgor-limitations to growth 

(Mencuccini et al. 2019; Gattmann et al. 2023), and thus could represent an increase in 

fitness. Similarly, increased NSC allocation observed during mid-budburst in P. sylvestris, if 
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maintained through the growing season, could represent either a greater osmotic buffering 

capacity in the event of drought (Mitchell et al. 2013), or conversely a loss of fitness under 

favorable conditions, assuming this NSC allocation increase is at the expense of new tissue 

development (as observed). Taken together, these observed legacy morphological 

adjustments trade potential growing season productivity under favorable conditions for 

enhanced survival in the event of recurrent stress (Zlobin et al. 2024). 

These findings establish a carbon-mediated pathway for drought legacy, with deciduous 

species substantially more vulnerable due to a combination of limited extended-season 

assimilation potential and the complete reliance on stored reserves for spring development. 

Importantly, severe drought would likely generate different legacy mechanisms, in part 

because hydraulic damage requires greater new sapwood growth to restore function (Chapter 

3), and also because hormonal and metabolic responses during severe dehydration may 

additionally induce functional tissue modifications not observed here, as discussed in Chapter 

5. This interaction between drought severity, timing, and duration determines which legacy 

responses are likely to manifest during the subsequent growing season.  

 

6.3 Research Advances, Limitations, and Future Directions 

 

The studies presented in this thesis examine physiological stress responses across temporal 

scales, from immediate stress through recovery to subsequent-season legacy effects. 

However, the taxonomic scope, controlled conditions, and specific experimental designs 

impose constraints on the mechanistic generalizability of these results. These limitations 

inform directions for future work that would strengthen the mechanistic framework 

established here and extend it to broader ecological contexts. 

 

6.3.1 Key advances  

 

Chapter 2 demonstrated that the relative contribution of photorespiration to Rubisco activity 

and subsequent H₂O₂ regulation vary with drought severity, increasing under mild stress but 

decreasing under severe stress as metabolic limitations dominate. Despite variable production 

rates, tight peroxidase scavenging regulation consistently limits H₂O₂ accumulation, 

restricting its availability for stress signaling even under combined drought and heat stress. 
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Chapter 3 revealed that drought response and recovery is governed by structural hydraulic 

constraints rather than carbon or hormonal limitation. The ratio of sapwood area to leaf area 

(Huber value) emerged as the primary determinant of gas exchange and growth restoration, 

with drought-suppressed stem development creating a negative feedback: reduced stem 

sapwood development limits both maximal stomatal conductance and daytime growth 

capacity, delaying the hydraulic restoration needed for full recovery. 

Chapter 4 established a carbon-mediated legacy pathway where moderate extended drought 

reduces subsequent-year tissue production without altering tissue function. Legacy magnitude 

differed substantially by leaf habit (~50% reduction in deciduous versus ~25% in evergreen 

species), providing a trait-based framework that links the dependence on stored reserves and 

capacity for extended-season assimilation to legacy vulnerability. 

 

Chapter 5 provides a comprehensive review of epigenetic mechanisms underlying drought 

stress memory, synthesizing current knowledge of how DNA methylation, histone 

modifications, and non-coding RNAs interact with phytohormonal signaling to mediate 

persistent physiological changes. This review establishes a molecular framework for 

interpreting legacy effects and identifies critical knowledge gaps regarding the roles of these 

mechanisms in perennial woody species. 

6.3.2 Limitations 

Several general limitations constrain the interpretation and generalizability of these findings. 

All experiments utilized gymnosperm species with isohydric stomatal regulation and 

tracheid-based xylem anatomy, which substantially differ from angiosperm vessel-based 

anatomy in hydraulic vulnerability, embolism repair capacity, and parenchyma abundance 

(Morris et al. 2016; Choat et al. 2019). Whether the hydraulic constraints and recovery 

mechanisms identified here apply more broadly to anisohydric and broadleaf species remains 

uncertain. Additionally, pot-based experiments eliminate the possibility of root expansion to 

access deeper soil water, accelerating soil dehydration rates and inducing artificially rapid 

stress progression. This limitation particularly is relevant when interpreting results from  

Chapters 2 and 3, where severe drought developed over 25-28 days, whereas in field 

conditions similar water deficits likely develop more gradually. A more gradual drought 

progression would likely alter the balance between metabolic (such as hormonal regulation, 

growth, and NSC regulation) and hydraulic (embolism) responses.  
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Experiment-specific limitations further constrain mechanistic interpretation. The brief six-

hour heat treatment in Chapter 2 demonstrated robust ROS scavenging enzyme upregulation 

but does not assess the durability of this response. Extended heat stress may eventually 

overwhelm scavenging enzyme production, leading to H₂O₂ accumulation not observed here 

(Foster et al. 2015).  

In Chapter 3, the separation of destructive measurements (NSC, ABA, water potential) from 

continuous gas exchange monitoring limits direct temporal comparison between these 

processes, introducing uncertainty about the precise timing of hormonal recovery relative to 

physiological function. Furthermore, drought seasonality likely exerted a strong influence on 

our results. Specifically, the drought period in Chapter 3 occurred before the seasonal 

development of sufficient sapwood area necessary to support optimal gas exchange, leading 

to the discussed observation that drought-induced restrictions to hydraulic development 

determined recovery capacity. If drought were to occur following the development of 

sufficient sapwood area, trees would likely have a higher hydraulic capacity to buffer against 

reductions in gas exchange and growth, thereby enabling quicker recovery. Nonetheless, 

these results elevate the notion that early season droughts are particularly detrimental to tree 

function.  

