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Résumeés en francais et en anglais

Quels mécanismes physiologiques entrent en jeu apres la fermeture stomatique ?
Etudes des pertes d'eau résiduelles des feuilles lors de sécheresses séveres et
implications pour la survie des plantes

Le changement climatique accentue la fréquence et l'intensité des extrémes
climatiques exercant une pression croissante sur la végétation. Parmi eux, la sécheresse
perturbe le fonctionnement vasculaire des plantes, compromettant leur croissance, leur
rendement et méme leur survie. Les avanceées récentes dans le domaine de I'’hydraulique
végeétale ont révelé un lien étroit entre la mortalité liée a la sécheresse et la résistance du
xyléme a I'embolie. Toutefois, il reste difficile de prédire le temps de survie d’'une plante
soumise a une sécheresse prolongée, 'amenant a une rupture hydraulique de I'appareil
vasculaire. En effet, la plupart des études se sont concentrées sur le role des stomates
dans la régulation de la transpiration en début de sécheresse, négligeant les pertes
résiduelles qui persistent, aprés fermeture stomatique, lors de sécheresses prolongées
et/ou séveres. Or, ces pertes d’eau paraissent essentielles pour prédire la survie : elles
définissent la transpiration résiduelle ainsi que le trait associé, la conductance minimale
foliaire. Dans ce contexte, cette thése s'attache a explorer les mécanismes de perte d’eau
résiduelle au niveau de la feuille lors de stress hydriques séveres sur une espece cultivée,
le tournesol (Helianthus annuus), et un arbre, le tulipier de Virginie (Liriodendron
tulipifera). Ce travail s’articule autour de trois axes visant a mieux comprendre les
déterminants de la conductance foliaire minimale et leur impact sur la survie des
végétaux : (i) 'analyse de la fuite stomatique en fonction de l'intensité du stress hydrique,
(i) 'exploration de la coordination spatiale des stomates, de son réle dans I’équilibre entre
transpiration et assimilation du carbone, et (iii) 'étude des principaux constituants de la
cuticule et leurs impacts sur la perte en eau résiduelle. Nous avons pu mettre en
évidence, a l'aide de techniques complémentaires et indépendantes, la présence de
fuites stomatiques des la fermeture des stomates (correspondant a la perte de
turgescence) et jusqu’a des niveaux de stress hydrique important (Weso) influencant
durablement la conductance résiduelle foliaire. Nos résultats montrent qu'une fermeture
hétérogéne des stomates (i.e. “stomatal patchiness”) est également une réponse
spécifique a la sécheresse. En particulier entre la perte de turgescence (Wup) et le début
de I'embolie du xyleme (Wr12), ce phénomeéne joue le role de tampon permettant de
prolonger les fonctions physiologiques de la feuille face au stress hydrique. De plus, en
I'analysant suivant deux échelles temporelles, nous montrons qu’il existe une hiérarchie
spatiale dans le patchiness avec des patchs unitaires pouvant s'agréger en patchs plus
vastes, affinant la réponse foliaire aux variations environnementales dont le stress
hydrique. Parallélement aux stomates, I'analyse de différentes couches cuticulaires lors
d’un stress hydrique révele qu’elles n'exercent pas la méme influence sur la limitation des
pertes en eau durant la sécheresse. Si la quantité de cutine et de cires augmente avec
I'intensité du stress hydrique, seule la cutine contribue réellement a limiter ces pertes en
eau retardant le début de I'embolie vasculaire et la rupture hydraulique. En conclusion,
ces résultats soulignent 'importance des mécanismes stomatiques et cuticulaires, dans
la régulation des pertes en eau lors de sécheresses séveres. Il est primordial de les
prendre en compte dans les modeles prédisant la survie des végétaux dans le cadre du
changement climatique. La combinaison d’'une réponse spatiale hétérogene des
stomates et de la contribution différenciée des couches cuticulaires illustre comment la
feuille limite les pertes en eau. Ce couplage entre flexibilité stomatique et cuticulaire
traduit une stratégie adaptative efficace, visant a préserver les fonctions physiologiques
tout en minimisant les pertes hydriques.
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Mots clés : Sécheresse, stomates, fuite stomatique, cuticule, cutine et cires,
hétérogénéité stomatique.

Beyond stomatal closure: mechanisms of water loss in leaves during severe
drought and implication for plant survival

Climate change is increasing the frequency and intensity of extreme weather
events, exerting increasing pressure on vegetation. Among these, drought disrupts the
plant hydraulic system, thereby compromising growth, productivity and even survival.
Recent advances in plant hydraulics have revealed a close relationship between drought-
induced mortality and xylem resistance to embolism. However, it remains difficult to
predict the survival time of a plant subjected to prolonged drought that could lead to fatal
hydraulic failure. Indeed, most studies have focused on the role of stomata in regulating
water loss during drought, neglecting the residual water losses that persist after stomatal
closure during prolonged and/or severe droughts. Yet, these water losses appear crucial
for predicting survival, as they define the residual transpiration and the associated trait,
the minimal leaf conductance. In this context, this thesis explores the mechanisms of
residual water loss in leaves under severe water stress in a crop, sunflower (Helianthus
annuus), and a tree species, tulip poplar (Liriodendron tulipifera). This work is structured
around three main axes and aimed at better understanding the determinants of minimal
leaf conductance and their impact on plant survival : (i) analysis of stomatal leakiness, (ii)
the significance of spatial stomatal coordination and its role in balancing transpiration and
carbon assimilation and (iii) the study of the main constituents of the cuticle and their
impact on residual water loss. Using complementary and independent techniques, we
demonstrated the occurrence of stomatal leakage from the stomatal closure
(corresponding to turgor loss) to high levels of water stress (Weso), which strongly
influences residual leaf conductance and thus survival. Our results highlight that the
heterogeneous closure of stomata (i.e. stomatal patchiness) is a leaf's response to
drought. In particular, between turgor loss (Wip) and the onset of xylem embolism (Wr12),
this phenomenom acts as a buffering mechanism that prolongs leaf physiological activity
under water stress. Furthermore, by analysing it across two temporal scales, we reveal a
spatial hierarchy in patchiness, with small patches aggregating into larger ones revealing
a spatial hierarchy that improves the leaf’s response to environmental cues such as water
stress. In parallel with stomata, analysis of different cuticular layers during water stress
reveals that they do not have the same influence on limiting water loss during drought.
While the amounts of cutin and waxes both increase with drought intensity, only cutin
effectively contributes to reducing water loss, delaying the onset of vascular embolism
and hydraulic rupture. In conclusion, these results highlight the importance of both
stomatal and cuticular mechanisms in regulating water loss during severe drought. It is
essential to take them into account in models predicting plant survival in the context of
climate change. The combination of spatially heterogeneous stomatal responses and the
differentiated contributions of cuticular layers illustrates how leaves attempt to conserve
water. This coupling between stomatal and cuticular flexibility reflects an efficient adaptive
strategy aimed at maintaining physiological functions while minimising water loss.

Keywords: Drought, stomata, stomatal leakiness, cuticle, cutin and waxes,
stomatal patchiness
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Chapter 1: General introduction

Chapter 1 _General introduction

1. The role of stomata and the cuticle in the success of terrestrial
vascular plants
1.1. Challenges faced by early land plants

The colonisation of terrestrial environments by plants was one of the most
important events in Earth's biological and geochemical history. Embryophytes, or land
plants, are thought to have evolved from freshwater Charophyte algae, with the closest
extant relatives being filamentous Zygnematales (Harris et al. 2020). This transition
(Figure 1.1), occurring in the mid-Cambrian to Early Ordovician period, approximately
515-470 million years ago (Ma), presented substantial challenges due to the
fundamentally different nature of the terrestrial environment. Unlike their aquatic
ancestors, early land plants were exposed to biotic and abiotic stresses including
desiccation, ultraviolet radiation, mechanical damage, and novel pathogen attack (Kong
et al. 2020; Donoghue et al. 2021). Challenges imposed by terrestrial life such as
desiccation required the development of structural and biochemical adaptations to reduce
water loss and maintain physiological homeostasis.
The four major land plant lineages (liverworts, mosses, hornworts, and tracheophytes)
had already diverged by the late Silurian (Figure 1.1), around 420 Ma, and vascular plants
(tracheophytes) are estimated to have emerged in the Late Ordovician to Silurian, roughly
450-420 Ma. Among the most significant innovations that enabled their success were the
development of a waxy cuticle to protect the entire tissues to harsh environmental cues,
stomata for the exchange of gases with the environment, and vascular tissues for efficient
water and nutrient transport. These innovations were acquired relatively fast after the
initial colonisation of land and provided the physiological and structural foundations
necessary for plants to thrive outside aquatic habitats. The establishment of land plants
with the fungi symbiosis fundamentally transformed the Earth's atmosphere (carbon and
oxygen cycles) and soil geochemistry (weathering). This led to a reduction in atmospheric
carbon dioxide and a rise in oxygen levels, which in turn influenced global climate and

enabled the diversification of terrestrial life.
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FIGURE 1.1:Phylogenetic tree of embryophytes.

This summary timescale of embryophyte phylogeny is based on the dated ‘monophyletic bryophytes’
phylogeny of Morris and colleagues (adapted from Chater et al. 2017; Kong et al. 2020; Donoghue et al.
2021)). Presence of stomata is represented by kidney-shaped stomata icons whereas the loss of this organ
is represented by the stomata icon crossed out (Liverworth). The angiosperms have two kinds of stomata:
the kidney-shaped and the dumbbell-shaped. The charophytes didn’t have this organ. Below the lineage
name the main genes for cuticle evolution are indicated. Icons are from Phylopic.org and created in
BioRender.com.

1.2. Evolution of the cuticle as a protective barrier
Among the earliest and most vital innovations facilitating terrestrial adaptation was
the plant cuticle, a hydrophobic lipidic extracellular layer deposited on the outer epidermal
walls of aerial tissues of land plants. The cuticle serves as a barrier to control water loss,
as well as a defense against pathogens and UV damage (Seale 2020; Donoghue et al.
2021). Kong et al. (2020) present a comprehensive study showing the evolutionary origins

and diversification of the cuticle biosynthetic machinery in land plants from charophyte
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algae to angiosperms. The authors demonstrate that the genetic foundation for cuticle
biosynthesis originated in the last common ancestor of embryophytes approximately 500
Ma. They identify orthologs of 32 cuticle-related genes, such as LACS, CYP86A, GPAT,
and CER1 (Figure 1.1), across all land plant groups, with partial or absent representation
in algal lineages. Crucially, they show that gene family expansions, particularly in seed
plants, are linked to increased cuticle complexity and functional enhancements. For
instance, CER2-like genes, which are involved in wax elongation, and DCR, a key
enzyme in cutin polymerization, emerged in vascular plants such as lycophytes and were
further kept and diversified in seed plants (spermatophyte). These genes likely
contributed to the enhanced structural and chemical diversity of the cuticle. Seed plants,
in particular, exhibit higher accumulation of cutin monomer and very-long-chain fatty acids
or waxes, along with improved hydrophobicity and moisture retention. The study also
reveals conserved coexpression networks and regulatory mechanisms, involving
transcription factors like MYB, which regulate expression of cuticle biosynthetic genes
across land plants. Physiological assays confirm that these biochemical and genetic
innovations have functional consequences, enabling seed plants to thrive in arid and UV-
exposed environments. Together, the findings underscore the cuticle’s pivotal role in

terrestrial adaptation (Seale 2020).

1.3. Appearance of stomata in early non-vascular land plants and

diversification in vascular plants

Stomata, microvalves composed by two guard cells (dedicated cells responding to
biotic and abiotic cues), represent one of the most important evolutionary innovations that
enabled terrestrial colonisation. Stomata typically regulate gaseous exchange in plants,
but in some mosses, they also serve a reproductive function by promoting water loss from
the sporophyte capsule, thereby facilitating its drying and the maturation necessary for
spore release (Sussmilch et al. 2019; Clark et al. 2022). Fossil and molecular evidence
places the origin of stomata in the common ancestor of land plants, prior to the divergence
of bryophytes (mosses) and tracheophytes (vascular plant) between 495-515 Ma (Morris
et al. 2018; Donoghue et al. 2021; Clark et al. 2022).

Despite morphological and functional divergence (liverworts exhibiting a loss of
stomata), genetic data support the homology of stomata across land plants. Key

transcription factors, which regulate stomatal development, trace back to the
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Chapter 1: General introduction

embryophyte ancestor (Harris et al. 2020). Stomatal evolution reflects feedback with
atmospheric CO, concentrations. Early stomata likely facilitated optimisation of carbon
gain relative to water loss (Clark et al. 2022). Functional genes related to the
phytohormone abscisic acid (ABA) sensitivity and hydroactive stomatal movement also
predate the bryophyte-tracheophyte divergence (Harris et al. 2020; Clark et al. 2022).
Seed plants evolved the capacity to optimise water-use efficiency (WUE) by hydroactive
movement through stomatal responses to environmental cues such as light, CO,, and
vapour pressure deficit (VPD; describe the air dryness) and soil water scarcity (McAdam
& Brodribb 2012; Yang, Brodribb & Bi 2021). In contrast, ferns and lycophytes exhibit
more limited responsiveness, often lacking feedback regulation between photosynthesis
and stomatal aperture (Brodribb, McAdam & Field 2009; McAdam & Brodribb 2012). This
physiological divergence is thought to underlie the evolutionary success of seed plants,
particularly under fluctuating light and water conditions (Yang et al. 2021). A recent review
made by Clark et al. in 2022 and presented in Figure 1.2, challenge the hypothesis that
hydroactive stomatal regulation (especially ABA and CO, responsiveness) evolved only
with gymnosperms and angiosperms, instead supporting the view that such
responsiveness was present in the earliest land plants. Humidity-driven (hydropassive)
responses are also widespread, but the presence of hydroactive mechanisms across the

phylogeny underscores the deep evolutionary roots of sophisticated stomatal control.
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FIGURE 1.2:The diversity of stomatal responses among land plants (from Clark et al. 2022).

Experimental evidence for stomatal responses to humidity, light, CO, and ABA are mapped onto the land
plant phylogeny for species selected to represent a diversity of stomatal responses to various cues. This
shows the possibility that stomatal responses to environmental cues are widely distributed among and
possibly ancestral to land plants. Note that in many cases, the absence of a response does not indicate
loss, but that the response has not been determined. The dotted lines represent a part of the tree where
the evolution of the ABA response in ferns and light response in bryophytes remains uncertain.

The evolution of the cuticle and stomata in land plants not only facilitated terrestrial
colonisation but also had crucial consequences for Earth's atmospheric composition and
climate. Early land plants have been implicated as geoengineers of the global carbon
cycle (Donoghue et al. 2021). Their spread across the continents enhanced silicate
weathering, leading to CO, drawdown and contributing to Palaeozoic glaciations,

including the end-Ordovician event (Donoghue et al. 2021).
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2. Cuticle composition and structure

The cuticle consists primarily of a cutin matrix and waxes, two lipid-based
components that confer a barrier against biotic and abiotic stresses. The cuticle is closely
associated with the outer epidermal cell wall (OEW), which can be viewed as a cutinised
cell wall (Dominguez et al. 2011). Rather than forming a uniform, well-defined layer, the
cuticle exhibits a compositional gradient throughout its structure (Figure 1.3).
Polysaccharides derived from the cell wall are present within the cuticle but decrease in
abundance with increasing distance from the cell wall. Conversely, waxes show the
opposite pattern: they are most concentrated at the outer surface as epicuticular waxes,
and their abundance gradually decreases inward as they diffuse into the cutin matrix,
forming the intracuticular wax layer (Dominguez et al. 2011). Although the biochemical
composition and thickness of the cuticle vary across plant species, organs and

developmental stages, a core set of primary compounds is ubiquitously present.

-
Epicuticular waxes
Intracuticular waxes > Leaf cuticle
Cutin

-~/

\
Polysaccharides cell wall >O0EW

-

FIGURE 1.3: Scheme of a transverse section of the cuticle representing the different components and main
structural features.

(adapted from Dominguez et al. 2011; Yeats & Rose 2013). Abbreviation: OEW; Outer epidermal cell wall.
Created in BioRender.com.

2.1. Cutin biosynthesis
Cutin is the primary structural polymer of the cuticle. It is composed mainly of inter-
esterified w-hydroxy, polyhydroxy and epoxy long chain fatty acids (predominantly C16
and C18), cross-linked to form a three-dimensional polyester matrix. The biosynthesis of

cutin begins with de novo fatty acid synthesis in the plastid of epidermal cells (Figure 1.6).
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The C16:0, C18:0 or C18:1 fatty acids, produced in plastids, are then transferred to the
cytosolic acyl-coenzyme A (CoA) pool. The next steps occur in the endoplasmic reticulum
(ER) where fatty acids are oxidised before being transferred to glycerol to form sn-2
mono(oxygenated)acyl-glycerol molecules (2MAG; Yeats et al. 2014) which constitute the
fundamental building blocks of the cutin polymer (Figure 1.6). This matrix provides the
main mechanical strength of the cuticle and forms the foundational "cuticle proper” when
embedded with intracuticular waxes (Joubes & Domergue 2020; Batsale et al. 2021).
Cutin is typically poor in very-long-chain fatty acids (VLCFAs with more than 20 carbons),
distinguishing it chemically and structurally from the wax layer (Batsale et al. 2021). While
there is considerable diversity in the structure of cutin monomers (Figure 1.4), the major
cutin monomers, include w-hydroxy fatty acids, mid-chain hydroxy fatty acids like 10,16
dihydroxyhexadecanoic acid, 16-hydroxyhexadecanoic acid, 9,10-epoxyoctadecanoic
acid, 9,10,18-trihydroxy octadecanoic acid, and octadeca-cis-6,cis-9-diene-1, 18-dioate
(Figure 1.4).

C16 family C18 family
16-0OH-C16:0 :16-hydroxyhexadecanoic acid 118-0H-C18:1 : 18-hydroxy-9-octadecenoic acid
Q‘W/\NW\/\/\/\~ o ° WWW °
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10-0H-1,16-diacid-C16:0 : 10-hydroxyhexadecanedioic acid 18-0H-9,10-epoxy-C18:1 ; 9,10-epoxyoctadecanoic acid
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H W/\/\/\/Q\/\/\)J\-D- \/ \
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10,16-diOH-C16:0 : 10,16-dihydroxyhexadecanoic acid 9,10,18-triOH-C18:0 : 9,10,18-trihydroxy octadecanoic acid
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FIGURE 1.4: Typical cutin monomers found in the cuticle.
(Example taken with Helianthus annuus cutin monomer (see chapter 5)). Created in BioRender.com and
MolView.

2.2. Cuticular waxes biosynthesis
Cuticular waxes consist of a complex mixture of very-long-chain (VLC) aliphatic
compounds (C20-C38). The biosynthesis begins with de novo C16 or C18 fatty acid
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biosynthesis in the plastid of epidermal cells (Figure 1.6) (Yeats & Rose 2013). These
long-chain fatty acid compounds are converted to CoA thioesters by a long-chain acyl-
coenzyme A synthase (LACS) isozyme and are ultimately transferred to the endoplasmic
reticulum (ER). Located in the endoplasmic reticulum, the FAE complex catalyses the
sequential addition of two-carbon units to acyl-CoA substrates, extending chain length up
to C38. At this step, two pathways are possible. First, the alcohol-forming pathway,
producing even-numbered molecules (Figure 1.5) where VLCFAs are reduced by FAR
(fatty acyl-CoA reductase) to primary alcohols, which can be further esterified to acyl-CoA
by WS (wax synthase) to form alkyl esters. The second is the alkane-forming (Figure 1.5)
pathway producing odd-numbered molecules where VLCFAs are first converted to
aldehydes, then to alkanes by the alkane synthase. Alkanes can be further oxidized by
MAH1 (midchain alkane hydroxylase) to secondary alcohols and ketones.

Aliphatic waxes

[ Primary alcohols
Aldehydes
2ncarbons —  pany acids
NN NN ()n
Wax esters
: € €
[~ Alkanes
Secondary alcohols
2n+1 carbons
Ketones
o

FIGURE 1.5: Cuticular wax compounds.
In the case of the Helianthus annuus, main waxes are the primary alcohols, fatty acids, alkanes and
secondary alcohols (see chapter 5). Created in MolView.

18



Chapter 1: General introduction

The export of cutin monomers and wax compounds involves a coordinated series
of intracellular and extracellular transport processes. These hydrophobic molecules
synthesised within the endoplasmic reticulum (ER) are then transported in a directional
manner through the Golgi apparatus and trans-Golgi network (TGN) to reach the plasma
membrane before being secreted to cover the cell wall of epidermal cells facing the
external environment (Yeats & Rose 2013). To cross the plasma membrane, ATP-binding
cassette (ABC) transporters, are crucial for exporting cutin monomers and waxes (Figure
1.6).

For the cutin monomer, the final step is the incorporation of the cutin polymer. The
key enzyme is the cutin synthase (CD) which catalyzes the polymerization of the cutin

monomers into the cutin polyester.
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FIGURE 1.6: Biosynthesis and export of cutin and wax monomers in plant epidermal cells (adapted from
Yeats & Rose 2013; Bhanot et al. 2021).

Abbreviations: LACS: long chain acyl-CoA synthetases, FAE: fatty acid elongase, CD: cutin synthase,
MAH: midchain alkane hydroxylase, ABCG transporter: ATP binding cassette transporter, WS: Wax
synthase, FA: Fatty acid, w-OH FA: w-hydroxy fatty acid, di/triOH FA: di- and tri-hydroxy fatty acid. Created
in BioRender.com.
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2.3. Role of the cuticle during abiotic and biotic stresses
The plant cuticle plays a central role in interactions with the environment serving
as a barrier against abiotic (water stress, UV radiation) and biotic stresses (pathogens)
(Shepherd & Griffiths 2006).

2.3.1. Abiotic Stress incidences on water permeability

Water transport through the plant cuticle can be explained via three distinct
pathways: the cellulose (or polysaccharide), the lipophilic (hydrophobic matrix), and the
agueous pore pathway (Tredenick & Farquhar 2021). The cellulose pathway, highly
humidity dependent, involves the movement of water (polar molecule) along with polar
polysaccharides via diffusion or absorption, such as cellulose fibers, which are embedded
within the cuticle structure. The lipophilic pathway, in contrast, refers to the movement of
water through the hydrophobic matrix of the cuticle, which is composed mainly of cutin
and waxes. Although water is a polar molecule, it can still diffuse through this non-polar
environment due to its small size, but this diffusive process is generally less efficient than
movement through polar pathways (Tredenick & Farquhar 2021). The rate of water
transport via the lipophilic pathway is highly sensitive to temperature and te structural
properties of the cuticular waxes. The third pathway, known as the aqueous pathway
(Schreiber 2005), consists of dynamic aqueous pores within the cuticle (Fernandez et al.
2017). The aqueous pathway is considered the primary route for hydrophilic molecules,
including water, especially when environmental humidity is high. The relative contribution
of each pathway to total water transport depends on factors such as plant species, cuticle
structure, and environmental conditions but we have the repartition of 67% to
polysaccharides, 32% to cutin and 1% to waxes (Chamel et al. 1991). Environmental cues
such as drought, high light intensity, UV radiation, and salinity induce changes in cuticle
composition (Liu, Wang & Chang 2022). For example, drought and ABA treatments
upregulate wax biosynthesis genes, including several KCS genes, KCR1, and CER10
(Batsale et al. 2021). The MYB96 and MYB94 transcription factor directly activates
expression of different genes under drought conditions, enhancing wax deposition and
improving stress tolerance (Lee & Suh 2022). Interestingly, in Arabidopsis wax
biosynthesis is generally induced by water deficit, ABA and osmotic stress while cutin
biosynthesis responds primarily to water deficit and may not by ABA or osmotic stress
(Kosma et al. 2009). During stress such as drought, physicochemical properties of the
cuticle change: increasing cutin and wax content can modulate its thermal properties,
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enhancing heat resistance and modifying the cuticle’s glass transition temperature to

better withstand high temperatures (Heredia-Guerrero et al. 2018).

2.3.2. Biotic Stress

From a microorganism’s point of view, cuticular waxes form an important physical
barrier that limits direct contact between pathogens such as fungi and bacteria and the
epidermal cell wall, thereby impeding pathogen entry and colonisation (Lewandowska et
al. 2020). The composition and structure of the wax layer can inhibit pathogen
development, pathogen spore germination and the development of a specialised infection
structure called appressorium (a flattened structure creating pressure on the surface and
facilitating penetration via a peg). However, some pathogens have evolved strategies to
overcome this barrier by secreting enzymes like cutinases that degrade waxes and cutin
(Arya et al. 2021). The breakdown products of these compounds can act as signals,
sometimes triggering plant defense responses or, in other cases, facilitating pathogen
infection. Plants can dynamically modify wax composition and increase wax deposition in
response to pathogen attack as part of their inducible defense mechanisms
(Lewandowska et al. 2020).

In terms of interactions with insects, cuticular waxes serve as a physical dissuasive
barrier reducing insect attachment, feeding, and oviposition by altering the surface
composition or crystal structure thereby affecting insect mobility and adhesion. Plants
may respond to insect herbivory by altering their wax profiles, increasing the production
of compounds that are less profitable to insects. The effectiveness of wax-based
defenses varies widely depending on the plant and insect species involved, as well as

environmental conditions (Lewandowska et al. 2020).

3. Stomatal regulation and its pivotal role in the life cycle of plants

Stomata serve as dynamic microvalves that regulate gaseous exchange between
the leaf and the atmosphere (CO, uptake and water vapor release through
evapotranspiration) (Lawson & Matthews 2020a). The ability of plants to regulate
stomatal aperture in response to internal status and external environmental cues is critical
for maintaining optimal photosynthetic rates, cooling efficiency, and resisting pathogen
invasion (Buckley 2019; Ye et al. 2022).
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3.1. Guard cell morphology and function

Guard cells, derived from the epidermis cells, exhibit two main morphologies
across plant taxa: kidney-shaped, typical of most dicots, and dumbbell-shaped, found
predominantly in monocots (Lawson & Matthews 2020a; Ye et al. 2022). This
morphological divergence has critical functional implications. Dumbbell-shaped guard
cells are associated with faster stomatal kinetics compared to their kidney-shaped
counterparts due to their increased surface area-to-volume ratio (Lawson & Matthews
2020a). Another critical component of the stomatal complex is the subsidiary cell, which
is morphologically distinct and assists guard cell movement. Solutes like potassium (K*)
and chloride (CI7) are transferred from subsidiary to guard cells to drive osmotic changes,
enabling stomatal movement (Lawson & Matthews 2020a). Recent 3D imaging has
revealed that vacuolar restructuring within guard cells is central to stomatal opening.
Specifically, the vacuole expands significantly to occupy a major portion of the guard cell
volume, while the nucleus-cytosolic compartment remains constant (Mirasole et al. 2023).
This shift underlines the vacuole’s critical role in turgor modulation and the elastic

deformation of guard cells during pore opening and closure.

3.2. Stomatal kinetics and photosynthesis coupling

Stomatal conductance (gs) corresponds to the rate of gaz exchange (carbon
uptake and water loss) through the leaf and depends on both the anatomical stomatal
features (size, shape, and density) and their dynamic behavior (aperture changes in
response to environmental and internal cues) (Ochoa et al. 2024) (Figure 1.7). Stomatal
density and size are inversely correlated (Franks & Beerling 2009), and density is a
primary determinant of maximum conductance (Ochoa et al. 2024). The speed of
stomatal responses is also crucial, with faster stomatal kinetics improving CO, uptake
and water use efficiency (Drake et al. 2013; Vialet-Chabrand et al. 2017). Smaller, more
numerous stomata generally respond more rapidly to environmental changes). The shape
of guard cells also matters: dumbbell-shaped guard cells (in grasses) enable faster and
more efficient stomatal movements compared to kidney-shaped ones, due to their

geometry and mechanical coupling with subsidiary cells (Lawson & Matthews 2020a).
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FIGURE 1.7:Nail polish imprint images from (a) Liriodendron tulipifera and (b) Helianthus annuus.

Viewed at 40x under a microscope. Each arrow shows a stoma which is a pore (or ostiole) delimited by two
guard cells. More informations about stomatal anatomy properties for the adaxial and abaxial surfaces are
available in chapter 3.

3.3. Photosynthesis and response to drought

The most active photosynthetic tissue in higher plants is the leaf mesophyll.
Mesophyll cells have chloroplasts, which contain the specialised light-absorbing green
pigments, the chlorophylls. Photosynthesis process is closely linked to plant hydraulic
function, as water transport through the xylem maintains leaf turgor and stomatal opening,
thereby sustaining CO, uptake and metabolic activity (Brodribb 2009). During drought
and soil salinity stresses for example, photosynthesis is constrained by both diffusive and
metabolic limitations (Chaves et al. 2009; Pinheiro & Chaves 2011). The diffusive rate is
constrained by stomatal closure restricting CO, uptake while alterations in mesophyll
metabolism such as reduced enzymatic activity compromise carbon fixation efficiency
(Chaves et al. 2009; Pinheiro & Chaves 2011).

Light energy absorbed by chlorophyll excites electrons in the reaction centers,
triggering electron transfer through carriers in the thylakoid membrane (Figure 1.8). The
light reactions involve two photosystems working in sequence: the photosystem Il (PSII)
and the photosystem | (PSI). PSII is responsible for the photolysis of water, splitting H,O
molecules to release oxygen (O,), protons, and electrons. These electrons move through
the electron transport chain via plastoquinone (PQ), the cytochrome bsf complex, and
plastocyanin (PC) to PSI (P700), where they are re-energized and used to reduce NADP*

to NADPH through ferredoxin. As electrons flow, protons are pumped into the thylakoid
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lumen, creating a gradient that drives ATP synthesis by the enzyme ATP synthase

through photophosphorylation.

Thus, the light reactions convert solar energy into the chemical energy carriers
ATP and NADPH, which are subsequently used in the Calvin cycle for carbon fixation.
The Calvin—Benson cycle, which occurs in the chloroplast stroma, is the main pathway
for carbon fixation in plants. It consists of three phases: carboxylation, reduction, and
regeneration. First, the enzyme Rubisco fixes CO, to ribulose-1,5-bisphosphate (RuBP),
forming 3-phosphoglycerate (3-PGA). In the reduction phase, ATP and NADPH from the
light reactions convert 3-PGA into glyceraldehyde-3-phosphate (GAP). Some GAP is
used to produce carbohydrates such as sucrose and starch, while the rest regenerates

RuBP using ATP, allowing the cycle to continue.
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FIGURE 1.8: Light cycle and the Calvin-Benson cycle

(a) Light cycle: transfer of electrons and protons in the thylakoid membrane. Water is oxidized and protons
are released in the lumen by PSII. PSI reduces NADP+ to NADPH in the stroma, via the action of ferredoxin
(Fd) and NADP+ reductase. Protons are also transported into the lumen by the action of the cytochrome
b6f complex and contribute to the electrochemical proton gradient. These protons must then diffuse to the
ATP synthase enzyme, where their diffusion down the electrochemical potential gradient is used to
synthesize ATP in the stroma. The dashed lines represent electron transfer; solid lines represent proton
movement. (b) The Calvin—Benson cycle proceeds in three phases: (1) carboxylation; (2) reduction and (3)
regeneration (adapted from Taiz et al. 2015). Created in BioRender.com.

During drought, both the light and carbon cycles are affected (Flexas et al. 1999;
Medrano 2002; Golding & Johnson 2004; Flexas 2009; Chaves et al. 2009). Due to
stomatal closure, CO2 availability decreases, reducing CO2 assimilation (A; pmol m=2 s1).
The CO2/O:2 ratio increases thereby increasing photorespiration (Wingler et al. 1999).

Under conditions where the Calvin cycle is limited, electron transport is down-regulated
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to minimise electron flow to O2. Thermal dissipation in the antenna becomes
progressively more important and the non-photochemical quenching (NPQ)
corresponding to heat dissipation increases to protect photosystems (Medrano 2002;
Golding & Johnson 2004) (Figure 1.9).
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FIGURE 1.9: Scheme of PSII during light induction leading to emission of a photon captured by the
fluorescence camera.

Light energy absorbed by chlorophyll molecules can: (i) drive photosynthesis (photochemistry), (ii) be re-
emitted as heat and (iii) be re-emitted as light (fluorescence). The camera connected to the computer
detects the fluorescence emission; software is used to convert the information into fluorescence parameters
in the form of a 2D matrix. Created in BioRender.com.

3.4. Water Use Efficiency

Water use efficiency (WUE), a concept introduced a century ago, describes how a

plant effectively converts carbon into biomass per unit of water loss. Defined as the ratio
of the photosynthetic rate (net CO, uptake, accounting for both absorption during
photosynthesis and loss via respiration) to transpiration, WUE highlights the trade-off
between biomass production and water conservation. While stomatal conductance (gs)
often correlates with photosynthetic assimilation rate (A), the kinetics of stomatal opening
and closing are typically slower than photosynthetic responses, especially under
fluctuating light (Vialet-Chabrand et al. 2017; Lawson & Vialet-Chabrand 2019). This
temporal disconnect can limit carbon gain and reduce crop productivity (Hatfield & Dold
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2019). Guard cell traits such as size, influence the speed and magnitude of stomatal
movement (Lawson & Matthews 2020a). Both, water use efficiency (WUE=A/E) and
“‘intrinsic” water use efficiency (IWUE=A/gs) are constrained by stomatal behavior and
plant water use strategies (Figure 1.10) (Liang et al. 2023a). Plants with rapid stomatal
responses have faster kinetics (Drake et al. 2013b) and are better able to optimise on
brief periods of high light (sunflecks) and minimise unnecessary water loss during low
light or darkness (Lawson & Vialet-Chabrand 2019). This dynamic regulation is
particularly important for crop species grown in dense canopies or under field conditions,
where light fluctuations are frequent and unpredictable (Lawson & Vialet-Chabrand
2019). Species from habitats with highly variable light or frequent drought tend to have
faster stomatal kinetics, reflecting natural selection for efficient water use and rapid
photosynthetic adjustment. Conversely, species from more stable environments may

have slower, less responsive stomata (Lawson & Vialet-Chabrand 2019).
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FIGURE 1.10: Water use efficiency and “intrinsic” water use efficiency.

WUE and iWUE definition and relationship with carbon assimilation (A) and water loss (transpiration, E and
stomatal conductance, gs). VPD: the vapour pressure deficit; Ci and Ca the intercellular and ambient CO2
concentration, respectively; W; and W, the intercellular and ambient water concentration, respectively.
Created in BioRender.com.
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3.5. Leaf energy budget dynamics
The leaf energy budget describes the balance of energy inflows and outflows at
the leaf surface, which determines leaf temperature and influences physiological
processes such as photosynthesis and transpiration. The energy budget is a balance
between absorbed radiation and energy losses through multiple pathways (Figure 1.11):
o Energy inputs: Mostly solar (shortwave) and thermal (longwave) radiation
absorbed by the leaf.
o Energy outputs: Consist of sensible heat flux (H) through the convection (natural
and forced) by air speed, latent heat flux (L) through evaporation/transpiration,
thermal radiation loss, and minor components like energy stored in the leaf and

used in photosynthesis.
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Long-wave radiation

S s Sensible heat (H)
Direct solar radiation (®s)

Short-wave radiation

Wind ~_~_— Latent heat (L)

Os=P +H+L

Diffuse solar radiation (®s)
Short-wave radiation

FIGURE 1.11: Simplified leaf energy budged.

I's an equilibrium between the incoming thermal short-wave radiation from the sun (®s) and the thermal
long-wave radiation re-emitted (®L) with the thermal losses by sensible heat (H) and latent heat (L). Storage
is not represented. Created in BioRender.com.

Leaf cooling results from a combination of sensible heat loss (H), latent heat loss
(L) and thermal radiation (®L). Sensible heat flux is heat transferred to the air through
convection, dependent on the aerodynamic resistance of the leaf boundary layer, wind
speed, and leaf characteristics like size and shape. Latent heat flux arises from water

evaporation via stomata, which consumes energy and cools the leaf surface. Leaf traits
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such as size, shape and orientation affect how much radiation is intercepted and how
effectively heat is lost. For example, small leaves tend to have thinner boundary layers,
promoting more efficient sensible heat loss, while leaf stomatal conductance influences
latent heat loss. Environmental factors (sunlight, air temperature, wind speed, and
humidity) also modulate these heat transfer processes.

Leaf energy budgets explain plant adaptations like smaller leaf size in warm, dry
environments to minimise overheating by enhancing convective cooling, and larger
leaves in shaded or cooler environments to optimize photosynthesis despite a thicker
boundary layer. Under well-wathered conditions, leaf cooling is mainly due to remeted
energy (61%) followed by sensible heat (24%) and latent heat (13%) (Muller 2023).

During drought conditions, water availability is reduced and leads to stomatal
closure, limiting latent heat flux (evaporative cooling). Under such conditions, the leaf
energy budget shifts towards sensible heat loss to maintain leaf temperature if the ratio
of emitted waves is the same. As the stomata close to limit water loss and prolong plant's
survival, the cuticle, whose thickness and composition might change during drought, can
play a role in survival by limiting water loss, but also by avoiding heating the leaves, by
reflecting short and long waves. Indeed, the leaf reflectance increases as the relative

water content (leaf drought-related trait) decreases (Fabre et al. 2011).

3.6. Diurnal and environmental responsiveness
Guard cells integrate multiple environmental and internal signals to control
stomatal aperture. Key external stimuli include light (blue and red light), humidity, CO,
concentration, and pathogens, while endogenous signals involve phytohormones such
as abscisic acid (ABA), reactive oxygen species (ROS), and various metabolic cues.

3.6.1. Light Response

Light is a primary regulator of stomatal behavior, with distinct red and blue light
signaling pathways. Red light, acting via the mesophyll, is tightly coupled to
photosynthetic electron transport often considered to be the link between carbon
assimilation (A) and stomatal conductance (gs) (Lawson & Matthews 2020a). In contrast,
blue light is directly targeted by guard cells through specific photoreceptors and can open
stomata independently of mesophyll photosynthesis (Lawson & Matthews 2020a). Blue

light is approximately 20 times more efficient per photon in inducing stomatal opening
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than red light, although this often results in excessive water loss due to uncoupling from

photosynthetic demand.

3.6.2. Circadian and Nocturnal Regulation

Nocturnal stomatal conductance (gdark) has been observed in several species
(Resco et al. 2016; Resco et al. 2019) especially in Helianthus annuus and Liriodendron
tulipifera, with implications for nighttime water loss without carbon gain (Lawson &
Matthews 2020a). Although that function seems counter-intuitive, several hypotheses
have been made including facilitating nutrient transport, O, supply for respiration or CO2
excess removal. A meta-analysis by Resco De Dios et la. (2019) challenges these
hypotheses, suggesting instead that gdark may be relative to growth rates and suggest
that circadian-driven nocturnal conductance enhances predawn stomatal conductance,
priming stomata for photosynthesis early in the light period. Recent study by Wang et al.
(2021) proposes that plants regulate nighttime stomatal conductance to balance the
potential benefits and costs of nocturnal water loss. They found that nighttime stomatal
conductance decreases with drier soil (see appendix A3), higher atmospheric CO,, wetter
air, lower leaf temperature, and lower leaf respiration rates. The model also suggests that
the gradual decline in nighttime stomatal conductance after sunset is linked to decreasing

leaf respiration.

3.6.3. CO, and ABA Signaling

Recent research has significantly advanced our understanding of how stomatal
functioning is regulated by both CO, and abscisic acid (ABA) signaling, with important
implications for plant adaptation to changing environmental conditions. Stomata close in
response to elevated CO, (Liang et al. 2023b) and open at low CO, (Foyer et al. 2025),
optimising water loss and carbon gain. Both guard cells and mesophyll tissues contribute
to CO, sensing (Engineer et al. 2016). This rapid CO,-induced closure is further amplified
and sustained by ABA accumulating under drought and osmotic stress. ABA not only
enhances the magnitude of the stomatal closure response to CO, but is also crucial for
maintaining low stomatal conductance over longer periods. Internal CO, concentration
(Ci) was formerly considered the main link between photosynthesis and stomatal opening.
However, recent studies show that stomata still respond to red light even when Ci remains
constant, suggesting the involvement of specific signals from the mesophyll (Lawson &

Matthews 2020a). ABA is central to stomatal closure under drought conditions.
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3.6.4. Stomatal response to VPD and soil water status

Stomatal responses to vapor pressure deficit (VPD) and plant water status are
central to the regulation of plant water loss and carbon gain and recent research has
clarified the mechanisms underpinning these responses.

As VPD rises, meaning the air becomes drier, stomata typically close to limit
excessive transpiration and prevent dehydration (Oren et al. 1999; McAdam & Brodribb
2015; McDowell & Allen 2015; Grossiord et al. 2020). Buckley (2005, 2019) describes
that stomatal closure under high VPD is not solely a passive hydraulic response to water
loss, but involves active signaling mechanisms, including the rapid generation of abscisic
acid (ABA) in leaves in response to declining leaf turgor or humidity at the leaf surface.

Stomatal closure due to soil water limitation is a regulated process that allows
plants to minimise water loss and prevent hydraulic failure as drought progresses. It
results from the integration of hydraulic signals such as declining leaf and guard cell turgor
and chemical signals, particularly the accumulation of ABA, which promotes ion efflux
from guard cells and loss of turgor pressure. This coordinated response reflects a balance
between conserving water and maintaining photosynthetic carbon uptake, ensuring plant
survival under conditions of limited soil water availability (Tombesi et al. 2015; Buckley
2019). As drought progress, reductions in leaf hydraulic conductance and vulnerability to
xylem embolism further amplify the water supply limitation to guard cells, reinforcing
stomatal closure (Wang et al. 2018). Moreover, dynamic resistance in the soil-plant
continuum can modulate the timing and sensitivity of stomatal closure (Manandhar et al.
2024).

Thus, stomatal behavior in response to VPD and soil water status reflects a
complex interplay between passive hydraulic effects, active hormonal signaling, and
environmental sensing, allowing plants to dynamically balance photosynthetic carbon
gain with water conservation under fluctuating environmental conditions. Altogether,
stomatal behavior results from a complex integration of anatomical, physiological, and
biochemical components to optimise gas exchange in changing environments (Figure
1.12).
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FIGURE 1.12: Stomatal response to environmental cues.

(a) Environmental factors contributing to stomatal opening (a) and closure (b), including but not limited to
light, humidity, CO2 concentration, and temperature. gs corresponds to the stomatal conductance and C;,
the internal CO2 concentration. The kidney-shaped green form represents guard cells. On the left, turgid
and on the right, flaccid, indicating that the stomata are open or closed. (adapted from Lawson & Matthews
2020b)

3.6.5. Stomatal patchiness

Stomatal response to environmental cues described above show an individual
mechanism of opening/closure in response to those changing factors. Stomata must
compose with internal (water status) and external cues to optimise their pore aperture.
Opening/closing stomatal pore is not a discrete evolution but a continuous variation
between the maximal and minimal aperture. Stomatal pore aperture oscillation is a natural
phenomenon because it's physically impossible to maintain a steady state continuously
(Cardon et al. 1994). At stomata level, the equilibrium is never reached. Stomata are
numerous over a leaf, for example it's close to 400 per mm? for Helianthus annuus. At
this scale, individual response could not be optimal due to the number of different
individual behaviours. In order to have an optimal response, stomata can have a grouped
or a collective response (Beyschlag et al. 1992; Mott et al. 1993; Buckley, Farquhar &
Mott 1997; Mott & Buckley 2000). Called stomatal patchiness (Figure 1.13, chapter 3 and

4), it can be defined as the difference in stomatal pore aperture between adjacent stomata
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leading to spatial heterogeneity in responses to internal and external cues (Lawson et
al.1998; Mott & Buckley 2000; Peak et al. 2004; Peak et al. 2023; Marenco et al. 2006;
Mott & Peak 2007; Kamakura et al. 2011; Kamakura et al. 2012a; Kamakura et al. 2012b,
2015). Usually those studies focused on the direct effects of environmental cues such as
vapor pressure deficit (VPD), temperature, wind and light intensity (Mott & Buckley 1998;
Beyschlag & Eckstein 2001) but dynamics of stomatal patchiness under a progressive
drought remain insufficiently understood. As soil water scarcity intensifies, local variation
in water potential within the leaf (Jain et al. 2023, 2024) also increases and can cause a
heterogeneous stomatal response. This spatial heterogenous stomatal response to
drought prolonged locally transpiration and carbon uptake. This spatial heterogeneity
could be considered as an independent leaf response to drought in order to prlong gas
exchange. Studying stomatal patchiness along a drought sequence could reveal a

significant gap in our understanding of leaf response during drought.

FIGURE 1.13: Stomatal patchiness represented here by the quantum efficiency of photsystem Il (®esi)
under low oxygen concentration.
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4. Global impact of droughts on ecosystems and agriculture

4.1. Type of drought

Drought is a multifaceted phenomenon that can be classified into meteorological,

hydrological, agricultural, and ecological types, each reflecting a unique aspect of water

scarcity and its impacts (IPCC 2023). Meteorological drought refers to prolonged periods

of precipitation deficits, while hydrological drought is based on reduced water availability

within surface and subsurface reservoirs and streamflows such as lakes, rivers, and

groundwater sources. Agricultural and ecological droughts link closely with soil moisture

deficits, while agricultural drought inhibits crop growth or reduces yields, ecological

drought manifests primarily as plant water stress, which can induce tree mortality and

shifts in ecosystem composition (IPCC 2023). These types of drought can overlap,

propagate from one domain to another, or occur asynchronously, influenced by both

climatic drivers and land-atmosphere feedbacks (Figure 1.14).
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FIGURE 1.14: Climatic drivers of drought, effects on water availability, and impacts.

Plus, and minus signs denote the direction of change that drivers have on factors such as snowpack,
evapotranspiration, soil moisture, and water storage. The four main types of drought are listed:
meteorological, hydrological, agricultural and ecological (IPCC 2023).

34



Chapter 1: General introduction

4.2. Flash drought

A subtype of drought is the flash drought, which develops rapidly over days to
weeks, in contrast to the slow onset of traditional droughts. These events are
characterised by an abrupt decline in soil moisture often accompanied by high
evapotranspiration and temperatures (Otkin et al. 2018; Qing et al. 2023; Christian et al.
2024). According to Christian et al. (2021), flash droughts have occurred globally across
diverse climate zones, and their frequency has increased in recent decades, largely due
to rising temperatures and shifting atmospheric circulations. Their rapid onset causes
particular challenges for ecosystems and agricultural systems, which have limited time to
respond and adapt to the sudden water stress. Recent findings by Gu et al. (2025) reveal
that flash droughts are especially damaging when accompanied by extreme heat due to
the elevated atmospheric evaporative demand (AED) (modulated by extreme
temperature, wind, and solar radiation), as the combined stressors intensify plant
physiological responses and reduce carbon uptake. Their study shows that the coupling
of flash drought with heatwaves has drastically increased the impact of these events on

ecosystems productivity, particularly in croplands threatening global food security.

4.3. Drought impact on ecosystem and food production

The effects of drought on natural ecosystems and agriculture are multifactorial and
complex. Increased atmospheric evaporative demand has compounded plant stress
beyond the effects of reduced precipitation alone. High AED and vapor pressure deficit
(VPD) disrupt plant physiological processes, disrupting plant hydraulic continuum such
as stomatal and xylem conductance, often culminating in severe carbon starvation and
following plant mortality (IPCC 2023). Soil moisture availability is crucial for sustaining
plant function and carbon uptake; prolonged deficits have been tied to widespread xylem
embolism, the major physiological cause of drought-induced tree mortality and to declines
in gross primary productivity (Anderegg et al. 2016; Adams et al. 2017; Arend et al. 2021,
Hammond et al. 2022; Allen, Breshears & McDowell 2015).

Climate-induced tree mortality under hotter drought conditions has been
increasing since field measurements began in the mid-1960s (McDowell 2022; Hammond
et al. 2022). This tree mortality is present across all biomes from the tropic to the boreal,
from the sea level to 3500 m (Hammond et al. 2022) (Figure 1.15). Tree mortality will

continue to increase due to the exacerbation of extreme weather events (McDowell 2022)
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and this high mortality involves diverse disturbance processes that amplify forest die-off

such as insects and pathogens attack, wind exposure and wildfire (Seidl et al. 2017).