Chapter 4's focus on carbon-mediated legacies explicitly avoided the hormonal and hydraulic 

stresses characteristic of severe drought, precluding conclusions about how embolism-

induced hydraulic damage or phytohormonal regulation might generate alternative legacy 

pathways. Furthermore, the comparison of only one deciduous species (Larix decidua) and 

one evergreen species (Pinus sylvestris) limits the generalizability of the discussed leaf habit 

framework. While the stark contrast in legacy response between these species suggests a 

strong influence of leaf habit in carbon-mediated legacy expression, establishing this 

mechanism robustly requires testing across multiple deciduous and evergreen species to 

distinguish leaf habit effects from species-specific physiological strategies. 

6.3.3 Future directions 

The limitations identified above inform the following areas for future research: 

First, expanding the taxonomic scope to include angiosperm species with contrasting 

hydraulic strategies is essential for testing framework generalizability. Comparative studies 
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should particularly examine species with anisohydric stomatal regulation and vessel-based 

xylem to determine whether hydraulic supply constraints universally dominate recovery or 

represent a conifer-specific response, and whether carbon-mediated legacy pathways operate 

similarly in species which maintain photosynthetic capacity (i.e. anisohydric species) for 

longer during drought.  

Second, field-based drought manipulations that allow natural root expansion and gradual soil 

dehydration would clarify whether the rapid stress progression in pot experiments alters the 

balance between metabolic regulation and the occurrence of hydraulic damage. Such studies 

could test whether slower drought development enables trees to mount compensatory 

responses (e.g., greater osmotic adjustment, root growth) that modify the severity thresholds 

identified here. 

Third, multi-species comparisons within leaf habit categories (multiple deciduous and 

evergreen species) are needed to distinguish leaf habit-based responses from species-specific 

strategies. This would establish whether the leaf habit framework for legacy vulnerability 

presented here is robust, or instead reflects individual species differences between Larix 

decidua and Pinus sylvestris. 

Fourth, experiments manipulating both drought severity and duration would elucidate how 

more severe stress responses (hormonal signaling and epigenetic modifications) versus 

carbon limitation from an extended moderate drought interact to mediate legacy effects in 

subsequent growing seasons. This approach could reveal whether functional trait 

modifications observed in other studies (reduced SLA, altered stomatal conductance) emerge 

through pathways distinct from the carbon-mediated responses documented here. 

 

Fifth, direct investigation of epigenetic mechanisms would determine whether DNA 

methylation, histone modifications, or non-coding RNA expression are altered by drought 

and persist into subsequent growing seasons. As reviewed in Chapter 5, such mechanisms 

have been characterized primarily in model species and annual crops, with their relevance for 

long-lived woody perennials remaining uncertain. Experiments combining physiological 

measurements with epigenetic profiling (e.g., bisulfite sequencing, chromatin 

immunoprecipitation) could test whether the carbon-mediated legacy effects documented 

here operate independently of epigenetic regulation. Such investigation would clarify whether 
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different legacy effects (functional trait modifications versus phenological shifts versus 

productivity reductions) are mediated by distinct molecular mechanisms. 

Finally, experiments spanning multiple drought cycles and growing seasons would assess the 

persistence of legacy effects, test whether legacy effects increase future drought resilience or 

represent a loss of fitness, and determine recovery timescales. 

6.4  Conclusions  

The findings of this thesis significantly contribute to expanding knowledge on the severity-

dependent physiological mechanisms governing tree stress responses, recovery dynamics, 

and legacy effects. Since vegetation models continue to overestimate post-drought recovery 

(Anderegg et al. 2015) and lack mechanistic representation of severity-dependent 

physiological processes (Merganičová et al. 2019), the results presented here can improve 

stress and legacy modeling. The controlled greenhouse experiments enabled precise 

quantification of how drought severity activates distinct physiological mechanisms, from 

passive stomatal regulation under mild stress to active metabolic downregulation and 

hydraulic damage under severe stress.  

The thesis demonstrated that mild drought maintains hydraulic integrity and metabolic 

function, enabling relatively quick recovery once water availability is restored. In contrast, 

severe drought induces qualitative shifts including ABA-mediated stomatal closure, non-

stomatal metabolic limitations of photosynthesis, and xylem cavitation, creating structural 

hydraulic constraints that persist until new sapwood formation restores transport capacity. 

The ratio of sapwood area to leaf area (Huber value) emerged as the primary determinant of 

recovery potential, with drought-suppressed stem development creating negative feedbacks 

that delay both gas exchange restoration and the seasonal emergence of daytime growth. 

Carbon availability did not appear to limit short-term recovery from severe drought, 

challenging assumptions that NSC depletion constrains post-drought function. However, 

extended moderate drought that limits photosynthesis while maintaining hydraulic integrity 

was found to generate carbon-mediated legacy effects, reducing subsequent-season tissue 

production through altered NSC dynamics and seasonal remobilization patterns. Legacy 

magnitude differed substantially by leaf habit, with the deciduous species showing 

approximately twice the productivity reduction of the evergreen species, indicating that 
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reliance on stored reserves versus capacity for extended-season assimilation influences 

vulnerability to carbon legacies. 

In summary, the outlined findings as well as limitations give rise to the following areas for 

future research to provide a more comprehensive picture of tree stress responses and 

recovery: 

• Taxonomic expansion to angiosperm species with contrasting hydraulic strategies 

(anisohydric regulation, vessel-based xylem) and different carbon allocation patterns 

• Field-based drought manipulations with natural root expansion and gradual soil 

dehydration to test whether controlled experiment constraints alter mechanism 

activation thresholds 

• Integration of epigenetic profiling (DNA methylation, histone modifications, non-

coding RNA) with physiological measurements to determine molecular mechanisms 

underlying legacy effects 

• Multi-year experiments tracking legacy persistence, fitness consequences, and 

responses to recurrent drought cycles across multiple growing seasons 
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