Mortality Year ©

1970 '80 '90 '00 10 2018
Tree Height (m)

0

FIGURE 1.15: Global distribution of hotter-drought tree mortality plots (Hammond et al. 2022).
Dots are color coded according to the year of mortality. Insets show examples of dense plot networks in
Canada, Central America, and Southwest Australia.

In agriculture, not only soil moisture deficits disrupt crop growth, but increased AED
under warming climates amplifies irrigation demands, further stressing local and
downstream water resources (IPCC 2023). All types of droughts but especially
agricultural and ecological droughts have struck major agricultural regions worldwide not
equally (Freedman et al. 2025) with increasing frequency and severity, including the
Amazon, southwestern North America, Australia, and the Mediterranean, contributing to
significant crop yield losses and threatening food security (IPCC 2023) (Figure 1.16). The
decline in yields linked to droughts for all different cropping systems is a major challenge
for food security. This global decline, affecting major cereal crops such as wheat, maize,
and soybean with notable regional differences is expected to persist. To counteract its
impact, it is crucial to develop drought-resistant crop varieties and implement adaptive
agricultural practices to mitigate the adverse effects of climate change on crop production.
Although little documented, it has become crucial to examine the link between yield and
drought resistance in annual crops. A recent study on soybeans demonstrated this close
link by showing that cultivars with higher leaf embolism resistance maintained higher
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yields in the field (Schell et al. 2025). It is therefore important to consider embolism
resistance and the hydraulic traits of major crops in breeding programmes (Schell et al.
2025) and not only focus on water use efficiency. In breeding programmes, genetics is
an important area of research for improving yield and resistance to biotic and abiotic
stresses. A major study on wheat yields in France showed that, since 1990, climate
change has partially offset genetic progress, leading to stagnating yields (Brisson et al.
2010). Despite ongoing efforts to improve yields through genetic advances and changes
in agricultural practices, yields are stagnating. This is particularly true in French regions
with intensive agriculture and high yield potential. Effects of climate change are mainly
due to a general warming and more frequent droughts in winter and spring thus impacting
the development and the physiology of crops as well as on their water and nitrogen
nutrition (Brisson et al. 2010).
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FIGURE 1.16: Synthesis of assessment of observed change in agricultural and ecological drought and
confidence in human contribution to the observed changes in the AR6 land-regions, excluding Antarctica
(IPCC 2023).

4.4, Projection in a context of climate change
Under current and projected climate change, drought dynamics are evolving
rapidly (Cook et al. 2018). Recent studies (IPCC 2023; Gebrechorkos et al. 2025) show
that AED has risen over recent decades across most continents, enhancing
evapotranspiration and exacerbating water stress, particularly during dry seasons. While
meteorological drought trends remain regionally variable, observational evidence
indicates intensifying agricultural and ecological droughts in many areas due to increased

AED and changing precipitation patterns (IPCC 2023). Climate models project that with
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each increment of global mean surface temperature (GMST), more regions will
experience severe and persistent droughts; at 2°C of warming, the risk of substantial
agricultural and ecological droughts becomes even more pronounced (IPCC 2023)
leading to a collapse of the food production in some regions. A recent study from Hultgren
et al. (2025) estimates that for every 1 °C increase in global mean surface temperature,
global food production declines by approximately 5.5x10' kcal per year, corresponding
to a reduction of 120 kcal per person per day (4.4% of the recommended daily intake).
Although increased atmospheric CO2 can improve plant water-use efficiency (IPCC
2023), this effect is unlikely to fully offset the more severe water limitations imposed by
higher temperatures and enhanced AED, particularly when soil moisture becomes
critically low. Furthermore, repeated droughts and the associated ecosystem stresses
pose significant risks to the global land carbon sink, undermining its ability to sequester
carbon and thus further amplifying climate change (IPCC 2023). There is an important
and urgent need to better understand which both climates zones and species are the
most vulnerable to anticipate the degree to which the future climatic changes will affect

forests’ structure and function (Mantova et al. 2022) but also food production.

5. Contextualising drought stress on plant

Drought exerts a profound impact on plant physiology, particularly affecting water
transport (Torres-Ruiz et al. 2024). Under drought conditions, the availability of soil water
declines, and plants must rely on their hydraulic architecture to limit water loss while
maintaining essential physiological functions such as photosynthesis. When soil water
availability declines, water transport is impacted, leading to a cascade of hydraulic and
physiological failure if the stress exceeds the plant’s thresholds for xylem embolim. As
drought intensifies, global plant performance and production collapse, increasing the risk
of pest infestation and fatal hydraulic failure leading to death (Figure 1.17).

Recent advances in plant hydraulics have revealed a close link between plant
hydraulics and the mechanisms and processes related to plant growth, survival and
production, as well as biotic attacks (Torres-Ruiz et al. 2024) especially the link between
drought-related mortality and xylem resistance to embolism. Most studies have focused
especially on the role of stomatal closing during drought in limiting water loss (left part of
Figure 1.17), neglecting residual water losses persisting after stomatal closure. My

research will focus on what happens after stomatal closure in terms of water loss
38



Chapter 1: General introduction

impacting survival and leading to death (right part of the Figure 1.17). These water losses,
although negligible in terms of percentage of maximum stomatal function (less than 5%),

become significant if the drought persists.
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FIGURE 1.17: Conceptual graph illustrating the relative variations in the main physiological functions
associated with plant hydraulic traits as plants are exposed to increasing levels of water stress.
The panel at the bottom shows the negative effects of stress intensity on the different physiological functions

(Torres-Ruiz et al. 2024).

5.1. Plant hydraulic

5.1.1. Soil-plant-atmosphere plant continuum

The soil-plant-atmosphere continuum (SPAC) describes the continuous movement
of water from the soil, through the plant and into the atmosphere (Figure 1.18). Water
moves from regions of higher to lower water potential, beginning in the soil where water
potential is relatively high (close to 0 MPa at saturation), passing through the root and
xylem tissues of the plant, and finally evaporating from the leaf surfaces into the

atmosphere (close to -100 MPa). The water potential (y; MPa) consists of the sum of
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potentials (corresponding to the free energy of free water in a given state): pressure
(wpressure), represents the effect of hydrostatic pressure; osmosis (Wosmotic), represents
solutes’ dilution and gravimetric (Wgravitational), represents the force of gravity and depends
on the height of the plant. Both osmotic and gravitational water potential are negligible in
plants. Water uptake at the root-soil interface is driven by differences in water potential
between soil water and root cells, while within the plant, water moves through the xylem
by negative pressures created by transpiration. The driving force throughout the SPAC is
the gradient of water potential (@) where Wsoii>Wroot>Wstem™>Wieat™>Watmosphere.

Water diffuses from internal leaf tissues into the atmosphere through stomatal
openings in vapor form. The steepest drop in water potential occurs at the leaf-air
interface, due to the lower humidity of the atmosphere than inside the leaf, which sustains
transpiration and effectively "pulls" water through the plant. To maintain this flow, plant
hydraulic structures including root, xylem vessels, and stomata regulate water loss and
mitigate the risk of cavitation (air bubble formation) that disrupts water transport (Taiz et
al. 2015).
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FIGURE 1.18: Soil-plant-atmosphere continuum (SAPC).

The solid blue line represents the water flow. Resistance corresponds to the hydraulics resistance at each
stage. Wx corresponds to the water potential (MPa) at each stage (soil, root, stem, leaf and atmosphere).
Created in BioRender.com.

This entire process depends on the continuous hydraulic connection in the SPAC
and on the ability of plants to regulate water transport and loss in response to

environmental conditions.

5.1.2. Cohesion-tension theory

Within the plant, water transport relies on the cohesion-tension mechanism
developed by Boehm (1893) and Dixon and Joly (1894), where water molecules are
pulled upward under tension generated by transpiration at the leaves (Taiz et al. 2015).
This mechanism relies on two properties of water: cohesion, which is the attraction
between water molecules due to hydrogen bonding, and tension, which is the negative
pressure generated by the transpiration from leaf surfaces. As water evaporates from the
stomata in leaves, it creates a negative pressure that pulls more water upward through
the plant's vascular system. The continuous column of water in the xylem is maintained
by cohesive forces between water molecules and adhesive forces that bind water to the

xylem walls, preventing the column from breaking even under considerable tension.
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5.2. Plant response to drought
Plants respond to drought through a complex set of physiological and hydraulic
adjustments that aim to maintain water balance while minimising the risk of catastrophic

failure in water transport systems (Choat et al. 2012; Torres-Ruiz et al. 2024).

5.2.1. Hydraulic trait and vulnerability

Hydraulic traits, such as xylem vulnerability to embolism and the capacity to buffer
internal water deficits, are central to a plant's drought response (Mantova et al. 2022).
Vulnerability curves (which show the decline in hydraulic conductivity with decreasing
water potential) allow quantification of key parameters like Wpi12, Wpso, Wrss, the water
potential at which 12%, 50% and 88% respectively of xylem conductivity is lost due to air
embolism (Choat et al. 2012). Wpi12 is considered as the beginning of xylem embolism
and Weso for conifers or Wess for angiosperms are considered as a fatal threshold for plant
survival. Species with more negative Wpso values are considered more resistant to
drought-induced hydraulic failure, as they can withstand lower water potentials before
catastrophic loss of hydraulic conductivity occurs (Choat et al. 2012). However, global
analyses reveal that xylem vulnerability is remarkably convergent among forest species,
typically indicating that most trees are at risk of losing critical hydraulic function under
severe drought, regardless of their ecosystem of origin (Torres-Ruiz et al. 2024). As a
drought progresses, sustained water deficits first lead to a drop-in plant water potential,
and if the plant's hydraulic system cannot maintain sufficient conductivity, water transport
collapses, resulting in tissue desiccation and death (Choat et al. 2012; Torres-Ruiz et al.
2024).

5.2.2. Stomatal closure and safety margin

Stomatal conductance is a primary regulator of water loss during drought along
with the cuticular conductance. At the turgor loss point (Wup), sStomata are closed, reducing
transpiration helping to maintain leaf and stem water potentials above dangerous
thresholds. The stomatal safety margin describes the buffer between the water potential
at which stomata are fully closed (Wgs90o or Wer12) and the water potential at which xylem
embolism occurs (Weso or Wess) (Figure 1.19). The safety margin quantifies the degree of

conservatism in a plant’s hydraulic strategy (Choat et al. 2012). Species with a wider

42



Chapter 1: General introduction

safety margin close their stomata sooner, or have a greater embolism resistance or both
like the highly drought-resistant species (Choat et al. 2012; Petek-Petrik et al. 2023).
Coordination between stomatal closure and xylem vulnerability is critical. If stomata do
not close before water potentials approach xylem vulnerability thresholds, plants are at
high risk of hydraulic failure (Meinzer et al. 2009; Choat et al. 2018).
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FIGURE 1.19: Stomata safety margin (SSM) for Liriodendron tulipifera (green) and Helianthus annuus
(yellow).

Solid line corresponds to the relative stomatal conductance whereas the dotted line corresponds to the
xylem vulnerability to cavitation curves. P12 corresponds to the water potential at which 12% of xylem
conductivity is lost. Xylem vulnerability to cavitation curves. was assessed using the Cavitron technique in
2022 (Cochard 2002; Burlett et al. 2022) at the platform for hydraulic traits (Caviplace, Phenobois platform,
University of Bordeaux, Pessac, France). Relative stomatal conductance (gsre) came from the paper
“Deciphering the impact of stomatal leakiness and its spatial variability within the leaf on residual water loss
during severe drought”.

5.2.3. Minimum leaf conductance (gmin)

During drought, water loss from leaves continues even after stomatal closure, and
it's called the minimum leaf conductance (gmin). The residual pathway for water vapor
diffusion includes both cuticular transpiration and stomatal leakiness from incompletely
closed stomata (Duursma et al. 2019) (Figure 1.20). While gmin typically accounts for less
than 5% of maximum stomatal conductance (1.4% for L. tulipifera and 2.2% for H.
annuus, see chapter 3), its physiological significance during drought is crucial. The margin
defined by the SSM is a hydraulic margin that does not consider residual water loss after
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stomata closure. However, over time if drought conditions persist, these persistent water
losses will consume this safety margin leading to xylem embolism leading to a fatal
hydraulic failure (Figure 1.20). Define as the ratio between the stomatal safety margin
and the gmin (SMRIwps0), the safety margin retention index is a key parameter to evaluate
the speed taken by the plant to cross the stomatal safety margin (Petek-Petrik et al. 2023).
Consequently, gmin is @ pivotal parameter which dominates water loss (Figure 1.20) after
stomatal closure and can decide the plant's future if drought conditions persist. Recent
studies emphasise that the gmin, as a hydraulic trait, is crucial for the time to hydraulics
failure leading to the death of the plant (Burlett et al. 2025) predicted in mechanistic soil-
plant-atmosphere models such as SurEau (Cochard et al. 2020; Ruffault et al. 2022).

As the stomata close, the cuticle becomes increasingly important in limiting water
loss and its permeability is governed by changes in the chemistry of cutin and waxes
during drought. Moreover, incomplete stomatal closure, named as stomatal leakiness,

can have a significant impact on gmin.
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FIGURE 1.20: Conceptual diagram of stomatal closure and cavitation under drought.
gs corresponds to the stomatal conductance. The minimum leaf conductance (gmin) corresponds to the sum
of cuticular conductance (gcui) and stomatal leakiness (gsto)-

Due to its crucial role, the minimum leaf conductance has long been studied using
both ecophysiological and biochemical approaches. However, no unified, common
method has been developed to determine this trait, partly due to the difference in focus
between studies, with some focusing on overall losses (cuticular and stomatal) and others

focusing only on the cuticular part. Detached leaf mass loss (DLML) method, application
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of ABA, vaseline coating on the stomatous side, and cuticular permeance measurements
from isolated astomatous cuticles are commonly used approaches to estimate minimum
leaf conductance. Reviews (Kerstiens 2006; Duursma et al. 2019) have reported a wide
range of gmin values across species, clades, and climates since the 1930s. Recent studies
conclude that the minimum leaf conductance varies significantly and depends on
environmental cues, using water loss measurement from detached leaves (Bueno et al.
2019; Machado et al. 2021; Slot et al. 2021; Boisseaux et al. 2025). Nevertheless, two
meta-analyses (221 and 160 species respectively) conclude that gmin variability (Duursma
et al. 2019) and cuticular water permeability (Schuster et al. 2017) were not clearly related
to species groups.

Using a standardised method to evaluate the minimum leaf conductance using the
detached leaf mass loss (DLML) method and hydraulic trait, Burlett et al. 2025 highlighted
the variability of that trait (chapter 2). To go further and using the same protocol, Trueba
et al, 2025 (in revision), estimate the gmin 0N 101 species on a wide phylogenetic and
ecological diversities and conclude that gmin is significantly variable across species with a
weak phylogenetic signal (Figure 1.21).
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FIGURE 1.21: Minimum conductance to water vapor after stomatal closure (gmin) across vascular plant
species.

Conductance is mapped on a phylogenetic tree of 101 species. The color gradient along the branches of
the tree indicates lower (light) and higher (dark) values of gmin. A scale bar (in My) is included. Major clades
of sampled vascular plants are indicated. The species not included in any group are all eudicot
angiosperms, which also includes the ensemble of asterids + rosids (from Trueba et al, 2025, in revision).
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6. Thesis aims and outline

Drought affects plant physiology in many ways, leading to reduced growth and
productivity, thereby contributing to plant mortality. Therefore, it is of utmost importance
to investigate drought resilience of plants from roots to leaves. As plant leaves can be
exposed to various stresses with different types and intensities, they are frequently the
first organs directly affected by stresses. Mechanisms associated with the resistance and
potential recovery of leaves remain poorly understood. While stomatal behavior has been
extensively studied in response to both vapor pressure deficit and soil water stress, the
mechanisms of water loss after drought-induced stomatal closure are still unclear in terms
of components and dynamics. Referred as to the minimum leaf conductance, it consists
of stomatal not completely closed and cuticular transpiration. We hypothesise that under
prolonged and severe drought conditions, these components play a decisive role in the
time to reach hydraulic failure.

By integrating independent methodologies within an interdisciplinary context, this
present work aims to clarify and to quantify the components of minimal leaf conductance
and to evaluate their roles in plant survival under severe drought. Specifically, the
objectives of this study are to: (i) examine the dynamics of water loss following stomatal
closure (Chapter 2), (ii) determine the contribution of stomatal leakiness to minimal leaf
conductance (Chapter 3), (iii) underline the physiological significance of stomatal
patchiness during drought (Chapter 4), and (iv) investigate the drought-induced

responses of the leaf cuticle and their effects on water loss (Chapter 5).

This thesis follows an article-based format. Each chapter aims to examine specific
aspects and part of the minimum leaf conductance as follows:

e Chapter 2 describes the variability of the minimum leaf conductance estimating at
different water potential thresholds from the residual leaf conductance. As water
stress level increases, the gmin decreases impacting greatly the time to hydraulic
failure making it necessary to take this variability into account in mortality prediction
models.

e Chapter 3 goes further by focusing on the stomatal component of minimum leaf
conductance with the stomatal leakiness. This chapter aims to demonstrate the
presence of stomatal leakiness, its role in the minimum leaf conductance, and the

impact on plant survival. This chapter investigates stomatal leakiness using spatial
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methods, questioning the need to consider the spatial heterogeneity of stomatal
closure in stomatal conductance models.

Chapter 4 also focuses on the role of stomata to highlight the impact of stomatal
patchiness, mainly at the onset of water stress. The spatial nature of patchiness
allows for a local response extending gas exchange. Beyond the spatial aspect,
stomatal patchiness is a hierarchical spatio-temporal process that enables a rapid,
localised and appropriate response to water stress.

Chapter 5 focuses on the second component of minimum leaf conductance, the
cuticle. By studying the composition of the cutin polyester and the epicuticular
waxes independently, the aim of this chapter is to examine the response of each
cuticle component along a stress gradient and their impact on water loss.

The chapter ‘Conclusion and prospects’ summarises the main findings of this
thesis, highlights the importance of transdisciplinary research, and opens up the

possibility of taking multistress factors into account in studies.
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Chapter 2 Minimum leaf conductance (gmin) IS Not constant
along drought gradient

This chapter is presented in the form of a summary of Burlett et al, published in
2025 to New Phythologist, entitled: Minimum leaf conductance during drought:
unravelling its variability and impact on plant survival. by R. Burlett, S. Trueba, X.
Bouteiller, G. Forget, JM. Torres-Ruiz, N. Martin-StPaul, C. Parise, H. Cochard and S.
Delzon.

My contribution to this work included the development of the R function g_residual
and available on this repository: https://gitub.u-bordeaux.fr/phenobois/g_residual. This
function is explained in detail in appendix A1 and calculates residual leaf conductance as
the slope of mass data over time using the detached leaf mass loss method (DLML) and,
in parallel, the corresponding RWC, water potential and VPD.

1. Short introduction

The role of minimum leaf conductance (gmin) in plant survival under severe drought
is crucial. Until now, the dynamics of minimum leaf conductance have remained largely
unexplored, and the lack of a standardised estimation method means that it’s difficult to
compare studies. Burlett et al. (2025) proposed a standardised and an open-source
methodology for measuring gmin With a comparative analysis across nine species of trees
to quantify its variability and functional significance. By linking dynamic changes in
residual water loss to time-to-hydraulic-failure predictions, we highlight that gmin as a

critical trait in drought-mortality models.
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2. Minimum leaf conductance during drought: unravelling its
variability and impact on plant survival

Water loss after stomatal closure is an essential characteristic of plants,
particularly in the event of prolonged drought. It is therefore essential to study its
dynamics over time using a reliable and accurate standardised method. Burlett et al.
(2025) present a comprehensive study on the significance and dynamics of residual leaf
conductance (gres) as a dynamic water loss during dehydration after stomatal closure,
and the minimum leaf conductance (gmin) as a trait bounded by physiology boundaries or
hydraulics traits during a severe drought. This study addresses a crucial gap in plant
ecophysiology by clarifying the difference between gres and gmin. The study used nine
woody angiosperm species (five deciduous and four evergreens) including Liriodendron
tulipifera that span a wide spectrum of drought resistance (see Table 1 of the study in
appendix A5). By employing a method that simulates a severe drought on several
detached leaves (Billon et al. 2020; Burlett et al. 2025), it's possible to record the water
loss of each individual leaf in a controlled environment. During drought, leaf shrinkage is
one of the primary effects with turgor loss playing a role in hydraulic decline and
estimation of hydraulics traits (Scoffoni et al. 2014). Additionally, water potential decline
during leaf dehydration can slightly influence the water vapor pressure (w;) inside the leaf
and therefore modifying the driving force, i.e. the VPD for transpiration between the leaf
and the atmosphere (Nobel 2009). Considering the shrinkage and the impact of water
potential on VPD we can accurately estimate the residual leaf conductance and thus the

minimal leaf conductance at different hydraulic thresholds.

2.1. Residual conductance varies during dehydration

The residual leaf conductance, gres, decreases progressively during the
dehydration and this decline varies across species. gres is mainly due to the mass loss
per unit of time whereas the correction effect of the shrinkage and the VPD slightly
increased the residual leaf conductance estimations. After stomata stomatal closure,
leaves continue to lose water by incompletely close stomata and cuticle, with a slowdown
over time due to the availability of water inside the leaf impacting negatively the water
potential and the RWC. For all species, residual leaf conductance dynamics is the same
with a higher leaf minimum conductance at turgor loss point (gmin_tip) than this measured
between 50% and 80% of RWC (gmin_rwcso-50). Given the decline in gres Over time, gmin

values thresholded at water status inducing Wei2, Weso, and Wess declined sequentially
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across all species. This variability during the dehydration sequence could be the result of
stomatal closure dynamics and by stomata not being fully closed (stomatal leakiness) as
well as the response of the cuticle through changes in composition and accumulation of
cuticular waxes. Although cuticle responses during drought are well documented, there
is still a lack of convergence in studies on the impact of cuticle responses on water loss

during drought.

2.2. Impact of the variation in minimum conductance estimates on

time-to-death prediction

This variability has pronounced ecological and modeling implications. Indeed, the
time to hydraulic failure defined as the time required by a plant to reach a fatal threshold
corresponding to a loss of 88% of hydraulic conductance (for angiosperms) and the
stomatal margin retention index (SMRIwso) which reflects the time required to cross the
stomatal safety margin (SSM) (Petek-Petrik et al. 2023) are related to the residual leaf
conductance and used as parameter the minimum leaf conductance. Over- or
underestimating gmin Can misrepresent water loss under drought and lead to large errors
in predicting time to hydraulic failure using mechanistic models such as SurEau (Cochard
et al. 2020). The time to hydraulic failure estimated from a fixed gmin value tends to show
greater dispersion than estimates based on a variable gmin value, reinforcing the variable

nature of this trait during a drought sequence.
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FIGURE 2.1: Relationship between measured time to hydraulic failure (THF) and leaf minimum
conductance (gmin) corrected for shrinkage and vapor pressure deficit variation.

For each sample, gmin is computed for a relative water content between 50% and 80%. Error bars represent
SE. Deciduous species are represented by blue symbols and evergreen species by yellow symbols. Inset
represents averaged gmin Values computed at different thresholds (from Burlett et al. (2025)).

2.3. Toward a standardized methodology to estimate gmin

The open-source tools introduce a methodology for continuously assessing
residual and minimum leaf conductance, incorporating adjustments for leaf and VPD
changes during dehydration. This approach improves the reproducibility and analysis of
gmin Measurements between studies. The adoption of physiological thresholds (such as
80-50% relative water content) further improves comparability by anchoring
measurements between common, biologically significant reference points. The dynamic
nature of gres and the associated trait gmin underscores that plant water loss is mediated
not only by how quickly stomata close or leakiness, but also by the cuticular part as well
as on physical changes in the leaves and environmental conditions. Species differ in how
Omin €volves during severe dehydration. Drought-resistant species, for example, may not
simply have a lower starting gmin, but might be characterised by a more responsive or
resilient pattern of decline as their water status declines. Such differences must be
accounted for to predict which species or communities are most at risk during future

droughts. The paper thus emphasises that accurate characterisation of gmin is pivotal for
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both physiological research and for large-scale modeling such as predicting drought-

induced tree mortality under climate change scenarios.
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FIGURE 2.2: Relationship between modelled and observed time to hydraulic failure using different
computations of gmin.
(a) Comparison between modeled and measured time to hydraulic failure (THF) across different gmin
estimations. THF is defined as the time to reach P88. Each point corresponds to the average of THF for
each of the studied species. Black lines indicate a 1:1 relationship. (b) Root mean square error (RMSE)
comparing the performance of the models using different gmin values. (c) Difference between modelled and
observed THF for each species, and color codes, corresponding to different gmin values, are the same as
in panel b. Species abbreviation codes: FREX: Fraxinus excelsior; LITU: Liriodendron tulipifera; MAGR:
Magnolia grandiflora; OLEU: Olea europaea; PRAV: Prunus avium: PRLA: Prunus laurocerasus; QUIL:

Quercus ilex; QURO: Quercus robur; VIVI: Vitis vinifera.
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Chapter 3 Stomatal leakiness under drought: a key driver of

residual conductance in leaves

This chapter is presented in the form of a paper recently submitted to Plant, Cell &
Environment, entitled: Deciphering the impact of stomatal leakiness and its spatial
variability within the leaf on residual water loss during severe drought. by G. Forget, R.
Burlett, S. Trueba, T. Lawson, J. Joubés and S. Delzon.

The dual imaging experiment was performed during a five-month international mobility at
the University of Essex, England. The detached leaf mass loss (DLML) method was
conducted at BioGeCo, University of Bordeaux.

1. Short introduction

For decades, studies on stomata have focused on their closure during stress in
response to increased VPD or soil dryness. In contrast, few results have been obtained
on closure capacity or potential leaks after this closure point, even though we know that
residual transpiration is an important trait for plant survival in drought conditions.
Understanding stomatal behaviour beyond stomatal closure is crucial for explaining plant
mortality under drought.

In this chapter, stomatal leakiness and spatial heterogeneity have been analysed
in two contrasting species, Liriodendron tulipifera and Helianthus annuus with regard to
residual leaf conductance. Using independent but nonetheless complementary methods,
our results will show that incomplete stomatal closure or leaky stomata is present and
consistent along the drought sequence contributing significantly to the residual leaf
conductance. Concomitant with this water leakage, spatial heterogeneity appears to be a

collective local response of stomata allowing physiological functions to be prolonged.
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2. Deciphering the impact of stomatal leakiness and its spatial
variability within the leaf on residual water loss during severe
drought

2.1 Abstract

During drought, plants can continue to lose substantial amounts of water even after
reaching the turgor loss point and experiencing a marked decline in stomatal
conductance. This residual water loss occurs through both cuticle and incompletely
closed stomata (also known as stomatal leakiness). However, the dynamics of these two
processes during drought, and the thresholds at which they remain significant, are still
poorly understood. We estimated minimum leaf conductance (gmin) in Liriodendron
tulipifera and Helianthus annuus using the detached leaf mass loss (DLML) method, while
independently quantifying stomatal leakiness using newly developed techniques. Our
comparative analysis reveals that stomatal leakiness is present in both species studied,
even under severe drought conditions. Additionally, spatial heterogeneity in stomatal
closure, known as stomatal patchiness, emerges as a critical feature for leaf water fluxes,
influencing gmin and extending carbon assimilation during prolonged drought.
Incorporating both stomatal leakiness and patchiness into mechanistic models of plant
hydraulics will improve predictions of time to hydraulic failure and drought-induced
damages. This study highlights the importance of considering post-closure stomatal
dynamics in our understanding of plant drought resistance and identifies stomatal

leakiness as a key contributor to residual water loss under water scarcity.

Keywords

Drought stress, infiltration, leaky stomata, patchiness, residual leaf conductance, cuticular

conductance, water potential, stomatal closure.

2.2. Introduction
Drought episodes are increasing in frequency and intensity across all biomes
(Portner & Roberts 2022) disrupting local water cycles, impairing plant physiological
processes and, in severe cases, threatening plant survival (Anderegg et al. 2015; Adams

et al. 2017). In this context, maintaining plant water status is crucial for plant function,
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particularly for gas exchange (H20 and CO2) between the leaf and the atmosphere. This
exchange takes place through the stomatal pores and is essential for photosynthesis and
atmospheric carbon capture (Flexas 2002; Lawson 2010; Lawson & Blatt 2014).
Furthermore, water loss through transpiration provides evaporative cooling that helps
maintain optimal leaf surface temperature, thereby preventing thermal stress (Drake et
al. 2018). Plants have evolved various adaptive mechanisms to cope with drought stress.
Among these mechanisms, two major types of mechanistic traits contribute to plant
responses and adaptation to drought: xylem traits that ensure maintenance of the
hydraulic function, such as resistance to embolism (Choat et al. 2012), and foliar traits
that regulate water loss through stomatal aperture, which is governed by the turgor of
guard cells (Yi et al. 2022; Mirasole et al. 2023). In addition to stomatal control of water
loss, the leaf cuticle also plays a major role in water retention under drought conditions
(Kerstiens 1996; Burghardt 2003). A recent theoretical study analysing data from 200
species highlighted the contributions of both these pathways in regulating water loss
(Ochoa et al. 2024). Among stomatal traits influencing water loss, stomatal density and
aperture are key determinants (Franks & Beerling 2009; Dow et al. 2014; Sack & Buckley
2016; Ochoa et al. 2024). Stomatal density is established early during leaf development,
varies among species and is influenced by environmental conditions, thus adjusting over
longer timescales (Lawson & Matthews 2020). In contrast, stomatal aperture is a dynamic
process that occurs on shorter timescales (minutes to hours), balancing the mesophyll
demands for COz2, with water loss, in response to external cues (Lawson 2010; Lawson
et al. 2014). Stomatal aperture, which fluctuates through oscillations (Marenco et al.
2006), is a time-dependent variable. Additionally, stomatal conductance can also exhibit
temporal variability due to patchy stomatal behaviour, in which some areas of the leaf
have stomata with lower aperture than others (Mott & Buckley 1998). By contrast, water
loss through the cuticle is a passive process driven by the diffusion due to humidity
gradient between the interior of the leaf and the environment (Tredenick & Farquhar
2021). Cuticular conductance represents a relatively minor flux compared to the flux
associated with stomatal conductance (Schreiber & Riederer 1996; Riederer & Schreiber
2001; Stinziano et al. 2020) and is often neglected when calculating water flux in well-
hydrated leaves or plants. Commercially available devices, such as infrared gas
analysers and porometers, although account for cuticular conductance when measuring
leaf gas exchange, they do not separate this from stomatal conductance. Both, stomatal

and cuticular fluxes, commonly aggregated under a single variable i.e. stomatal
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conductance (gs, in mmol m?2 s) are known to vary in response to biotic and abiotic
factors (Lawson & Matthews, 2009).

During ecological and agricultural severe drought, characterised by prolonged soll
moisture deficit (IPCC 2023) and inducing xylem embolism leading to plant death (Urli et
al. 2013), water continues to escape from the leaf through a flux known as residual leaf
conductance (gres, in mmol m2 s1). This flux is defined as the water loss that occurs after
stomatal closure through both imperfectly closed stomata and the leaf cuticle (Duursma
et al. 2019) and determines how long a plant can cope with restricted water availability
before reaching fatal hydraulic failure (Choat et al. 2018; Burlett et al. 2025). As stomata
close during drought, cuticular water loss becomes increasingly dominant. However,
stomatal dynamics during closure, particularly incomplete closure and persistent
leakiness, remain significant contributors to residual conductance (SantrGiéek et al. 2004;
Brodribb et al. 2014; Kane et al. 2020; Machado et al. 2021). Therefore, understanding
the impact of stomata on residual leaf conductance remains imperative. In this context, it
IS essential to investigate the extent to which stomata can completely shut off leaf water
loss under severe drought conditions, by quantifying the contribution of leaky stomata to

Ores along a sequence of drought-related hydraulic traits.

To date, no method can precisely measure stomatal leakiness across both
temporal and spatial scales. Here, we propose the combination of several methodological
approaches to study this phenomenon at both scales. Leaf infiltration represents one of
these approaches, providing a spatial visualisation of stomatal closure. Previous studies
have demonstrated that infiltrating a leaf with water at a known pressure, reveals the
proportion of stomata with apertures above a specific threshold (Alvim & Havis 1954;
Lawson et al. 1998a,b; Mott & Buckley 1998). The second approach, combining
thermography (Jones et al. 2009; Vialet-Chabrand & Lawson 2019, 2020) with chlorophyll
fluorescence (Murchie & Lawson 2013) provides a novel approach to investigate the
spatial biological implications of stomatal kinetics on photosynthetic performance
(McAusland et al, 2014). To monitor the leaf water loss during drought, we combined both
approaches with the detached leaf mass loss (DLML) method to quantify the residual leaf
conductance (gres). The DLML method is commonly used to estimate leaf residual
conductance by measuring mass loss over time, simulating severe drought conditions
where water supply to the leaf has ceased (Kerstiens 1996; Duursma et al. 2019; Billon
et al. 2020; Burlett et al. 2025).
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Using these independent methodologies, we aimed to quantify the relative
contribution of foliar traits to residual water loss in drought conditions. (i) First, we
investigated whether stomatal leakage significantly contributes to residual water loss
along a dehydration process using the detached leaf mass loss (DLML) method and leaf
infiltration. We hypothesised that stomata do not fully close during the dehydration
process and validated this hypothesis using micro-CT imaging. (ii) Next, we explored the
physiological significance of spatio-temporal heterogeneity in stomatal closure using
complementary approaches, including combined thermal and chlorophyll fluorescence
imaging, leaf infiltration and modelling. We hypothesised that spatially partial stomatal
closure i.e. stomatal patchiness, results in heterogeneous stomatal leakiness and leads
to an overestimation of leaf conductance when calculated with the standard equation for

Oleaf.

2.3. Materials and Methods

2.3.1. Plant material

Two species with contrasted growth forms, habits and stomatal features were used
in this study: a woody deciduous hypostomatous tree (Liriodendron tulipifera) and an
annual amphistomatous forb (Helianthus annuus). Helianthus annuus seeds were sown
into 3 litres pots containing compost whereas Liriodendron tulipifera seedlings were
purchased from a local nursery. DLML, infiltration and micro-CT experiments were carried
out on plants grown in a 9 m2 climatic chamber (Strader, France) at the University of
Bordeaux where the climatic and light parameters were set to 25°C; 80% RH; Photon
Flux Density c. 700 umol m2s1. An acclimation phase of 10 days was used for L. tulipifera
individuals, while H. annuus were grown for 45 days before any measurements on fully
expanded leaves. After the acclimation and growth, plants were subjected to drought
stress by stopping watering with groups of four individual plants per species. For the dual
imaging experiments, Helianthus annuus seeds were sown in plastic trays containing
compost and germinated in a growth cabinet (Reftech BV, Sassenheim, the Netherlands).
After germination, seedlings (one per pot) were transplanted into 1.5 litres pots containing
compost and transferred to a temperature-controlled glasshouse at the University of
Essex (average temperature was maintained at 21.8 = 0.9 °C with RH between 40% and

55% depending on biomass in the glasshouse), supplementary sodium vapour lights

60



Chapter 3: Stomatal leakiness under drought: a key driver of residual conductance in leaves

(8am until 8pm) provided a light environment of 400 pmol s m2 at the plant height. A
similar growth phase of 45 days was respected before any measurements with H. annuus

individuals.

2.3.2. Hydraulic and anatomical trait measurements

2.3.2.1. Water status and pressure-volume curve estimations
Pressure-volume curves were performed using a method adapted from Sack et

al., (2011) on eight leaves of H. annuus, and five leaves of L. tulipifera. Pressure-volume
curves were used to determine leaf physiological traits such as the water potential (Wp,
MPa) and relative water content (RWCitp, %) at turgor loss point along with the elasticity
modulus (¢) and osmotic potential at full turgor (o) (Table 3.1). Using € and 1o we
estimated the water potential at any RWC during the DLML experiment based on the
relative water content. We also measured the leaf water potential (Weear, MPa) with a
pressure chamber (DG Meca, Gradigan, France) directly on paired leaves for the
infiltration experiment and with a psychrometer (PSY1, ICT International, Armidale, NSW,

Australia) for the dual imaging experiment.

TABLE 3.1: Leaf hydraulics and photosynthetic variables used in this study. Mean and standard errors for
each variable are provided.

Definition Abbreviation Unit L. tulipifera H. annuus
Relative water content RWC % - -

Relative water content at turgor RWCip % 90.03+£0.74 77.98 +3.10
loss point

Water potential at turgor loss Wip MPa -1.64+0.10 -0.98+0.05
point

Water potentials inducing 12%  We12 MPa -1.66+0.06 -1.77+0.15
losses of conductance in the

stem

Water potentials inducing 50% Weso MPa -1.86+0.06 -2.78+0.18
losses of conductance in the

stem

Elasticity modulus E MPa 10.45+1.35 2.03+0.31
Osmotic potential at full turgor M0 MPa -1.05+0.08 -0.74+0.06
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Quantum efficiency ®Dpsii - - -

To facilitate analysis, leaves were categorised by water potential values and
divided into three classes using Wip and Weso as boundaries to establish three classes.
There were well-hydrated leaves considered with no stress [0; Wup], with mild stress [Wip;

Weso] and with a severe stress [Weso; -Inf].

2.3.2.2. Relative water content
Relative water content is a mass-derived important parameter that we used in the

DLML for the determination of the water potential. Turgid weight (TW, g) of each individual
leaf was measured before the water loss measurements in the climatic chamber. Weight
measurements were performed with a 4-digit balance (Pioneer, Ohaus, USA). At the end
of the measurement, leaves were put in an oven at 65°C for 72h and dry weight (DW, Q)
was measured. The relative water content (RWC, %) was then computed for each mass
value (fresh mass; FW, g) during the dehydration process using equation 3.1:

FW — DW

= — 3.1
RWC =100 * 0 — 3.1)

2.3.2.3. Stem embolism vulnerability
Stem vulnerability to xylem embolism was assessed on five replicates per species

using the Cavitron technique (Cochard 2002; Burlett et al. 2022). Measurements were
carried out at the platform for hydraulic traits (Caviplace, Phenobois platform, University
of Bordeaux, Pessac, France). For each species a percentage loss of conductance or
PLC curve was obtained and embolism vulnerability determined at thresholds W12, Weso
and Wess (MPa), which correspond to the xylem pressure/water potential inducing 12%,

50% and 88% losses of hydraulic conductivity, respectively.

2.3.2.4. Stomatal conductance measurements
Stomatal conductance (gs, mmol m?2 s?), which can be defined as the

conductance at a time t as a function of the local climatic conditions and water level of
the plant (Lawson & Blatt 2014; McElwain et la. 2016), was measured using a porometer
(LI-600; LICOR, USA). gs measurements were taken daily (45 days for L. tulipifera and
15 days for H. annuus) between 9:00 and 12:00 on seven leaves of L. tulipifera and three
leaves of H. annuus. Leaves were tagged to ensure daily measurements on the same
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location (upper right quadrant of the leaf blade) of each leaf. gsmean is then calculated as
the average value for each every day. gs,max and gs,min is the maximum and minimum
average value for each plant across the experiment. gs is then expressed here as a
relative stomatal conductance (gs/gsmax, Qsrel) in order to facilitate the study of stomatal

dynamics during drought.

2.3.2.5. Anatomical properties
Epidermal impressions were collected on three leaves for both species using a

transparent nail polish applied to the abaxial and adaxial surfaces and allowed to dry for
c. 15 minutes. After drying, nail polish was covered by a transparent tape and transferred
to a microscope slide. Slides were observed with a light microscope (Leica DM2500,
Leica Microsystems, Germany) with a connected digital camera (Leica MC190 HD, Leica
Microsystems, Germany) and photographed at x20 magnification for H. annuus and x10
for L. tulipifera to calculate stomatal density, and at x40 magnification for the
measurements of stomatal size. Along with stomatal size and density, we also assessed
stomatal length for both species (Table 3.2). Measurements were carried out using
ImageJ v.1.53q (Schneider et al. 2012).

TABLE 3.2: Stomatal anatomy properties for the adaxial and abaxial surfaces of leaves. Mean and standard
errors for each trait are provided; NA = not available.

Definition Abbreviation Unit L. tulipifera H. annuus
Stomatal density  Abaxial d. Nmm2 116 +£6.11 410.66 + 66.82
Adaxial du NA 234.66 +41.65
Stomatal area Abaxial sL pm?2 374.70 £39.00 118.47 +11.65
Adaxial su NA 103.97 +9.34
Stomatal length Abaxial pL pm 27.22 +1.39 18.90 £ 1.09
Adaxial pu NA 17.48 +0.76

2.3.3. Residual leaf conductance (gres) and estimation of residual leaf
conductance at different hydraulic thresholds (gmin)

Residual leaf conductance (gres) using the detached leaf mass loss (DLML) method

was measured on 12 and 16 well-watered leaves of H. annuus and L. tulipifera

respectively. Leaves were cut with a razor blade and the petiole sealed with paraffin to

avoid water loss. Each leaf was weighed with a 4-digit balance (Pioneer, Ohaus, USA)
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and scanned (v850 pro, Epson, Japan) to estimate the projected leaf area (Aieat, M?2).
Leaves were then clipped to load cells inside a climatic chamber to simulate drought
through desiccation (Billon et al., 2020). Conditions inside the chamber were kept stable
at 25°C and 60% of relative humidity, with a vapour pressure deficit (VPD) of c. 1.26 kPa.
We assume the leaf temperature equals the surrounding air temperature; the small
temperature difference is neglected when computing the VPD. Micro load cells by
Wheastone bridge board (1046_OB, Phidgets Inc., Canada) were used to record the
mass every five minutes in the chamber. During measurements, samples were placed in
the dark to avoid light impacting stomatal kinetics. A detailed description of the system
and setup is provided in (Burlett et al. 2025). A custom function in R was developed for
the parameterisation and treatment of raw data (g_residual, PHENOBOIS, University of
Bordeaux; https://gitub.u-bordeaux.fr/phenobois). The main function, g_residual,

calculates the residual leaf conductance as the slope of the mass data over time (eq. 3.2)
using the Savitsky-Golay filter to smooth the data and calculate derivatives on noisy data.
The same function computes the corresponding RWC, water potential and VPD for each
time step. Residual leaf conductance gres (Mmol m=2 s1) was computed for each leaf as

the water evaporation rate divided by its driving force (VPD) using equation 3.2:

dw/dt Patm
X (3.2)
MHZO Aleaf VPD

Gres =

, Where dw/dt is the slope of the mass (g s™), Mnzo is the molecular weight of water (18.01
g mol?), Pam is the atmospheric pressure in the chamber (c. 101.9 kPa) and VPD is the
measured vapour pressure deficit of the air inside the chamber (kPa) calculated at each
time step. Leaf water potential decreases during drought, and crosses different hydraulics
thresholds such as turgor loss point (W1p), which coincides with stomatal closure (Brodribb
et al., 2003), along with Wp12, Wpso and Wess, corresponding to the water potentials
inducing 12%, 50% and 88% losses of conductance, respectively. Recent research has
described the variability of gres across leaf dehydration processes, hence promoting the
use of water potential thresholds to measure minimum (gmin) leaf conductance (Burlett et
al. 2025). We estimated gmin at each relevant threshold described above, to establish a
hydraulic trait that could facilitate interpretation and comparison between species. We
assume that the physico-chemical properties of the cuticle remain unchanged during
measurements, as the short time scale and use of detached leaves do not allow for the

biosynthetic changes typically observed during drought. Such changes in wax coverage,
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thickness, or composition have been reported to occur in-vivo only after 1 to 15 days
following drought initiation (Chen et al. 2020). In this context, we assume a constant
epidermal and cuticular conductance estimated at Wpss in order to have a minimal impact

of stomata.

2.3.4. Theoretical leaf conductance model
We used equation (3.3), based on (Ochoa et al. 2024), to estimate the theoretical

leaf conductance using anatomical properties (Table 3.2).

Dyama®’ dysy N Dyama®p dys;
Vna(4j + tVa) (X' + apfsy)  Vma(4j + V) (x' + apy/sy)

It teaf(@) =
(3.3)

+ (1 - %aﬂszSU) Gec T (1 - %aﬂzdLsL) Gec

, Where « is the stomatal aperture relative to maximum (circular pore) (unitless), du and
d. are stomatal densities (pores m2), su and s. are stomatal areas (m-?) for adaxial and
abaxial surfaces, respectively. x' is the mean free path in air (the mean distance a gas
molecule travels before colliding with another) (m), Dwa is the binary diffusivity of water
vapour in air (m? s?), Vma is the molar volume of air (m3 mol™), y and j are the
dimensionless scaling factors (Table S3.8), gec is the conductance of the non-stomatal
leaf surface area, i.e. of the cuticle conductance (mmol m s1) estimated using the DLML
method at Wpss for each species, as it provided gmin Values with the minimum stomatal

impact.

Based on previously formulated assumptions linking the influence of stomatal
anatomy on water vapor conductance (Franks & Beerling 2009; Dow et al. 2014; Sack &
Buckley 2016), this equation allows for variation in stomatal opening, decomposition of
conductance between the abaxial and adaxial surfaces, and inclusion of the non-stomatal
component in conductance. In order to compare values measured with a porometer,

which measures only one surface at a time, we applied the calculation exclusively of the
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abaxial surface using equation 3.4. Isolating the lower surface in the calculations was

particularly pertinent for H. annuus due to its amphistomatous leaves.

Dy malu’d, s
wa nagsy +(

T 2
: 1——apdys,)g (3.4)
Vna(4j + T[\/E)()(' + apy/s;) L L) “

IGth leaf abaxial () = 4

2.3.5. Assessments of stomatal leakiness using the infiltration method

Stomatal leakiness was assessed on 16 plants of L. tulipifera and 15 plants of H.
annuus. For daily monitoring throughout the experiment, a set of leaves on each plant
(seven leaves for L. tulipifera and three leaves for H. annuus) were marked with a
coloured tag on the petiole.

2.3.5.1. Leaf infiltration technique
For each plant, a set of two contiguous leaves with the closest possible

characteristics such as age, surface area and at an equivalent dehydration rate, were
collected. One leaf was used for the infiltration experiment and the second leaf was used
to assess water potential using a pressure chamber. Our system consists of a
hermetically sealed cylindrical vacuum chamber containing 5 litres of distilled water. Prior
to measurements, water was degassed using a vacuum pump and a magnetic stir plate.
The stomatal conductance of the leaf was measured before excision then the leaf was
excised using a razor blade, scanned, weighed and and then placed into the water filled
vacuum chamber. The infiltration process takes place in three phases (Ranjbaran & Datta
2019). Phase one: pressure reduction from atmospheric pressure to the pump's minimum
vacuum (c. -0.8 bars). This creates air bubbles on the surface of the leaf partly from the
air in the sub-stomatal cavities. The pressure is reduced linearly for 90 s until at least 90%
of the vacuum limit is reached. Phase two: the pressure continues to drop, but at a much
slower rate and air continues to escape from the leaves. The aim is to achieve maximum
depressurization of the cavities. Phase two lasts 60 s and 98% of the vacuum limit is
reached. Phase three: rapid re-pressurization to atmospheric pressure. Leaf cavities that
are free of gas and water at a lower pressure are filled with water. Re-pressurization takes
place almost instantaneously. Leaf infiltration is determined by the stomata opening, the

minimum pressure reached, the contact angle between the liquid and the gas, the surface
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tension and the viscosity of the liquid (Schénherr & Bukovac 1972). The Laplace-Young
law allows these parameters to be linked (Fry & Walker 1967):

AP =y (— + —) 1073 (3.5)

, Wwhere AP is the pressure differential (bar), y the surface tension of water (dyne cm-?),

R1 and Rz the radii of curvature of the stomata (cm).

As the stomata geometry can be reduced to an ellipse, the Laplace-young equation
can be re-written (Schonherr & Bukovac 1972; Hack 1974):

sin (6 + 2 %M
AP =2y <J> 1073 withr = — 2 (3.6)
r T+

, Where r1 and r2 are the semi minor axis and the semi major axis, 6 the contact angle
between the fluid and the cell wall (same value for both species fixed at 88°) and ¢ the
wall angle between the horizontal and the cell wall (estimated from Micro-CT images, with

53¢ for L. tulipifera and 60° for H. annuus).

Once the infiltration process was completed, water was removed from the leaves
surface before scanning and weighing. Image acquisition was performed using the
transmission mode with a bed scanner (V800, Epson, Japan). Image analyses were done
with ImageJ (Schneider et al. 2012) to estimate the total leaf area (cm?). The percentage
of infiltrated area, relative to the total leaf area, was estimated using a colour thresholding
function (Figure S3.1) of the HSB type, followed by a noise reduction function and finally
the particle analysis function calculating the infiltrated area (Figure S3.1). The result of an
infiltration is a binary classification of leaf area in which the stomata are open or closed
(Takanashi et al. 2006).

The capability of the system to infiltrate the leaf is verified by equation 3.6 and by
the anatomical properties of stomata. r1 is the semi minor axis and it's the pore aperture
(a, m) divided by 2 whereas the major axis rz is the length pore p (puand p. for the length
pore for the upper (adaxial) and lower (abaxial) surface) divided by 2. The maximum area
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(m?2) corresponds to a circle when a,,,, = p. With equation 3.6 we estimated for a specific
pressure difference AP the minimal percentage pore aperture (a,in = Amin/Amax) fOr
adaxial and abaxial surface a,,;, knowing the pore length. Below this value, infiltration is

not possible, whereas above it is.

Using the minimal percentage aperture (amin) estimated with equation 3.6 we

calculated the theoretical minimum leaf conductance for infiltration.

Theoretical leaf conductance estimated by equations 3.3 and 3.4 assume that
stomata over the entire leaf have the same aperture, indicated with the parameter a
(percentage aperture to a circular pore). In previous studies, leaf conductance measured
locally using infrared gas analyser (IRGA) can vary due to the variation in stomatal
aperture and density (Mott & Buckley 1998, 2000). To consider this heterogeneity, we
introduced into equation 3.4 a new parameter 3, corresponding to the percentage of

stomata using the same a:

Jtn leaf abaxial(a' .B)

< D, malu’d,s, ra Tod ) )[)’
= ——apd;s
Va4 + ) (' + aiysy) g M LB e (3.7)

+ (1 - %aﬂzdLSL) gec(l - ﬁ)

In order to estimate all possible values for the theoretical leaf
conductance, gen teaf abaxiar: WE developed a model using equation 3.7 with two nested
loops to systematically vary the parameters a and B within the range 0 to 1. Additionally,
we evaluate the global stomatal aperture (a) for different measured conditions during
drought-induced stomatal closure. To determine this value, we inverted equation 3.7,

knowing the gip iear abaxiar Measure via the porometer and the infiltrated area using the

infiltrated area as a proxy of 3 parameter.

2.3.5.2. Assessment of infiltrated areas using Micro CT
X-ray micro-Computed Tomography of H. annuus leaves were performed at the

PSICHE beamline (King et al. 2016) of the SOLEIL synchrotron (Saclay, France) to
evaluate if the infiltrated water inside the leaf is only due to open stomata and not by

wounds or cracks in the cuticle. Just before the infiltration for each leaf, we measured the
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stomatal conductance (gs) with a porometer (LI-600; LICOR, USA). Infiltrated leaves were
preserved between filter paper and tape in order to avoid desiccation during image
acquisition. Samples were then placed in an aluminium holder and mounted on the
sample stage. We moved the sample on the x-axis several times to obtain a continuum
and to visualise a large section of the leaf. We calculated the percentage of infiltrated
area on microCT images by using a segmentation method on the 2D images using

imageJ and compared it with the gs before the infiltration.

2.3.6. Dual chlorophyll fluorescence and thermal imaging

Dynamic responses of stomatal conductance (gs) and quantum efficiency of

Fq'

Fm/'

photosystem Il (CDPS,, = ) at low VPD, corresponding to high relative humidity levels

(between 70% and 99%), were assessed using a modified system developed at the
University of Essex (McAusland et al. 2013). We used the same system configuration and
open-top chamber as described in Faralli et al. (2024). Throughout the experiment and
during each analysis, ambient CO2 concentration (Cs) was maintained close to 400
umolco2 mol* while the photosynthetic photon flux density (PPFD) was maintained at 500
umol m2stinside the open-top chamber. The ambient temperature was maintained close
to 25°C and was recorded using a temperature sensor. The relative humidity (RH) was
regulated by a controlled evaporating mixer unit and measured with an infrared gas
analyser (IRGA) (Li- 840, LI-COR, NE, USA). Change in vapour pressure deficit (VPD)
was performed by changing the relative humidity into the chamber. A leaf connected to
the rest of the plant was placed in the open-top chamber and a paired image (thermal
and chlorophyll a fluorescence) was recorded every minute during 10 minutes at low VPD.
To visualise the impact of stomatal kinetics on photosynthetic performance, we inhibited
photorespiration as a sink for the end product of electron transport by reducing the oxygen
concentration to 2% (Murchie & Lawson 2013) (Figure S3.5).

The evaporative cooling effect of transpiration can be used for the estimation of
stomatal conductance (gs). For this reason, gs was estimated following the equations
proposed by Leinonen et al., (2006) and Jones et al., (2009) using a dry temperature
reference with equation 3.8:
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1 __ PCpTur [s(T; — T,) + D]
Is YPCp (Tl - Tdry)

— Taw (3.8)

, Where Ti, Ta and Tdary were the leaf, air and dry temperature (°C), respectively. Tary
corresponded to leaf temperature apex covered with grease. raw (raw=0.92.ru, Jones et
al., 2009) was the boundary layer resistance to water vapour (s m™). ry is the sensible
resistance estimated in our system at 15.38 s m™ (gv= 0.065m s™) and can be
assimilated to the boundary layer resistance. p was the density of air (kg m~3), ¢, was the
specific heat capacity of air (J kg™t K™), s was the slope of the curve relating saturating
water vapour pressure to temperature (Pa °C™1), y was the psychrometric constant (Pa
K1), D was the air vapour pressure deficit (Pa) and r+r is the parallel resistance to heat

and radiative transfer (s m™) as calculated with equation 3.9:

Typ = THTR and r, = P
HR = o 4+ 1q R™ 4e0(T, 4+ 27.15)3

(3.9)

, Where ¢ is the emissivity (fixed at 0.965) and o is the Stefan-Boltzmann constant
(5.6703.10% W m=2 K*4). Although emissivity changes during leaf dehydration, for
convenience we have chosen to use a constant value. gs is converted in mmol m? s?

using the perfect gas equation from equation 3.10:

gs(molm™2s™1) Pagm

= (3.10)
gs(ms—1) 8.314 * (T, + 273.15)

2.3.7. Data processing and analysis

All data processing and analysis were carried out using RStudio 2022.12.0+353
(R Core Team 2020). To compare data between the different drought classes, a one-way
ANOVA with Tukey HSD post hoc test was performed after checking for normality and
homogeneity of variance. Non-parametric tests were used, when normality was not

reached. Data are expressed as mean * se. Coefficient of variation is expressed as the

ratio of standard deviation to the mean (cv = )
mean
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2.4. Results

2.4.1. Dynamics of stomatal conductance (gs) and minimum leaf
conductance (gmin) during drought

Maximum stomatal conductance (gsmax) of well-watered leaves (before the turgor
loss point), was 362.01 £ 52.32 mmol m~2 s for Liriodendron tulipifera and 732.97 +
51.12 mmol m~2 s71 for Helianthus annuus (Figure S3.4). After a sharp decline, minimum
stomatal conductance (gs,min) occurred at water potentials beyond Weso, reaching minimal
values. These values correspond to less than 1% of the maximum stomatal conductance
(gs.max), expressed as relative stomatal conductance (gs,rel, %) for the respective species
(Figure S3.4).
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FIGURE 3.1: Minimal leaf conductance at different drought-induced physiological thresholds in
Liriodendron tulipifera (a) and Helianthus annuus (b).

Wup, W12, Wso, Wss are the water potentials at turgor loss point, 12%, 50% and 88% losses of stem hydraulic
conductance, respectively. Horizontal lines, boxes and bars show the median, quartiles and extreme
values, respectively. Grey dots are individual leaves, data points and letters indicate significant differences
across different thresholds as indicated with a one-way ANOVA with Tukey HSD post hoc test. Sample size
is 9 and 14 for L. tulipifera and H. annuus, respectively.
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For both species, minimum leaf conductance (gmin, Jres estimated at Wup, Wri2,
Weso and Wrss) decreased with increasing water stress but no significant differences were
observed between the different hydraulic thresholds for L. tulipifera (Figure 3.1a). In
contrast H. annuus (Figure 3.1b), had a significant decrease of gmin Over the dehydration
period, with the lowest gmin values found at Wpss (Table 3.3). Significant differences in
minimum leaf conductance were observed between species during dehydration and for
all hydraulic thresholds, with H. annuus exhibiting 7-fold higher values at Wup and 3-fold
higher values at Weso compared to L. tulipifera (Figure 3.1 and Table 3.3).

TABLE 3.3: Average and standard error of minimum leaf conductance (gmin) and coefficient of variation at
different drought-induced hydraulic dysfunction thresholds.

Letters indicate significant differences across different thresholds as indicated with a one-way ANOVA with
Tukey HSD post hoc test.

Liriodendron tulipifera Helianthus annuus
Mean + se Coefficient of Mean + se Coefficient of
variation variation

Unit mmol m? st - mmol m?s?t -
Omna@tp 5.84%0.742 0.38 41.3+7.392 0.62
Omn@pr12 9.74%0.722 0.37 25.7 £5.14% 0.70
Omn@pPso 5.13 +0.552 0.32 15.9+3.15> 0.68
Omin@pPss 4.66 + 0.462 0.29 10.5+2.14°> 0.70

2.4.2. Relative contribution of stomatal conductance to gmin

Cuticular conductance, estimated using the DLML at Wpss, to ensure minimal
stomatal impact was 4.66 * 046 mmol m? st! for L. tulipifera and
10.50 * 2.14 mmol m 2 s for H. annuus. Assuming a constant cuticular conductance
throughout the dehydration process, the stomatal relative contribution ranged from
20.21% at Wup to 9.16% at Weso for L. tulipifera. In contrast, for H. annuus, the stomatal
relative contribution ranged from 74.58% at Wup to 33.96% at Weso. At Weso, therefore, the
stomatal relative contribution to minimum leaf conductance was 3-fold higher in H. annuus

than in L. tulipifera.
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2.4.3. Dynamics of leaf infiltration during drought

We observed similar trends in water infiltration dynamics for both species,
characterised by a decrease in the infiltrated area with decreasing Wiear (Figures 3.2; 3.3).
The total leaf infiltrated area observed is in reality the sum of unitary infiltrated areas
formed by the Bundle Sheath Extension (BSE) network, confirming the heterobaric leaf
structure of Liriodendron tulipifera and Helianthus annuus (Figure S3.2). The relationship
between infiltration area and water status followed a four-parameter logistic model (Figure
S3.4), with a sharp decrease in infiltration area before Wup for L. tulipifera (Figure 3.3a)
with a significant difference between leaves with Wiear higher than Wi, and others classes
(inset Figure 3.3a). For H. annuus (Figure 3.3b), a sharp decrease in infiltration area
occurred close to Wip with a statistical difference between drought classes (inset Figure
3.3b). The lowest infiltration area was reached before the turgor loss point in L. tulipifera
(Figure 3.3a) and between Wup and Wei2 in H. annuus (Figure 3.3b). Under severe
dehydration, below Wpso, the average total infiltrated area was similar for both species,
9.1 £2.3 % in L. tulipifera (Figure 3a) and 9.2 + 2.9 % in H. annuus (Figure 3.3b). While
post-Weso infiltration areas were equivalent in both species (c. 9%), we observed the
highest variability in infiltration surfaces between Wup, and Weso for H. annuus (Figure
3.3b).
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FIGURE 3.2:Infiltrated area along a water stress gradient in Liriodendron tulipifera and Helianthus annuus.
Black areas correspond to the infiltrated area. Percentages indicate the proportion of infiltrated area relative

to the total leaf area.
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FIGURE 3.3: Leaf infiltration in Liriodendron tulipifera (a) and Helianthus annuus (b) as a function of water
potential.

Dots represent individual leaves. Solid red regression corresponds to the fit according to a logistic model
The result fo the fit (solid red line) are available in the TABLE S 3.2. Dashed lines represent Wyp (water
potential at tugor loss point) dotted line represent Wei2 (Water potentials inducing 12% losses of
conductance in the stem) and long-dashed lines represent Weso (Water potentials inducing 50% losses of
conductance in the stem). Insets: boxplot representations of leaf infiltration by drought stress class.
Horizontal lines, boxes and bars show the median, quartiles and extreme values, respectively. letters
indicate significant differences across different thresholds as indicated with a one-way ANOVA with Tukey
HSD post hoc test. Dots represent individual infiltrated leaves, shapes and colours represent drought stress
classes (No stress [0, Wip]: blue circle; Mild stress [Wup, Wrso]: green triangles and Severe stress [Weso, -
Inf]: red diamonds).

Using microCT, we imaged water infiltration inside the mesophyll of four H. annuus
leaves (Figure 3.4a). A comparison of the percentage of intercellular air spaces between
leaves with low (below 50 mmol m~s) and high (above 280 mmol m~*st) gs, measured
before infiltration, showed significant differences between both groups (Figure 3.4b).
Leaves with low gs had an average intercellular air area of 24.5 + 3.3% whereas leaves
with high gs showed an average intercellular air area of 16.2 + 7.4%, indicating a higher
degree of water infiltration. Water infiltrated mainly into air spaces within the spongy
mesophyll but importantly zones of the palisade mesophyll were also infiltrated in leaves
with high gs (Figure 3.4a). These observations suggest that leaf infiltration occurs through
open stomata and that water infiltrates the mesophyll intercellular air spaces and not only

the substomatal cavity (Figure 3.4).
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FIGURE 3.4: Water infiltration within Helianthus annuus leaf.

(a) micro-CT image showing the full thickness of the leaf after infiltration illustrating a leaf with low and high
infiltration in different zones of the leaf. (b) comparison of the intercellular air space after infiltration for
different leaves with high and low stomatal conductance. Horizontal lines, boxes and bars show the median,
guartiles and extreme values, respectively. The grey dots come from different parts of scans from four
different leaves. Significance of Wilcoxon test: ***, p-value < 0.001.

2.4.4. Relationship between residual leaf conductance and infiltration area

We found significant positive correlations between residual leaf conductance
calculated with the DLML method and infiltration area in both species (Figure 3.5)
(r = 0.94; p <0.05 for L. tulipifera and r = 0.97; p< 0.0001 for H. annuus). For L. tulipifera
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(Figure 3.5a), leaves under moderate water stress (water potentials ranging between -2
and -2.5 MPa), with the minimum infiltrated area (7.0 £ 1.1%) had the lowest residual leaf
conductance values (4.0 = 0.2 mmol m2 s1). We observed an increase of the residual
leaf conductance to a maximum value of 9.6 + 1.4 mmol m2 s on well-watered leaves
(water potentials ranging between 0 and -0.5 MPa), corresponding to the maximum of
infiltration (81.8 £ 2.8%). Moreover, gmin Values estimated at different hydraulic thresholds
on the residual leaf conductance response curve correspond to an area infiltration of less
than 20%.

For H. annuus (Figure 3.5b), leaves under severe water stress (water potentials
ranging between -3.5 and -4 MPa), inducing a minimal value for the residual leaf
conductance (6.1 = 0.9 mmol m2 s1), showed a minimum infiltrated area of 6.97%. The
dynamic of the gres Values as a function of the infiltration area is more linear for H. annuus
with a positive increase to a maximum of 34.6 + 15.3 mmol m~ s, corresponding to a
maximum of infiltration area of 70.2% and well-watered leaves (water potentials ranging
between 0 and -0.5 MPa). Due to the large range of gmin values along the hydraulic
thresholds, such gmin values are reached at infiltrated area levels ranging from 80% to
20% (Figure 3.5).
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FIGURE 3.5: Residual leaf conductance as a function of percentage of infiltrated leaf area for L. tulipifera
(a) and H. annuus (b).

Dotted lines represent the minimal leaf conductance gmin calculated at different hydraulic thresholds.
Pearson's correlation for L. tulipifera (a): R=0.94; p-value < 0.05 and for H. annuus (b): R=0.97; p-value <
0.0001. Error bars for each dot represent the standard error.
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2.4.5. Quantification of stomatal closure by thermal and fluorescence imaging

To visualise the impact of stomatal closure in H. annuus under varying water
conditions the quantum efficiency of photosystem Il (Prsi) was measured under non-
photorespiratory conditions, which was achieved by reducing the surrounding oxygen
concentration to 2% (demonstrated in Figure S3.6). During the drought sequence, a
spatial decline in ®psi was observed, accompanied by the appearance of distinct patches
with lower ®psiivalues after the turgor loss point (Figure 3.6a). As water stress progressed
beyond the turgor loss point, ®psii continued to decline significantly, eventually reaching
a plateau after Wp12 (Figures 3.6b and 3.6¢). As the severity of drought increase, up to
the Weso threshold, ®psi decreased and the size of the patches became smaller and more
uniform over the leaf. Additionally, the standard error of ®ps)i (Figure 3.6b) remained low
before Wiup but increased significantly between Wi, and We12, indicating strong variation
in ®psi between turgor loss and hydraulic dysfunction. ®psii increased non-linearly with
increasing stomatal conductance (Figure 3.6d), reaching its maximum value at gs around
245 mmol m~2 s71, At higher gs, ®psi stabilised around 0.52 (Figure 3.6d).
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FIGURE 3.6: Quantum efficiency of the photosystem Il (®rsi) under drought stress in H. annuus. ®ps)
images at different water potentials (a).

®psii as a function of water potential (b). Dots represent the mean value of ®rs) for average leaves and
errors bars the standard deviation. The water potential thresholds inducing Wy (dashed line), W12 (dotted
line) and Weso (long dashed line) are indicated. Boxplot representation of ®psi in different drought stress
classes (c). Horizontal lines, boxes and bars show the median, quartiles and extreme values, respectively.
Letters indicate significant differences across different thresholds as indicated with a one-way ANOVA with
Tukey HSD post hoc test. Dots represent individual leaves, shapes and colours represent drought stress
classes (No stress [0, Wup]: blue circle; Mild stress [Wup, Weso]: green triangle and Severe stress [Weso, -Inf]:
red diamonds). Relationships of quantum efficiency (®psi) and stomatal conductance (gs) (d).

2.4.6. Leaf theoretical conductance and infiltration
The minimal stomatal pore aperture (amin) required for infiltration is strongly

influenced by pressure differentials (around 0.8 bar) and the anatomical characteristics
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specific to each species. In our study, amin for L. tulipifera was 0.09 (9%) for the abaxial
surface only, whereas for H. annuus, it was equal to 0.10 (10%) and 0.11 (11%) for the
abaxial and the adaxial surfaces, respectively. These minimal pore percentage apertures,
applied to equation 3.3, allows us to determine three different minimal leaf theoretical
conductance estimations for H. annuus, where gy 1eqf,min 1S the sum of g.p, 1eqf abaxiatmin
and gin ieaf adaxialmin (Table 3.4). The resulting theoretical gy jeqfminvalues at minimal

stomatal aperture for infiltration amin were high for both species, indicating that, below this

theoretical value, infiltration is not possible.

TABLE 3.4: Theoretical minimum leaf conductance for the abaxial and adaxial surfaces in H. annuus and
L. tulipifera at minimum stomatal aperture for infiltration.

Liriodendron tulipifera Helianthus annuus

gth leaf min (mmol m-2 S_l)T 153.72 528.12
Ith leaf abaxial,min (mmOI m_2 S-l)T 149.07 341.40
Ith leaf adaxial,min (mm0| m—2 S_l)T 4.65 186.72

FTheoretical values were calculated with stomatal anatomical features using equation 3.3.

We also observed a large difference in both species for g:x ieqf abaxialmaxWith H.
annuus showing a value 2-fold higher than L. tulipifera (1011.29 mmol m-? sand 2001.72
mmol m2 s for L. tulipifera and H. annuus, respectively), when the parameter a (i.e. the
stomatal aperture relative to maximum) is set equal to 1 (Figures 3.7a and 3.7b). These
theoretical values are 2.79-fold higher for L. tulipifera and 2.73-fold higher for H. annuus

than gsmax, the maximum stomatal conductance measured with a porometer.

Our results show that as a and 8 increase, the curvature for the same gp, jeaf abaxiai
value decreases. At lOW g jeaf adaxiar Va@lUe (close to 100 mmol m=2 s or below), the

interdependence between a and 3 means that a large number (8 >60%) of open stomata
with a low aperture (a <20%) can give the same conductance as a smaller number (3

<10%) of widely open stomata (a>70%).
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Maximal values of stomatal conductance before infiltration represented by dots
(Figures 3.7a and 3.7b) correspond to a large area (3 above 60% for both species) with
moderate pore apertures for both species (a between 20% and 60%). However, a high
pore aperture (a above 70%) is associated with a minimal infiltrated area for H. annuus
(B below 20%) (Figure 3.7b). We observed a decrease in both surface and stomatal
aperture according to the water potential for both species but with a higher variability for

H. annuus (grey gradient for both species, Figures 3.7a and 3.7b).
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2.5. Discussion

Studying stomatal behaviour beyond the turgor loss point is essential for predicting
plant responses to extreme drought. Using the detached leaf mass loss (DLML) method
and leaf infiltration, our study reveals that stomatal leakiness occurs in both species
examined, but not with the same temporal dynamics. Notably, stomatal leakiness was still
observed under severe drought conditions (ca. Weso), contributing significantly to residual
leaf conductance. An increase in spatial heterogeneity of stomatal closure, particularly
beyond the turgor loss point in H. annuus and until severe drought conditions (ca. Weso),
suggests localised regulation of water loss under stress. Spatial heterogeneity in stomatal
aperture was demonstrated by two independent methods, dual-imaging and leaf
infiltration, reflecting a spatiotemporal response and a local collective behaviour of
stomata. Incorporating heterogeneity in stomatal closure, based on the proportion of
infiltrated leaf area, into stomatal conductance models highlights the importance of
accounting for both stomatal patchiness and leakiness to improve plant productivity and

estimation of plant survival under drought.

2.5.1. Assessing the role of stomatal leakiness in residual water loss during leaf

dehydration

2.5.1.1. Minimum leaf conductance along a drought gradient
Like stomatal conductance, minimum leaf conductance (gmin) does not remain

constant and decreases during dehydration. Across the drought sequence, two
contrasting patterns emerged: L. tulipifera exhibits rapid stomatal closure immediately
after reaching the turgor loss point, followed by stabilisation of minimum leaf conductance
(gmin). In contrast, H. annuus displays a gradual and continuous decline in minimum leaf
conductance, indicative of slower stomatal closure. Our findings corroborate recent
findings (Burlett et al. 2025) highlighting the dynamics of minimal leaf conductance (gmin)
between a long-lived tree species and an annual crop. Variability in minimum leaf
conductance observed at specific hydraulic thresholds, particularly for H. annuus, may
stem from the wide range of pre-drought initial stomatal conductance values. This
phenomenon is especially pronounced in amphistomatous species such as H. annuus
where high stomatal density increases the potential for conductance variability (Earley et
al. 2024). Conductance variability at low water potentials could be attributed to changes
in osmotic pressure. Indeed, H. annuus possesses the capability of an important osmotic

adjustment, thereby altering osmotic pressure and providing high plasticity in this species
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(Cardoso et al. 2018, 2020), whereas in L. tulipifera osmotic adjustment is low (Abrams
& Kubiske 1993).

2.5.1.2. Contribution of stomatal leakiness to the residual leaf conductance
along a drought gradient
The influence of stomatal leakiness on residual leaf conductance is evident

throughout the drought sequence. Under low water potential conditions, a part of this
residual conductance can be attributed to incomplete stomatal closure, which contributes
to plant dehydration alongside cuticular water loss. Quantifying the magnitude of this
leakage is complex due to the small water fluxes involved (Marquez et al. 2025). For
instance, minimum leaf conductance (gmin; accounting both stomatal and cuticular
fractions) at Weso represented 1.4% for L. tulipifera and 2.2% for H. annuus of maximal
stomatal conductance. However, despite these low values, our study based on leaf
infiltration, indicate that stomata were not fully closed even at water potentials below Weso.
Although inherently destructive, the leaf infiltration method proves simple and effective
for revealing spatial and temporal stomata contribution to water loss particularly when
commercial instruments lack the sensitivity to detect such small water fluxes. However,
the leaf infiltration method only reveals whether stomata are open or closed at a specific
infiltration pressure, providing a binary result (Lawson et al. 1998b). This limits its ability
to interpret the degree of stomatal aperture and, by extension, restricts accurate
interpretation of stomatal conductance (Lawson et al. 1998b; Takanashi et al. 2006).
Micro-CT imaging confirmed that infiltrated water enters through the stomata, not through
cracks or wounds, and reaches beyond the sub-stomatal cavity into the air spaces
between mesophyll cells, thus validating the leaf infiltration method. This shows that
stomata connect directly to internal mesophyll air spaces, which is key for gas exchange
(Baillie & Fleming 2020; Whitewoods 2021). Even at critical low water potentials below
Weso, a small proportion of stomata (amin closed to 10 %) remained sufficiently open to
allow infiltration. In L. tulipifera, cuticular conductance dominates as a major mechanism
of water loss during leaf dehydration, consistent with rapid stomatal closure (Figures 3.1
and 3.5). However, this did not eliminate stomatal leakiness, which remained low but
persistent throughout the drought sequence. In contrast, in H. annuus, stomatal leakiness
remained important and consistent throughout dehydration, highlighting a more persistent

contribution of stomatal leakiness in residual leaf conductance.

83



Chapter 3: Stomatal leakiness under drought: a key driver of residual conductance in leaves

Leaky stomata seem to be widespread across diverse plant clades, as shown in
recent studies (Brodribb et al. 2016; Machado et al. 2021). Leakiness, particularly during
drought, may result from the interaction of opposing signals, potentially preventing
complete closure of the stomata and leading to leakage. Alternatively, passive dynamic
closure controlled exclusively by local water status is also possible but so far this feature
is only present in species with highly embolism-resistant xylem (Mercado-Reyes et al.
2024), which is not the case for the species investigated in this study. Further
mechanisms of incomplete stomatal closure may also be linked to stomatal anatomy as
the inability of full closure has been evidenced in Arabidopsis thaliana, another species
with kidney-shaped guard cells (Woolfenden et al. 2017; Yi et al. 2022).

2.5.1.3. The potential of stomatal leakage inclusion into models of drought-
induced mortality
Stomatal leakiness constitutes a significant component of minimum leaf

conductance. Due to the spatial heterogeneity revealed by leaf infiltration patterns,
stomatal leakiness influences the overall water loss dynamics during the dehydration
process. This variability at each hydraulic threshold and along the drought sequence
should be included into mechanistic soil-plant-atmosphere models such as SurEau
(Cochard et al. 2020; Ruffault et al. 2022) to improve predictions of fatal hydraulic failure
risk under extreme drought. This would enable more accurate estimation of the time to
hydraulic failure defined as the interval between the turgor loss point and 88% loss of
conductance (Urli et al. 2013; Li et al. 2016) and allow a better estimation of the stomatal
margin retention index (SMRIlyso) (Petek-Petrik et al. 2023) which quantifies the time
required to cross the stomatal safety margin (SSM) defined as the difference between
water potential at 90% stomatal closure (Wgsoo) and Wei2, Wrso and Wess (Creek et al.
2020). To improve modelling accuracy, minimum leaf conductance values with standard
error estimated at various hydraulic thresholds or residual leaf conductance during
dehydration with confidence intervals can be incorporated as functions of time-dependent
variables such as water potential, or relative water content (RWC). Using a constant value
for the minimum leaf conductance throughout the dehydration process could introduce a
significant error such as predicting an early or later time of hydraulic failure (Burlett et al.
2025).
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2.5.2. Exploring the physiological significance of spatiotemporal heterogeneity in

stomatal closure through imaging and modelling

2.5.2.1. Shedding light on stomatal patchiness during drought
Our results highlight that spatial variation in stomatal conductance is strongly

influenced by both stomatal pore size and density. This is evident in the heterogeneous
distribution of infiltrated surfaces observed at the onset of stress and beyond in both
species (Figures 3.2 and 3.6a). These findings suggest that stomatal closure does not
occur uniformly but rather in distinct regions, a phenomenon known as stomatal
patchiness (Beyschlag et al. 1992; Mott et al. 1993; Weyers & Lawson 1997; Lawson et
al. 1998b; Mott & Buckley 1998; Lawson & Weyers 1999; Mott & Peak 2007). These
independent patches of closure underline the complex and localised regulation of stomata
under stress conditions. Such heterogeneity is clearly captured by both infiltration (Figure
3.2) and quantum efficiency of photosystem Il (®psi) at 2% Oz (Figure 3.7a) (Hofmann et
al. 2025), shown by the formation of patches of varying sizes at different drought levels.
As water stress increases, patch area decreases, resulting in numerous small, irregularly

distributed conductive areas/areoles across the leaf surface.

2.5.2.2. Influence of stomatal patchiness and leakiness on leaf water loss
during drought
Dual fluorescence and thermal imaging provided complementary insight into

stomatal closure dynamics during drought, linking water loss with CO2 assimilation.
Spatial images show heterogeneity in both quantum efficiency of photosystem Il (®Ppsi)
and transpiration (measured as leaf temperature) across the leaf surface. Notably, ®psi
offered higher spatial resolution than thermal imaging due to camera resolution. This
advantage arises from limitations in thermal imaging precision of the thermal camera and
the thermal spread caused by the boundary layer. Moreover, ®psii, has been validated as
a reliable proxy for detecting stomatal patchiness (Mott et al. 1993; Lawson 2009;
Kamakura et al. 2012; Vialet-Chabrand et al. 2024). The observed variability in ®psii
(Figure 3.6) suggests an inherent trade-off between transpiration (water loss) and CO,
assimilation (carbon gain), driven by localised differences in stomatal closure. This spatial
heterogeneity arises from the physiological phenomenon of stomatal patchiness, where
distinct leaf regions exhibit different stomatal apertures; some remain open or leaky to

permit minimal CO, uptake with water loss, while others remain closed, restricting both
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fluxes. Low ®psii is due to stomatal closure and rapid consumption of CO2 with limited

vertical and horizontal gas fluxes diffusion (Morison et al. 2005; Lawson & Morison 2006).

Patchiness observed on the surface is related to heterogeneous water potential
within the leaf (Mott & Buckley 2000). During prolonged drought, this internal water
potential heterogeneity becomes more severe, amplifying patchiness. Even after
apparent stomatal closure, the persistence of leaky stomata points to a localised trade-
off between carbon uptake and water loss through minimum leaf conductance (Machado
et al. 2021). Higher minimum leaf conductance characterised by smaller and numerous

stomata allows a greater assimilation rate and a higher iWUE (iWUE = gi) (Drake et al.

2013; Lawson & Vialet-Chabrand 2019) but, especially during prolonged drought, has a
negative impact on plant survival (Machado et al. 2021). Moreover, this spatiotemporal
organisation of stomatal activity along a drought sequence likely plays a crucial role in
optimising carbon gain relative to water loss. Gas-exchange measurements especially
during drought, can be affected by heterogeneous stomatal behaviour (i.e. stomatal
patchiness) across the leaf surface leading to an overestimation of intercellular CO,
concentration (C;) which is based on stomatal conductance (gs) (Mott 1995; Boyer 2015).
Indeed, in the Stomatal Network Model (Peak et al. 2023) stomatal patchiness is highly
correlated to the water use efficiency where patchiness can increase intrinsic water-use
efficiency in the short term by concentrating transpiration in open stomatal regions,
reducing overall water loss per unit carbon fixed. The variation in stomatal patchiness due
to stomatal pore opening over time increases the difficulty of estimating an accurate iWUE
for the whole leaf. New technologies such as the use of non-destructive hydrogel
nanoreporters within the leaf (Jain et al. 2021) recently highlighted the significant spatial

variability of water potential and its implication within the same leaf (Jain et al. 2023).

Stomatal aperture is related to turgor pressure of the guard cells and epidermal
cells in a non-linear manner (Franks et al. 1998). Depending on the species, epidermal
cells play an important role in the relationship and can lead, in some species, to a minimal
stomatal aperture above zero, creating water vapor leaks (Franks et al. 1998; Franks &
Farquhar 2007). We can hypothesise that during drought, a reduction in turgor pressure
within epidermal cells diminishes their mechanical influence or back pressure on stomatal
closure, leading to stomatal leakage (Buckley 2019). Further studies linking water

potential variability within a leaf with ®psi at low oxygen level coupled with thermal
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imaging would be helpful to better understand the trade-off between water loss and CO2

assimilation (Hofmann et al. 2025).

2.5.2.3. Modelling the spatiality of theoretical leaf conductance
Implementing stomatal patchy behaviour into models is possible using statistical

approaches (Takanashi et al., 2006) or using a spatially explicit approach (Haefner et al.,
1997). Models based on spatially connected networks (Mott & Peak 2007) and cellular
automata suggest an emergent phenomenon (Peak et al. 2023) and explore new ways
to understand how stomatal coordination influences gas exchange and water use
efficiency. Although leaf infiltration highlights spatial heterogeneity and stomatal
patchiness, its binary nature and high variability complicate both interpretation and
guantification, making it difficult to incorporate reliably into leaf-scale modelling
frameworks. Chlorophyll fluorescence imaging, on the other hand, is a more precise
method, providing the same kind of pattern but with a gradient rather than a binary result
(Figure 3.2 and 3.6). A recent model (Ochoa et al. 2024) for estimating theoretical leaf
conductance considers variation in pore opening but not their spatial repatrtition. In fact,
the theoretical minimum leaf conductance for infiltration, estimated using a,,;,, in equation
3.3, is expected to allow infiltration only above this threshold. However, our
measurements showed that infiltration can occur even at stomatal conductance values
lower than the one predicted by the model (cf. a,,;, in equation 3.3). Since infiltration
occurs at stomatal conductance levels lower than those predicted by theoretical minimum
leaf conductance, theoretical values are overestimated due to the omission of spatial
heterogeneity in stomatal aperture. Chlorophyll fluorescence imaging in contrast to
infiltration provides a promising venue for visualising spatial variability and represents a

step toward developing models that explicitly incorporate stomatal heterogeneity.

2.6. Conclusion
Located at the interface between plant and atmosphere, stomata are key
regulators of gas exchange under both optimal and drought conditions. Our study
demonstrates that stomatal leakiness plays a pivotal role in determining minimum leaf
conductance. Our results provide clear evidence of both the presence and persistence of
leaky stomata throughout the drought sequence, even beyond Weso, for both species

underscoring the critical influence of stomatal closure on minimum leaf conductance. By
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combining spatial techniques such as leaf infiltration, chlorophyll fluorescence and
thermal imaging, we gain valuable insight into the spatial heterogeneity of stomatal
closure. These approaches reveal patchy stomatal patterns that evolve with drought
stress intensity. Incorporating spatial heterogeneity and leakiness into mechanistic
models might significantly improve the accuracy of predicting the time to hydraulic failure.
Finally, our findings not only highlight the physiological relevance of stomatal leakiness
during drought but also emphasise the need to account for these dynamics to better
understand plant adaptation in the context of increasingly frequent and intense drought

conditions driven by climate change.
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2.8. Supporting information

The following Supporting Information is available for this article:

FIGURE S3.1: Sequence to estimate infiltrated area using ImageJ

FIGURE S3.2: Infiltration pattern

FIGURE S3.3: Relationships of infiltrated area (®rsi) and stomatal conductance (gs)

FIGURE S3.4: Relative value of leaf infiltration and stomatal conductance as a function

of water potential

FIGURE S3.5: Same leaf under the same environmental conditions except oxygen

concentration in the air flow with (a) 21% and (b) 2%.
TABLE S3.6: Two-parameter model results for L. tulipifera and H. annuus
TABLE S3.7: For-parameter logistic model results for L. tulipifera and H. annuus

TABLE S3.8: Constant used for the theoretical leaf conductance for both species

FIGURE S 3.1: Sequence to estimate infiltrated area using ImagedJ (example on Tulip tree’s leaf.

(a) is non-infiltrated leaf, (b) is the infiltrated leaf, (c) is the thresholding with only infiltrated area (shown
only here in the part of the leaf) and (d) is a binary image from thresholding used with the particle analysis
function in ImageJ to estimate the relative infiltrated area.
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‘ Helianthus annuus
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FIGURE S 3.2: Infiltration pattern for L. tulipifera (leaf) and H. annuus (right). Light green represents the
infiltrated zone.
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FIGURE S 3.3: Relationships of infiltrated area (®esi) and stomatal conductance (gs) for Liriodendron
tulipifera (a) and Helianthus annuus (b).
Dots represent individual leaves. Solid red regression corresponds to the fit according to a logistic model.
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FIGURE S 3.4: Relative value of leaf infiltration and stomatal conductance as a function of water potential
in Liriodendron tulipifera (a) and Helianthus annuus (b).

Black dots represent the relative stomatal conductance (gsrel), red dots represent individual infiltrated
leaves. Solid black and red regressions correspond to the fit according to a logistic model. The water
potential thresholds inducing Wup (dashed line), W12 (dotted line) and Weso (long dashed line) are indicated.

FIGURE S 3.5: Same leaf under the same environmental conditions except oxygen concentration in the air
flow with (a) 21% and (b) 2%.
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TABLE S 3.1: Two-parameter model results for L. tulipifera and H. annuus
Liriodendron tulipifera fit results Figure S3.3a

Formula: Infiltrated area ~ (A * gs)/(B + gs)

Estimate Std. Error  tvalue Pr(>|t|)
A 81.706 10.681 7.649 2.31E-07 ***
B 7.086 6.763 1.048 0.307

Residual standard error: 19.36 on 20 degrees of freedom

Helianthus annuus fit results Figure S3.3b

Formula: Infiltrated area ~ (A * gs)/(B + gs)

Estimate Std. Error tvalue Pr(>|t))

A 108.04 14.82 7.29 6.44E-  ***
09

B 309.16 100.16 3.087 0.00362 **

Residual standard error: 15.42 on 41 degrees of freedom

TABLE S 3.2: For-parameter logistic model results for L. tulipifera and H. annuus
Liriodendron tulipifera fit results Figure 3.3a and Fig S3.4a

Formula: Infiltrated area ~ C + A/(1 + exp((Xo - Water potential)/B))

Estimate  Std. Error tvalue Pr(>|t))

A 79.8277 30.811 2.591  0.01845 *
1

B 0.1902 0.1499 1.269  0.220506

Xo -0.8441 0.2132 -3.96 0.18E-04  ***

C 10.8878 6.8025 1.601  0.126876

Residual standard error: 17.49 on 18 degrees of freedom
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Helianthus annuus fit results Figure 3.3b and Figure S3.4b

Formula: Infiltrated area ~ C + A/(1 + exp((Xo - Water potential)/B))

Estimate Std. Error t Pr>|t)
value
A 76.945 30.973 2.484 0.01738 *
1
B 0.1531 0.1066 1.435 0.15913
Xo -0.9087 0.149 -6.098 3.78E-07 ***
C 16.230 4.5871 3.538 0.00106 **

Residual standard error: 21.34 on 39 degrees of freedom

TABLE S 3.3: Constant used for the theoretical leaf conductance for both species

Definition Abbreviation Value Unit
Mean free path in air X' 6.67.10° M
Binary diffusivity of water vapour in  Dwa 2.55.10° m2 st
air.

Molar volume of air Vma 2.44.10° m2 mol!
Ratio of pore depth to pore length | 0.5 unitless
Ratio of pore length to stomatal M 12 unitless

length to the square root of j
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Chapter 4 Beyond individual stomata: the importance of
collective behaviour during drought

This chapter is presented in the form of a paper entitled: Revealing stomatal

patchiness under drought in sunflower plants. by G. Forget, R. Burlett, J. Joubes, S.
Delzon and T. Lawson.
The dual imaging experiment was performed during a five-month international mobility at
the University of Essex, England. A set of Python functions have been developed,
explained in detail in appendix A2 and available on this repository https://gitub.u-
bordeaux.fr/guforget/thermal-and-fluorescence-images-analysis

1. Short introduction

The previous chapter highlighted the role of stomatal leakiness in contributing to
residual water loss and introduced the spatial heterogeneity arising from the collective
behaviour of stomata. This collective behaviour, known as stomatal patchiness, has been
the subject of numerous researches focusing on the impact on gas exchange, yet its
dynamics under progressive drought conditions remain poorly understood. In this
chapter, we study stomatal spatial response at two distinct but closely related time scales.
The first represents a long-term progressive water stress, driven by declining soil water
availability. The second reflects a short-term response occurring within minutes. By
combining thermal and chlorophyll fluorescence imaging, we will emphasise that stomatal
patchiness emerges as a spatiotemporal response to drought. This spatial behaviour can
persist until advanced levels of water stress, maintaining localised regulation of gas

exchange.
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2. Revealing stomatal patchiness under drought in sunflower plants

2.1 Abstract

Stomatal patchiness, a spatial and temporal stomatal behaviour is a well-known
stomatal response to environmental fluctuations such as changes in light intensity or
vapour pressure deficit. However, what is its contribution as an adaptive strategy for gas
exchange and photosynthesis during a progressive drought? Using thermal and
chlorophyll fluorescence imaging under low oxygen concentration during drought, we
highlighted that stomatal patchiness is a one of the leaf-level drought responses in
Helianthus annuus. The maximum spatial variability in stomatal closure occurs between
the bulk water potential at turgor loss point (\Wtlp) and the onset of embolism (YP12), an
interval that functions as a spatial buffer enabling local optimisation of gas exchange. This
spatial heterogeneity allows specific leaf regions to maintain photosynthetic activity while
others limit water loss, thereby delaying hydraulic failure and metabolic decline. Despite
reductions in ®PSII, the structural photochemical capacity remains intact until severe
drought level (WP50), indicating that declines in ®PSII are driven by stomatal limitations
rather than photodamage. Moreover, we reveal a hierarchical spatial organisation of
stomatal patchiness from micro- (vein-level), meso- (local), and macro- (whole-leaf)
scales, underscoring a multiscale coordination in drought and environmental cues
responses. Incorporating this spatiotemporal complexity into models of leaf conductance
could improve our understanding of the mechanisms underlying stomatal coordination

and its impact on whole-leaf gas exchange during water stress.

Keywords

Drought, stomatal patchiness, spatiotemporal, heterogeneity, thermal and chlorophyll

fluorescence imaging, transpiration, photosynthesis, scaling.

2.2. Introduction
Drought events are increasing in frequency due to climate change and pose
significant threat to plants survival and productivity (Poértner & Roberts 2022;
Gebrechorkos et al. 2025; Hultgren et al. 2025). Under conditions of reduced soil water

availability, stomatal closure represents the fastest (Drake et al. 2013; Adams et al. 2017)
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and most efficient (Buckley 2019) physiological response to maintain overall plant water
status. However, this water-conserving strategy comes at the cost of reduced CO:2 uptake
for photosynthesis, highlighting the permanent trade-off that plants must maintain
between conserving water and carbon assimilation for growth and survival (Mott &
Buckley 2000; Machado et al. 2021). The rates of carbon and water vapour flux between
the plant and the atmosphere occur at the leaf surface by the stomatal density and
aperture (Franks & Beerling 2009; Dow et al. 2014; Sack & Buckley 2016; Ochoa et al.
2024). Interestingly, stomata do not function solely as isolated unit; they can operate in
coordinated groups, leading to a heterogeneous spatial distribution of stomatal apertures
across the leaf surface (Weyers & Lawson 1997; Lawson et al. 1998; Peak et al. 2004;
Marenco et al. 2006), a phenomenon known as stomatal patchiness. First highlighted in
1993 (Mott et al. 1993), this mosaic-like pattern of non-uniform stomatal conductance
across the leaf lamina has been observed in many species, particularly among
angiosperms (Lawson et al. 1998; Marenco et al. 2006; Kamakura et al. 2011; Kamakura
et al. 2012a,b, Kamakura et al. 2015). Stomatal patchiness can be defined as the
difference in stomatal pore aperture between adjacent stomata leading to spatial
heterogeneity in responses to internal and external cues (Lawson et al. 1998; Mott &
Buckley 2000; Peak et al. 2004; Peak, Hogan & Mott 2023; Marenco et al. 2006; Mott &
Peak 2007; Kamakura et al. 2011, 2012a b, 2015). This phenomenon may arise due to
local variation in water potential within the leaf (Jain et al. 2023, 2024) as well as rapid
changes in VPD (Kamakura et al. 2021). Stomatal patchiness can be both spatial and
temporal, therefore, advances in imaging techniques including as thermal (Jones et al.
2009) and chlorophyll fluorescence imaging (Morison et al. 2005; McAusland et al. 2013;
Lawson & Morison 2006; Hofmann et al. 2025) have emerged as powerful and
complementary tools for visualising and quantifying the extent and impact of
heterogeneous stomatal behaviour on plant performance (Mott & Buckley 1998;
Santriiéek et al. 2003; Peak et al. 2004; Takanashi et al. 2006; Mott & Peak 2007).

Due to significant implications for the calculation of C; (intercellular CO2
concentration) from gas exchange measurements and the impact this has on
photosynthetic responses (Buckley et al. 1997a), as well as the implications for scaling
up gas exchange measurements (Weyers & Lawson 1997; Lawson et al. 1998) it is
essential to quantify and include stomatal heterogeneity into existing gas exchange
models, using statistical approaches (Takanashi 2006). For instance, spatially explicit

models, such as those developed by Haefner et al. (1997) have been central to the
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analysis of spatial patterns and interactions within systems. More recent models, based
on connected spatial networks and cellular automata (Mott & Peak 2007), have shown

promise in capturing emergent behaviour, as demonstrated by (Peak et al. 2023).

Most research on stomatal patchiness has focused on direct effects of environmental
cues such as vapor pressure deficit (VPD), temperature, wind and light intensity (Mott &
Buckley 1998; Beyschlag & Eckstein 2001). Nevertheless, dynamics of stomatal
patchiness under prolonged drought conditions remain insufficiently understood,
highlighting a critical gap in our knowledge of its functional significance during water

stress.

This study aims to address this gap by investigating stomatal collective behaviour
responses to drought across two distinct temporal scales. The first is a long-term
response driven by progressive drought reflecting changes in soil water status in nature
that leads to changes in leaf water potential. The second is a short-term response
occurring over several minutes at a given leaf water potential, capturing quasi
instantaneous stomatal responses driven by light and uncontrolled air flow dynamic
leading to a steady state.

Using thermal and chlorophyll fluorescence imaging to monitor stomatal closure,
we aim to investigate how under progressive water stress, spatial stomatal dynamics,
contribute to the trade-off between water loss and carbon uptake. Specifically, our
objectives are to: (i) highlight the occurrence of stomatal patchiness during water stress,
(ii) determine the range of hydraulics thresholds at which stomatal patchiness becomes
biologically significant and (iii) characterise the hierarchical organisation of stomatal
patchiness at different spatial scales. We hypothesise that stomatal patchiness
represents a key spatiotemporal leaf’'s response during drought, that persists after the
turgor loss point and beyond. This response allows plants to avoid a uniform, rigid
response to soil water stress and instead maintain localised spatial regulation that

sustains and prolongs gas exchange.
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2.3. Materials and Methods

2.3.1. Plant material

Helianthus annuus seeds were sown in plastic trays containing compost and
germinated in a growth cabinet (Reftech BV, Sassenheim, the Netherlands). After
germination, seedlings (one per pot) were transplanted into 1.5 litres pots containing
compost and transferred to a temperature-controlled glasshouse at the University of
Essex (average temperature was maintained at 21.8 + 0.9 °C with RH between 40% and
55% depending on biomass in the glasshouse), supplementary sodium vapour lights
(8am until 8pm) provided 400 (umol st m-?) at the plant height. Plants were grown for 45
days before measurements were taken on the youngest fully expanded leaf on individual
H. annuus plants. After the plants reached leaf maturity but before flowering, groups of
four individuals were put under water stress by stopping watering. This procedure was

repeated four times, creating sets of plants with different levels of stress.

2.3.2. Hydraulic trait measurements: Pressure-volume curve and stem embolism
vulnerability
Pressure-volume curves were performed using a method adapted from Sack et
al., (2011) on eight leaves of H. annuus. Pressure-volume curves were used to determine
leaf physiological traits such as the water potential (Wup, MPa) at turgor loss point along
with the elasticity modulus (€) and osmotic potential at full turgor (o) (Table 4.1). Using
€ and 110 we estimated the water potential at any RWC during the DLML experiment based
on the relative water content. Leaf water potential (Weear, MPa) was measured with a
psychrometer (PSY1, ICT International, Armidale, NSW, Australia) before each

measurement.

Stem vulnerability to xylem embolism was assessed on five H. annuus stems using
the Cavitron technique (Cochard 2002; Burlett et al. 2022). Measurements were carried
out at the platform for hydraulic traits (Caviplace, Phenobois platform, University of
Bordeaux, Pessac, France). A percentage loss of conductance or PLC curve was
obtained and embolism vulnerability determined at thresholds We12, Weso and Wess (MPa),
which correspond to the xylem pressure/water potential inducing 12%, 50% and 88%

losses of hydraulic conductivity, respectively.
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TABLE 4.1: Leaf hydraulics variables used in this study. Mean and standard errors for each variable are
provided.

Definition Abbreviation Unit H. annuus
Water potentials at turgor loss point Wip MPa -0.98 £ 0.05
Water potentials inducing 12% losses of Wpi2 MPa -1.77 £0.15
conductance in the stem
Water potentials inducing 50% losses of Weso MPa -2.78+0.18
conductance in the stem
Elasticity modulus € MPa  2.03+0.31
Osmotic potential at full turgor ) MPa -0.74 +0.06

To facilitate analysis, leaves were categorised and divided into three classes using:
the water potential at 0 MPa, corresponding to a fully hydrated state in equilibrium with
pure water and used as the reference point; the water potential at turgor loss point (Wip)
and embolism vulnerability threshold at 12% losses of hydraulic conductivity (Wp12). The
three groups were non-stress well-hydrated leaves [0; Wip], with mild stress [Wup; Wpi2]

and with a medium to severe stress [Wei2; -Inf].

2.3.3. Dual thermal and chlorophyll fluorescence imaging

Stomatal dynamics using thermal and chlorophyll fluorescence imaging were
assessed using a modified in-house system developed at the University of Essex
(McAusland et al. 2013) (Figure S4.5). We used the same system configuration and open-
top chamber as described in Faralli et al. (2024).Throughout the experiment and during
each analysis, ambient CO:2 concentration (Cs) was maintained close to
400 pmolco2 mol ! while the photosynthetic photon flux density (PPFD), was maintained
at 500 pmol m? st inside the open-top chamber. The relative humidity (RH) and ambient
temperature, maintained close to 25°C, were continuously recorded using a probe
(HygroClip2, HC2A-S, Rotronic, Bassersdorf, Switzerland) connected to an Arduino.
Vapor vapor concentration was regulated by a mass flow controlled evaporating mixer
unit (CEM Evaporator W-202A, Bronkhorst, Newmarket, UK). Both CO2 and H20 vapour
concentrations were measured with an infrared gas analyzer (IRGA) (Li- 840, LI-COR,
NE, USA). Changes in vapour pressure deficit (VPD) was performed by altering the
relative humidity going into the chamber. A leaf connected to the rest of the plant was
placed in the open-top chamber and a paired image (thermal and chlorophyll a
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fluorescence) recorded every minute for 10 minutes at low VPD (between 70% and 99%

of relative humidity).

To visualise the impact of stomatal closure on photosynthetic performance, we
inhibited photorespiration (which is a sink for the end product of electron transport) by
reducing the oxygen concentration to 2% (Murchie & Lawson 2013; Hofmann et al. 2025)
(Figure S4.6).

2.3.3.1. Estimation of stomatal conductance from leaf temperature
The evaporative cooling effect of transpiration can be used to estimate stomatal

conductance (gs) using the following equations proposed by Leinonen et al., (2006) and
Jones et al. (2009) along with a dry temperature reference with equation 4.1:

1 cpTyrls(T; — T,) + D]
— =1 = _,0 p_HR ! a — Taw (41)
Is ) 44%7) (Tl - Tdry)

, Where T is the leaf temperature (°C), Ta is the air temperature (°C) and Tary is the dry
reference temperature (°C) (a point on the leaf apex covered with grease), raw
(raw=0.92.rn, Jones et al., 2009) is the boundary layer resistance to water vapour (s m™1).
ry is the sensible resistance estimated in our system at 15.38 s m™ (gu= 0.065 m s™)
and can be assimilated to the boundary layer resistance. p is the density of air (kg m™3),
cp is the specific heat capacity of air (J kg™*K™), s is the slope of the curve relating
saturating water vapour pressure to temperature (Pa °C™1) (Leinonen et al. 2006; Monteith
& Unsworth 2013), y is the psychrometric constant (Pa K™2), D is the air vapour pressure
deficit (Pa), and rur is the parallel resistance to heat and radiative transfer (s m™) as

calculated with equation 4.2:

_ THTg _ pCy
Ty + 1R 4¢0(T, + 27.15)3

(4.2)

, Where ¢ is the emissivity (fixed at 0.965) and o is the Stefan-Boltzmann constant

(5.6703.10®% W m=2 K*4). Although emissivity changes during leaf dehydration, for
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convenience we have chosen to use a fixed value. gs was converted to mmol m= s using

the perfect gas equation from equation 4.3:

gs( mol m—ZS—l) _ Patm
gs(ms=1) 8314 (T, + 273.15)

(4.3)

The temperature difference between the leaf surface and air temperature,
AT =T, —T,, used to estimate the stomatal conductance (gs) in equation 4.1 was also
used as a proxy of the stomatal dynamics. In equation 4.1, the main driver of the gs was

the temperature difference due to the effective evaporative cooling.

2.3.3.2. Estimation of chlorophyll fluorescence parameter
Chlorophyll a fluorescence imaging (CF, Technologica, Essex, UK) was used to

capture the following parameters F,, F,, F' and E, (see Table 4.2). F, minimal
fluorescence in the dark-adapted state was measured using a weak measuring beam of
0.1 pmol m? s, insufficient to drive photosynthesis. Application of a saturating pulse to
the dark-adapted leaf induced maximum fluorescence, F,,. After which actinic light was
applied at a value of 500 pmol m2 st and steady-state fluorescence measuring in the light
termed F'. A saturating pulse applied under actinic light during 800 ms providing a
measure of maximum chlorophyll a fluorescence in the light termed F,, (Baker 2008;
Murchie & Lawson 2013). Using these parameters, it was possible to calculate the
photosystem Il photosynthetic efficiency, ®psi (or Fq'/Fm’, unitless), which is a measure
of the proportion of absorbed light used in photosystem Il photochemistry (Genty et al.,
1992) and was defined by equation 4.4:

(4.4)

®rsil, (Fq'/Fm’), was broken down into two products (Murchie & Lawson 2013):
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Ffp F K

fa_fo fv 45
F. F Fp (%)

(i) the maximum efficiency of photosystem Il photochemistry in the light, if all centres

were open, F, /E,, , defined by equation 4.6:

Fn Fm '

and (iii) the level of photochemical quenching of photosystem I, F;/F, , defined by

equation 4.7:
Fg _En—F (4.7)
F, F,—F '
Where,
F = Fo
T Fu—Fy\ (F (4.8)
( E, )+ (F,;L)

TABLE 4.2: Common primary parameters measured by the chlorophyll fluorescence camera

Definition Abbreviation
Maximal chlorophyll fluorescence in the dark-adapted state E,
Maximal chlorophyll fluorescence in the light-adapted state E,,
Minimum value for chlorophyll fluorescence F,
Steady-state level of chlorophyll fluorescence in the light F'
Photosystem Il operating efficiency Ppsyr = Fy/Fn
Maximum efficiency of photosystem Il E,/Ey,
Level of photochemical quenching of photosystem Ii F/E,
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2.3.4. Image processing

Images from the chlorophyll a fluorescence and thermal cameras were recorded
as a 2D matrix using the internally developed instrument software (Fluorlmager V2,
University of Essex), where each pixel corresponded to either a chlorophyll a
fluorescence parameter value or temperature value. Environmental data including air
temperature and relative humidity was also included in the files with the 2D matrix
containing raw temperature from the camera and a timestamp, whilst a second file
contained matrices of the four primary chlorophyll a fluorescence parameters (F,, F,,, F'
and FE,,). Using a Python script and equations 4.4, 4.5, 4.6 and 4.7, three new matrices

(®esi, F,/E, and F;/F;) were generated based on the five primary chlorophyll

fluorescence parameters (F,, F,, F' and F,;). The raw temperature matrix represented a
global view of the entire environment captured by the thermal camera, not only the leaf.
As the chlorophyll a fluorescence matrix reflected only the leaf, the matrix F, was used
as a mask in order to isolate the leaf temperature from the environment. Using equations
4.1, 4.2, and 4.3, the new temperature matrix containing only pixels representing the leaf
were transformed into the stomatal conductance matrix. At each time step, five matrices
were used in this study (leaf temperature or temperature difference, gs, ®rsi, F, /E,, and

F;/E;). The mean and standard deviation were calculated for each matrix. The matrices

were converted into images using another Python script and the Matplotlib library.

2.3.4.1. Thresholds for spatial segmentation
We used water potential at turgor loss point (Wip) and the embolism vulnerability

threshold at 12% losses of hydraulic conductivity (Wr12) to threshold the difference
temperature and the quantum efficiency of photosystem II, ®psi, into three areas based
on Figure 1c and Figure 3a: Active areas characterised by open stomata with an impact
on transpiration and carbon uptake (low difference temperature (below 1.5°C) with a high
®rsi (@above 0.5)), inactive areas characterised by close stomata resulting in minimal
impact on transpiration and carbon uptake (high difference temperature (above 3.6°C)
with a low ®psii (below 0.3)) and intermediate stomatal behaviour corresponding to areas
where temperature differences were between 1.5° and 3.6°C and ®psi was between 0.3

and 0.5. Thresholds were applied through a Python script to divide the leaf surface into
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three distinct areas and calculate the relative percentage of each region. This method

was applied to leaf temperature, ®resu, F,/F;, and F;/F,.

2.3.4.2. Patches and intra-patches dynamics
For the same leaf, each image derived from a matrix was generated using the

minimum and maximum values of the variable (temperature or ®psi) from the global
dataset of the same leaf, ensuring an accurate representation of the ‘real’ dynamics
across the entire dataset. Each image was then stacked and aligned using ImageJ
v.1.53qg (Schneider et al. 2012) to generate an image sequence of 10 images (or 10
minutes with 1 image per minute). Each image sequence was associated with a water
potential measured before the experiment using a psychrometer. This procedure allowed
the reconstruction of the leaf's response during a progressive drought. From the entire
reconstructed sequence, the image with the most clearly defined patches was selected.
Several patches were then extracted, and for each patch the coefficient of variation

(cv=sd/mean) and Shannon’s entropy were calculated.

2.3.4.3. Shannon’s entropy
Shannon's entropy (H) (Shannon 1947), was used as a variable derived from

information theory to quantify the randomness or information content within the pixel
intensity distribution of an image. It was calculated using the histogram of pixel values,
treating the image as a discrete random variable with outputs corresponding to the pixel
intensity levels (from 0 to 255 in an 8-bit grayscale image for exemple). Using the
dedicated functions in ImageJ, the probability distribution of these outputs was estimated,
the histogram of pixel values was computed and normalised, so that the relative
frequency of each intensity level represents its empirical probability. The entropy reflects
the spread of pixel intensities. A uniform distribution resulted in maximum entropy
(maximum information content), whereas more concentrated distributions yield lower

entropy (minimum information content). Image of ®psi derived from the matrix were
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converted into 8-bit grayscale image (8 bits was then the maximum entropy available for

this kind of image) and Shannon’s entropy calculated for each patch using equation 4.9:

n
H ==K pilog:p (4.9)
i=1

, Where pi is the probability to obtain a certain frequency. K is a constant to constrain the
entropy, H, between 0 and 1 and can be estimated with K=1/logz(number of bins) where
the number of bins was in your case 256 bins then K=0.125 (i.e. 7).

2.3.5. Data processing and analysis

Image processing was performed using Python scripts with classical libraries
including Numpy, Maplotlib and Scikit-Image or using ImageJ v.1.53q. R script with
RStudio 2022.12.0+353 (R Core Team 2020) used to produce graphs.

2.4. Results

2.4.1. Quantum efficiency of photosystem /I, ®ps and the leaf-to-air temperature

difference (AT) as proxies of the stomatal conductance (gs)

As expected there was a significant negative correlation (R=-0.8, p<0.001)
between the temperature difference, AT, and the calculated stomatal conductance (using
equation 4.1) (Figure 4.1a). A higher positive temperature difference (AT=5.9 + 1.07°C)
was observed when gs was low (36.15 mmol m? s1), indicating warmer leaves due to
reduced evaporative cooling. During stomatal opening, stomatal conductance increased
and the AT decreased until a plateau close to AT=1.19 £ 0.71 °C showing the impact of
transpiration by stomatal aperture on leaf temperature. The maximal stomatal
conductance achieved was 1884 mmol m™2 s™1 highlighting a wide range (from 36.15
mmol m~2 st to 1884 mmol m~2 s71) of stomatal conductance and the remarkable ability

for H. annuus to cool leaves.

The quantum efficiency of photosystem II, ®psi, estimated at 2% Oz, increased
positively and non-linearly with increasing stomatal conductance, gs (R= 0.61, p<0.001)
(Figure 4.1b), from a minimum of 0.06 (corresponding to a gs= 1.41 mmol m?2 s?) to a

plateau (approximately 0.52) for gs values from 245 mmol m™2 s™ to 1884 mmol m™2 s™

112



Chapter 4: Beyond individual stomata: the importance of collective behaviour during drought

(Figure 4.1b). Value of gs between 245 mmol m™ s™ and 1884 mmol m™ s™
corresponded to the minimum of AT (1.19 + 0.71 °C) and ®psi (approximately 0.52),

indicated a high efficiency for both cooling and photosynthetic electron transport.
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FIGURE 4.1: Stomatal impact on leaf temperature (transpiration) and quantum efficiency of photosystem Il
(Ppsi).

Stomatal conductance (gs) versus (a) temperature difference, AT; (b) and quantum efficiency of
photosystem lI; (c) relationship between AT and quantum efficiency of photosystem Il (®psi). The red line
corresponds to a logistic model (see Sl for model coefficients). Each dot represents a leaf at one time step.

There was a significant negative correlation (R=-0.88, p<0.001) between AT and
®rsi (Figure 4.1c¢) reflecting the underlying stomatal behavior. Thus, both AT and ®psi
provided reliable proxies for stomatal behaviour. A higher value for ®psi corresponded to
a low temperature difference, i.e. a leaf with a surface temperature close to the air
temperature, indicating maximum cooling efficiency. In contrast, the lowest value of ®psi
was observed when the temperature difference was positively high, i.e. when a warm leaf
had a large number of closed stomata, thereby reducing evaporative cooling and CO2

uptake.

2.4.2. Thermal and chlorophyll fluorescence imaging tracks spatial stomatal
behavior

Thermal and chlorophyll fluorescence (at 2% O,) images (Figure 4.2) were

captured simultaneously at one-minute intervals over a 10-minute period under identical

environmental conditions. The sequence illustrates the spatial dynamics of a leaf during

this 10-minute period at a water potential of —1.37 MPa, (between Wy and Wr12). The
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sequence revealed fast changes (in the order of a minute) in the spatial heterogeneity for
AT and ®psii. The spatiotemporal representation of both leaf temperature (a - d) and ®psi
(@ - d’) revealed a common spatiotemporal dynamic, with a notable overlap at 7 minutes
(c-c’). When ®psi was low (red, black color), the leaf temperature was high (yellow, white
color) whereas when the ®ps) was higher (yellow, orange color) the leaf temperature
decreased (red, black color). However, images from ®psi offered better resolution
accuracy than thermal images due to the thermal boundary layer that spread heat over
the leaf.

0 min 4 mins 7 mins 11 mins

Temperature (°C)

¢PSI|

FIGURE 4.2: Spatiotemporal dynamics for the leaf temperature (a-d) and quantum efficiency of
photosystem Il (®Ppsi).

(a’-d’) for the same leaf with a water potential at -1.37 MPa. At each time step, a simultaneous image of
chlorophyll fluorescence and temperature was taken.

2.4.3. Long-term spatio-temporal physiological response response at the leaf level

Both AT and ®psi exhibited significant responses to increased water stress. AT
showed a strong positive correlation with increasing water stress (R = 0.72, p < 0.001),
indicating an increase in leaf temperature when the drought increased, whereas ®psi|
displayed a strong negative correlation (R = —0.75, p < 0.001), reflecting a decline in
quantum efficiency when drought increased (Figures 4.3a and 4.3b). For both
parameters, an important shift occurred after the turgor loss point (dashed line): before

this threshold, AT was low (less than 1°C, green dots) and ®es) was above 0.55 (green
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triangles), both with a minimal standard deviation (figure 4.3a and 4.3b) and coefficient of
variation (Figure 4.3c). After the turgor loss point, the AT increased (orange dots) while
®rsi decreased (orange triangles) both sharply, indicating significant stomatal closure.
This shift was accompanied by the development of a variability, represented by the
standard deviation, in AT and ®ps)| for each leaf. Coefficient of variation (Figure 4.3c)
shows that, for both parameters, the highest variation was observed between the turgor
loss point (Wup) and Wr12. When drought stress exceeded Wpi2, AT reached its maximum
around 4°C (red dots) and ®psi dropped to around 0.2 (red triangles) and variability

returned to low levels, similar to those observed before the turgor loss point.
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FIGURE 4.3: (a) Leaf to air temperature difference (AT), (b) quantum efficiency of photosystem Il (®psi)
and (c) coefficient of variation for the AT (dots) and the quantum efficiency of photosystem Il (triangle) as a
function of water potential.

Each dot or triangle represents a leaf average over a time sequence of 10 minutes and error bars represent
the standard deviation. Colours represent drought stress classes (No stress [0, Wup]: green dots, Mild stress
[Wip, Wr12]: orange dots and Medium and severe stress [Wr12, -Inf]: red dots). The water potential at turgor
loss point, (Wup; dashed line), the water potential inducing 12% losses of hydraulic conductivity in the stem,
(W12; dotted line) and the water potential inducing 50% losses of hydraulic conductivity in the stem (Weso;
long dashed line) are indicated. The negative value for the coefficient of variation at 0 Mpa is due to
sensitivity to small changes (the mean approached zero, -0.23 + 0.14 °C so the coefficient of variation
became sensitive to this value).
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The proportion of leaf surface with open stomata (blue area) decreased after the
turgor loss point (-0.75 MPa<Wup), as reflected in both the temperature difference (AT;
Figure 4.4a) and the quantum efficiency of photosystem Il (®psi; Figure 4.4b), reaching
a minimum at ¥ = —2.25 MPa (Wr12<W<Wps0). At the same time, the proportion of the leaf
surface with closed stomata increased reaching a maximum at WY=-2.25 MPa (W<Weso).
The proportion of leaf area exhibiting spatial heterogeneity (mixture of areas with open
and closed stomata (green area)) reached its maximum for AT and ®psi| between W = —
1.25 MPa and —1.75 MPa (Wup < W < Wp12).

Breakdown of ®psii into F;/F,;, and F;/F; made it possible to analyse the impact of
water stress on mechanisms underlying the decrease in the efficiency of photosystem II.
The level of photochemical quenching of photosystem Il, F; /F,, (Figure 4.4c) showed a
maximal proportion of open stomata (close to 100% of the leaf surface) up to the turgor
loss point. Beyond this threshold, an almost linear decrease in F;/F, was observed as
drought intensity increased until a minimal value close to 0% at -2.25 MPa (<Wps0). At the
same time, the proportion of the leaf with closed stomata increased with a maximum
proportion at W=-2.25 MPa. F;/F, followed the same pattern as AT (Figure 4.4a) and
quantum efficiency ®psi (Figure 4.4b), as drought intensifies. After the turgor loss point
(W<-0.75 MPa), the proportion of leaf area exhibiting spatial heterogeneity (green area)
had a maximum proportion between W=-1.25 MPa and W=-1.75 MPa (Wup<W<Wp12).

The maximum efficiency of photosystem Il in the light, E,/E, (Figure 4.4d) was
remarkably stable with a high proportion of open stomata over a large part of the leaf until
a severe drought (-2.25 MPa<Wesp), indicating that changes to photosynthetic efficiency
were not driven by increasing in energy dissipation in the antenna but down stream sink

photosynthetic processes.

117



Chapter 4: Beyond individual stomata: the importance of collective behaviour during drought

(a) (b)
;\? 100- P_\i 1001
©
©
o 75 o 75
© <
— n
- 50.
4 50 o
@ o
'ﬁ 25- é 251
o 3
D: 07 . : : . . D: 0.
] \2) \a} \a ]
Dr‘l' ,QA'\ ,’\r} ,'\/‘\ 51:‘1' g)rﬁj ,Q/-\b ;xrf) ;\/-\6 ﬁ;ﬁo
Water potential (MPa) Water potential (MPa)
(c) (d)
§ 100 1 é 100
4y ©
(] o
E 751 E 75+
1L-|1 501 Y s
o ">
L L
(O] ]
L 2 Q254
+ =
L o
O] 1 @ |
@ e 2 oo
Water potential (MPa) Water potential (MPa)

Inactive " Intermediate Active

FIGURE 4.4: Relative spatial dynamic for transpiration and photosynthesis parameters along a drought

sequence.
(@) Leaf to air temperature difference (AT); (b) quantum efficiency of photosystem Il (®psi); (c)
Fq’ /E,, the level of photochemical guenching of photosystem I and (d)

E, / E,,, the maximum efficiency of photosystem Il. Colours represent stomata status (Active area with open
stomata: blue area, Intermediate area with both open and closed stomata: green-blue area and Inactive
area with close stomata: purple area).

The spatiotemporal response of AT and ®psii during drought sequence formed by
assembling images taken at different water potentials of the same leaf, highlighted that
the standard deviation observed in Figure 4.3 was the result of a spatial heterogeneity in
stomatal response e.i. stomatal patchiness, particularly for ®psi (Figure 4.5b). Before the
turgor loss point, patchiness was not observed due to the homogeneity in the ®psii values
(Figure 4.5b). After the turgor loss point, patchiness in ®psi was observed, with a
patchwork of values ranging from high values (yellow/orange) to lower values (red, black),

showing areas with open and closed stomata driven by stomatal dynamics. Patches were
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not uniform in size but had sharped geometric patterns, each patch being affected by the
vein network and Bundle Sheath Extension (BSE) (H. annuus being a heterobaric
species). As water stress increased, ®@psi patch size declined with patches fragmentating
into smaller patches close to Wp12 at W=-1.57 MPa. Patchiness were visible at least until
P=-2.08MPa (Wp12<W<Wps0) On this leaf.
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FIGURE 4.5: Difference in spatial long-term dynamics along a drought sequence for (a) the leaf temperature
(°C) and (b) the quantum efficiency of photosystem Il (®psi).

Each image corresponds to the fifth image of the same leaf taken at different water potential along a drought
sequence. The vertical arrow corresponds to the drought stress progression. Wyp and Wre12 corresponds to
the water potential at turgor loss point and the water potentials inducing 12% losses of conductance in the
stem, respectively.
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2.4.4. Long-term spatiotemporal biological response at patchiness scale

Whilst figure 4.5 illustrated the spatial dynamics in AT and ®psi at the whole-leaf
level during the drought sequence, Figure 4.6 depicted in the same leaf the
spatiotemporal dynamics of ®psi at the patch level. Each curve represented the

distribution of the ®psii inside each patch along the drought sequence.

At -0.73 MPa (before Wup) and -2.08 MPa (after Wr12), the patch’ distribution was
unimodal for each patch with no difference between patches (inter-patch) with a value at
0.552 + 0.001 and 0.174 + 0.001, respectively, whereas between these thresholds, the
patch’ distribution was heterogeneous with a bimodal distribution. This bimodal
distribution shifted the primary peak of ®psi from around 0.5 at -1.23 MPa to a new
dominant peak with a lower ®psii value of approximately 0.2 at -1.57 MPa. The transition
state which can be defined as the shift from one uniform state over the leaf (either with
stomata fully open or fully closed) to another, characterised by a change between the two

conditions, was the same for each patch.
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FIGURE 4.6: Spatial dynamic representation of 30 patches during 10 min along a drought sequence for the
same leaf. Each colour and density curve represent a patch during 10 mins.
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2.4.5. Short-term spatiotemporal biological response at patchiness scale

Intra patch (inside a same patch) dynamic for a leaf during 14 minutes at a given
water potential (Wip>-1.18 MPa>Wp12) (Figure 4.7), revealed non-uniform stomatal
behaviour with heterogeneous and localised opening. Initially, at 0 min, a central area
was present with a low ®psj value (dark red/brown colour). ®ps; was not homogeneous
across the leaf, with some areas exhibiting higher ®psii levels, leading in well-defined
patchiness. At 5 mins, small patches appeared with a higher ®psi (yellow colour),
suggesting a stomatal opening. These smaller patches fragmented the main central dark
area into a patchwork of tiny patches, adding heterogeneity to this area. The transition
state occurred rapidly inside the patches and spread over the leaf within just two minutes
(between 5 and 7 minutes), as value and spatial extent of ®psi reached their maximum
after 10 minutes. Each patch did not change uniformly (at the same rate during the
opening process), but rather consisted of a set of internal responses represented by
micro-patches or unit patches.
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FIGURE 4.7: Leaf short-term spatiotemporal dynamic for the quantum efficiency of photosystem Il (®psi)
during 14 mins for leaf water potential at W= -1.18 MPa (Wip,<W<Wp12).
The blue circle represents the position of the grease’s patch used to estimate the dry temperature.

After 10 minutes the leaf had a homogenous maximum ®esii (yellow) showing that
stomata were open uniformly over the leaf. Nine distinct patches from the leaf shown in

Figure 4.7 were selected (Figure 4.8a) to clarify the temporal changes inside each patch
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during the transition state as highlighted by the coefficient of variation in the heatmap
(Figure 4.8b) and the entropy (Figure 4.8c). Each patch displayed distinct temporal
dynamics (Figures 4.8b and 4.8c), and between 4 and 7 minutes, there was a marked
increase in the coefficient of variation (Figure 4.8b), indicating a transition from high to
low ®psi within individual patches. Entropy (Figure 4.8c) confirmed variability within
individual patches (intra-patch) and among patches (inter-patch), with both sources of
heterogeneity peaking during the transition phase (4—7 minutes) when information
content was highest.
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FIGURE 4.8: (a) Quantum efficiency of photosystem Il at 0 min with a selection of 9 patches and heatmap
of (b) coefficient of variation and (¢) Shannon’s entropy for each patch and for each time step during 10
minutes.

The leaf water potential was at W= -1.18 MPa (Wup<W<Wp12).

2.5. Discussion

Two independent imaging techniques, thermal and chlorophyll fluorescence under
low oxygen concentration, reveal the presence and the persistence of stomatal
patchiness during drought. Maximum variability in both leaf surface temperature and
®PSII, occurs between the turgor loss point (Wip) and the onset of xylem embolism,
defined here as a 12% loss of stem hydraulic conductivity (Wp12). This variability observed
between these two hydraulic thresholds underscores the spatial heterogeneity,
expressed as stomatal patchiness. This patchiness arises from differential stomatal
responses to drought, allowing localised transpiration and carbon uptake. Notably, high
values of maximum efficiency of photosystem Il throughout the drought sequence indicate
that decreases in the quantum efficiency are not due to structural damage but are a direct
consequence of stomatal conductance decline. Combined analysis of patchiness along a

long and short-term responses, revealed a spatial hierarchical pattern enabling rapid
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adjustment to environmental cues and soil water scarcity. Stomatal patchiness appeared

to be an important characteristic of leaves in response to drought.

2.5.1. Long-term spatiotemporal leaf response to drought

During drought conditions, plants must adopt a range of adaptive strategies to
maintain vital physiological functions such as photosynthesis, water transport, and
cellular integrity (Trueba et al. 2019; Gupta et al. 2020). One of the main strategies is the
regulation of stomatal aperture (Brodribb & Holbrook 2003; Tombesi et al. 2015) and to a
lesser degree, the cuticle biosynthesis to minimise water loss (Shepherd & Griffiths 2006;
Chen et al. 2020) in order to protect xylem integrity and plant survival (Ziegler et al. 2019;
Petek-Petrik et al. 2023). While individual stomatal closure represents the fastest
response to stress by reducing aperture (Drake et al. 2013; Anderegg et al. 2015; Adams
et al. 2017), it is not entirely effective due to stomatal leakiness (Brodribb et al. 2014;
Kane et al. 2020; Machado et al. 2021). In contrast, stomatal patchiness, an emergent
property that enables stomatal coordination (Mott & Buckley 2000; Peak et al. 2004; Mott
& Peak 2007), represents a distinct form of stomatal response to drought, involving
coordinated spatiotemporal that enhances local water-use efficiency under water stress
allowing areas to maintain gas exchange and photosynthesis while other areas close to
conserving (Mott et al. 1993). Tracking a leaf through spatiotemporal analysis during
progressive drought allows not only the linkage of stomatal behavior to overall leaf water
status (Buckley 2005, 2019) but also the identification of spatial changes and their

implications for leaf and plant survival.

Patchiness might be the result of internal and local variability in water potential as
highlighted by Jain et al. (2023) resulting from water unsaturation in the intercellular air
spaces (Wong et al. 2022). Under well-watered conditions (up to Wup) and after the onset
of xylem embolism (after Wr12), spatial differences in leaf surface temperature and ®ps;
remain low (Figures 4.3a—b, 4.5), reflecting a uniform stomatal behaviour over the leaf.
Patchiness is shaped by the vein and Bundle Sheath Extension (BSE) network in
heterobaric leaves like Helianthus annuus and its observation is possible when there is a
difference in temperature or ®psi values between patches. Nonetheless, the patchiness

pattern is already present but is not distinguishable before Wup and after Wp12 due to
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spatial uniformity (Figure 4.5 and 4.6). The shape of the patches does not change over

the time in response to environmental cues and soil water stress.

Both short- and long-term measurements consistently reveal a uniform pattern for
each patch under well-watered conditions (up to Wup) and at the onset of xylem embolism
at We12 (Figure 4.6). When water is not limiting, the initial or well-watered state, occurring
before the turgor loss point (Wup), corresponds to optimal physiological functioning, with
parameters such as ®psi and cooling efficiency operating near their maximum. During
progressive drought, growth and photosynthetic activity decline before the onset of xylem
embolism. Beyond We12, when embolism begins, further losses in hydraulic conductance
and cell vitality occur, marking the breakdown of the plant’s remaining physiological

functions (Torres-Ruiz et al. 2024).

Between the turgor loss point, Wup and before Wp12 stomatal patchiness becomes
increasingly pronounced, as indicated by increasing spatial variation in leaf surface
temperature difference and ®psii across the leaf (Figure 4.3) and a shift from a unimodal
to a bimodal pattern emerges during this transition state (Figure 4.6). After Wup, gradients
in local water potential develop within the leaf in response to soil water stress, amplifying
spatial heterogeneity across the leaf without causing significant damage to the hydraulic
system (Jain et al., 2023). The interval between Wip and Wei2 (AWip-p12= 0.79 MPa) allows
the existence of a spatiotemporal transition state between two distinct uniform stomatal
states in response to progressive soil water deficit. This internal spatial heterogeneity
represents a functional trade-off strategy, whereby localised stomatal closure reduces
water loss and photosynthesis while other regions sustain photosynthetic processes and
water loss through an active electron transport chain and Calvin cycle (Daley et al. 1989;
Lawson et al. 2002; Hofmann et al. 2025), thereby optimising resource use under non-
optimal conditions. In this context, stomatal patchiness plays a key role, particularly
between Wup and Wpi2, acting as a regulatory mechanism that smooths and optimises
gas exchange at the local scale (Peak et al. 2004). This spatial regulation balances water
loss and carbon uptake, allowing plants to better cope with rapid abiotic fluctuations such
as changes in VPD, light, or wind (Mott & Buckley 1998; Beyschlag & Eckstein 2001)
while maintaining essential physiological processes.
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The quantum efficiency of photosystem Il (®rsi) reflects the proportion of absorbed
light energy that is effectively used in the photosystem Il photochemistry and can
therefore estimate the rate of electron transport (Murchie & Lawson 2013). Measuring
chlorophyll fluorescence at 2% O, rather than 21% is a crucial parameter in our study, as
it minimises photorespiration. For chlorophyll fluorescence imaging, photorespiration
produces the same result as CO, fixation, as it acts as a sink for the products of the
electron transport. This same result does not allow us to effectively distinguish the spatial
behaviour of stomata. Inhibiting photorespiration allows us to measure only CO,, fixation
using the linear end products of electron transport and thus draw conclusions about
stomatal behaviour (Murchie & Lawson 2013; Hofmann et al. 2025). ®psii is the product
of two other chlorophyll fluorescence parameters, the maximum photochemical efficiency
of photosystem Il in the light-adapted state (F,/F,,) (Figure 4.4d) and the operational

efficiency factor (F;/F;) (Figure 4.4c), which provides an indication of down stream sink

strength. Breaking down ®psi into these two parameters provides insights into the
mechanisms of spatial drought-induced photosynthetic dynamics. E,/E,, reflects the
intrinsic capacity of ®psii for photochemistry when all reaction centres are open, remaining
consistently high and spatially uniform across leaves even under severe water stress.
Consequently, stability of E,/F,, at a high level indicates no irreversible damage and
structural and functional integrity of the ®psi reaction centres, and non-photochemical
quenching (NPQ) remains low (Baker 2008; Murchie & Lawson 2013). In contrast, F; /F,
demonstrates pronounced spatial heterogeneity and a progressive decline with drought.
The emergence of leaf regions with low F,;/F, values correlates with restricted CO,
availability at Rubisco active sites, primarily from stomatal closure. Divergence between
sustained F, /F;, and declining F;/F, demonstrates that reduced ®psi under drought is
due to reduced Calvin cycle activity rather than direct photochemical damage or
increased dissipation of excitation energy via NPQ processes. This reduced Calvin cycle
activity is constrained by lower CO2 availability imposed by the stomatal closure (Flexas
et al. 2004; Chaves, et al. 2009). Our findings in Helianthus annuus indicate that
photosystem |l remains functional even under severe water stress approaching Weso
underscoring stomatal limitation as the primary constraint on carbon assimilation during

drought.
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2.5.2. Multiscale dynamics of stomatal patchiness

While short- and long-term collective stomatal behaviour (Mott & Buckley 1998,
2000) is governed by leaf water potential (Figure 4.3), stomatal patchiness can be
described as a hierarchical spatial pattern (Figures 4.6 and 4.7). Following (Kotliar &
Wiens 1990), three distinct spatial scales of patchiness can be identified, each with
significant implications for gas exchange and physiological processes during a drought

sequence.

2.5.2.1. Macroscale: Leaf-level spatial heterogeneity and stomatal
patchiness
At this scale, the whole leaf exhibits a distinct spatial heterogeneity, characterised

by stomatal patchiness that becomes increasingly pronounced between Wup and Wei2
(Figures 4.2 and 4.5). This patchiness reflects the non-uniform physiological responses
of stomatal apertures across the leaf surface, driven by short- and long-term
environmental cues such as declines in leaf water potential. Such spatial variability in
stomatal behaviour allows different leaf regions to respond independently to water deficit
optimising leaf gas exchange and water use efficiency under stress conditions (Lawson
& Weyers 1999). The intrinsic spatial heterogeneity represented by stomatal patchiness
can significantly affect the accuracy and interpretation of key gas exchange parameters
such as the assimilation rate (A), the intercellular CO2 concentration (Ci) and the stomatal
conductance (gs) (Buckley et al. 1997a; Mott & Buckley 1998). Specifically, variations in
gs and C;j across the leaf surface can lead to under- or overestimation of whole-leaf gas
exchange rates if spatial variability is not accounted for, potentially leading to a reduced
understanding of plant water use and photosynthetic responses and strategies to drought.
Several studies have previously documented these effects, highlighting that stomatal
patchiness causes deviations from the assumptions of spatial uniformity in infrared gas-
exchange measurements (Mott et al. 1993; Buckley et al. 1997b; Mott & Buckley 1998).
These findings emphasise the importance of integrating spatial heterogeneity into
physiological measurements and modelling, particularly under environmental stress

where patchiness intensifies.

2.5.2.2. Mesoscale: Dynamics and heterogeneity inside patches
This scale allows detailed analysis of the internal dynamics within each patch,

revealing important patterns for understanding stomatal behaviour during environmental
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cues such as reduced water soil availability (Figure 4.6). Notably, heterogeneity within
patches becomes increasingly apparent after the turgor loss point (after Wup), as
demonstrated by the emergence of bimodal distributions of ®psi. This shift from a
unimodal to a bimodal distribution highlights asynchronous stomatal dynamic, where
subgroups of stomata within the same patch diverge in behaviour, some remaining closed
while others begin to open. Such asynchronous responses highlight the complexity of
stomatal regulation, as not all guard cells are reacting uniformly even within a seemingly
homogenous patch. Transition dynamics within patches, particularly the shift from low to
high ®psii, occurs rapidly, typically within 10-minutes (Figure 4.7). These transitions allow
a rapid response to short-term environmental factors including vapour pressure deficit
(VPD), fluctuations in light, wind and to intrinsic factors such as the heterogeneity of local
water potential within the leaf. Moreover, the heterogeneous response of opening within
and between patches can be quantitatively captured by the increases in the coefficient of
variation (Figure 4.8b) and entropy (Figure 4.8c) showing that each mesoscale patch is
not uniform but rather a composite of smaller-scale patches, each with distinct response.
These findings emphasise that, at the mesoscale, stomatal regulation is a highly dynamic

and spatially complex process.

2.5.2.3. Microscale: Influence of leaf vein network on patchiness
The microscale represents the smallest and fundamental unit of stomatal

patchiness, shaped by the leaf's vein network, particularly in heterobaric species such as
Helianthus annuus. In these species, Bundle Sheath Extension (BSE) act as physical and
hydraulic barriers, compartmentalising the leaf surface into discrete sectors and thereby
limiting the lateral CO2 and H20 diffusion (Beyschlag et al. 1992; Mott et al. 1993; Morison
et al. 2005; Lawson & Morison 2006). The leaf vein network imposes constraints on gas
diffusion and hydraulic connectivity (Lawson & Weyers 1999). The vein network
effectively divides the leaf into sub-areas where stomatal function and photochemical
responses can be locally coordinated yet distinct from neighbouring regions.
Physiologically, microscale patchiness response can be rapid, often unfolding within
minutes or even seconds, allowing quick adaptation to fluctuating microenvironmental
cues. These rapid responses include synchronous stomatal aperture within these sub-
areas enabling fine-tuned regulation of CO, influx and transpiration (Mott & Peak 2007).

Importantly, understanding these unit patches and their mechanistic underpinnings
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clarifies how anatomical spatial constraints shape individual and collective stomatal

dynamics, ultimately affecting leaf-level gas exchange and water relations.

2.5.3. Spatial trade-off and physiological implications

Our results reveal a distinct local trade-off between carbon assimilation and
transpiration at the stomata scale, as illustrated in Figure 1c. Importantly, this trade-off is
neither uniform across the leaf surface nor static over time; rather, it exhibits a complex
spatiotemporal pattern regulated by stomatal patchiness. This dynamic pattern emerges
from the plant's capacity to coordinate the behaviour of discrete stomatal patches,
enabling groups of stomata to synchronise opening and closing cycles in response to
both immediate and prolonged environmental cues such as drought. Stomatal patchiness
serves as a key coordinating mechanism that modulates water use efficiency across the
leaf. This spatial flexibility enables plants to locally balance carbon gain and hydraulic
safety, reflecting a real-time adjustment to environmental variability. During drought,
patches can oscillate between states of partial opening and closure, thereby allowing
leaves to maintain sufficient CO, uptake for photosynthesis while limiting water loss
through transpiration. During drought, patches can vary between states of partial opening
and closure. This characteristic allows leaves to maintain local CO, uptake with water
loss. Complete stomatal closure over the leaf limits water loss but prevents CO, uptake.
Conversely, if the stomata remain open or partially open, CO, can enter but this can
cause significant and fatal water loss. Physiologically, this spatiality delays the moment
to reach a fatal hydraulic and in the same time extends the capability to carbon

assimilation.

2.6. Conclusion

Our findings highlight that stomatal patchiness is a feature of leaf-level drought
response. Through high-resolution imaging of leaf temperature and photosystem |I
efficiency, stomatal patchiness emerges not only during environmental cues but also
under prolonged drought. The multiscale organisation of patchiness, reflects a
hierarchically coordinated response optimising local gas exchange. The breakdown of
®rpsi shows that structural photochemical capacity remains intact during drought, and that
reductions in efficiency are driven by stomatal limitations rather than photodamage until

a mild water stress before Wpso. Stomatal patchiness serves as a functional strategy to
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optimise the trade-off between carbon uptake and water conservation at a local scale,
particularly during an interval between turgor loss and Wp12 (beginning of embolism). This
highlights local stomatal regulation as the primary constraint on photosynthesis under
water stress for Helianthus annuus. The heterogeneous collective stomatal behaviour i.e.
stomatal patchiness across the leaf is part of the coordinated plasticity along with the
xylem and stomatal sensitivity to water deficit (Cardoso et al. 2018) in order to maintain

physiological processes like photosynthesis.
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2.8. Supporting Information

The following Supporting Information is available for this article:
FIGURE S4.1: Photosynthesis parameters along a drought sequence
FIGURE S4.2: Dynamic representation of quantum efficiency of photosystem Il (®psi)

FIGURE S4.3: Individual dynamic representation of quantum efficiency of photosystem Il
(Ppsi) for 40 patches during 10 minutes

FIGURE S4.4: Spatial dynamic representation of 30 patches for 10 minutes
FIGURE S4.5: Scheme of the experiment

FIGURE S4.6: Same leaf under the same environmental conditions except oxygen
concentration in the air flow with (a) 21% and (b) 2%.

TABLE S4.1: Linear model fit results
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FIGURE S 4.1: Photosynthesis parameters along a drought sequence.

Blue/green dots: ®ps)i or Fq'/Fm’ the quantum efficiency of photosystem Il, orange dots: Fq'FV', the level of
photochemical quenching of photosystem Il and purple dots: FVFm’, the maximum efficiency of
photosystem II. The water potential at turgor loss point, (Wup; dashed line), the water potential inducing 12%
losses of hydraulic conductivity in the stem, (W12; dotted line) and the water potential inducing 50% losses
of hydraulic conductivity in the stem (Weso; solid line) are indicated.
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FIGURE S 4.2: Dynamic representation of quantum efficiency of photosystem Il (®psi) during 10 minutes

for the same leaf along a drought sequence.
Each density curve represents 40 patches. Colours represent the water potential of the leaf.
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FIGURE S 4.3: Individual dynamic representation of quantum efficiency of photosystem Il (®psi) for 40
patches during 10 minutes for the same leaf along a drought sequence.
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FIGURE S 4.4: Spatial dynamic representation of 30 patches for 10 minutes along a drought sequence for
a leaf from a plant other than the one in Figure 6.

Each colour and density curve represent a patch during 10 mins.
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FIGURE S 4.5: Scheme of the experiment based on the system developed by (McAusland et al. 2013). The
leaf is connected to the plant and placed into an open-box.

Oxygen is fixed at 2% to inhibit photorespiration (Murchie & Lawson 2013). Created in BioRender.com.
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FIGURE S 4.6: Quantum efficiency of photosystem II, ®psi, in a single leaf measured under consistent
environmental conditions, with varying oxygen concentrations in the airflow: (a) 21% O, and (b) 2% O,.

TABLE S 4.1: Linear model fit results
Model coefficient from figure 3

Formula: ®pg;; = %
1+e Scal
Estimate Std. Error t value Pr(>|t|)
Asym 0.556611 0.008228 67.64 <2e-16 ok
Xmid 3.764684 0.029727 126.64 <2e-16 ok
Scal -0.54255 0.037833 -14.34 <2e-16 ok

Residual standard error: 0.05744 on 210 degrees of freedom
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Chapter 5 Beyond stomatal closure: Leaf cuticle properties
shape residual conductance during water stress

This chapter is presented in the form of a paper, entitled: “Drought-induced
modification in leaf cuticle composition and their impact on minimum leaf conductance.”
By G. Forget, R. Burlett, M. Buridan, F. Domergue, S. Delzon and J. Joubes.

The detached leaf mass loss (DLML) measurements were conducted at BioGeCo, while
the extraction of cutin and waxes was carried out at LBM, both laboratories affiliated with
the University of Bordeaux.

1. Short introduction

Stomata represent the fastest response of leaves when exposed to stress,
particularly drought. However, the cuticle, a thin layer composed of cutin polymer and
waxes, also acts as an important barrier against many abiotic and biotic stresses. While
drought often increases the amount of waxes and cutin in leaves, and sometimes their
thickness in several species, some studies show no consistent link between waxes or
cutin coverage and cuticular water permeability.

This chapter aims to study the response of the Helianthus annuus cuticle’s
response during a severe drought, depending on the leaf's age. In particular, we will
separate the cuticle into its two main layers (the cutin polymer and waxes). The
composition of each layer will be compared with the residual and minimum leaf
conductance. Our results will show that leaves have a different residual water loss
according to the age, linked to increased amounts of cutin and waxes. Interestingly, each

layer exhibits a common response to drought, but not in terms of water loss.
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2. Drought-induced modification in leaf cuticle composition and their
impact on minimum leaf conductance

2.1 Abstract

During drought, the residual water loss occurs through both cuticle and
incompletely closed stomata. However, the response and the relative contribution of the
different layers of the cuticle, which are the cutin and waxes, to residual transpiration is
not well understood. We quantified minimum leaf conductance (gmin) in Helianthus annuus
using the detached leaf mass loss (DLML) method, while simultaneously assessing the
cutin and waxes amount and composition on young and old leaves. Our comparative
analysis highlights a significant difference in young and old leaves with a lower minimum
leaf conductance associated with an increase the amount of cutin and waxes during
drought in young compared to old leaves. Furthermore, in young leaves, the absence of
a corresponding increase in cuticle thickness despite the increase in quantity suggests
an increase in density that may alter the physicochemical properties of the cuticle.
Additionally, throughout the drought sequence, on young leaves, only the cutin has a
significant impact on water loss. Waxes, although responding to water stress, have no
impact on water loss. This study highlights the importance of not considering the cuticle
as a whole, but rather breaking it down into its main layers and studying them separately,

as well as the importance of leaf age, particularly in crops such as Helianthus annuus.

Keywords

Drought stress, water loss, residual and minimum leaf conductance, cutin, waxes, Alkane,
Alcohol.

2.2. Introduction
The leaf cuticle, a remarkable evolutionary adaptation that emerged approximately
450 million years ago, has played a pivotal role in the development and survival of
terrestrial plants (Yeats & Rose 2013). This multifunctional structure serves as an
interface between plant aerial organs and their environment, constituting a barrier against
both biotic and abiotic stresses (Dominguez et al. 2017). The cuticle's primary functions

include limiting water loss, maintaining structural integrity, and mitigating the effects of
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excessive radiation, all of which are essential for plant survival in diverse terrestrial
ecosystems (Shepherd & Griffiths 2006). The cuticle is composed of two main
hydrophobic components. The cutin polymer layer with embedded polysaccharides and
waxes (Yeats & Rose 2013). This structural arrangement is further enhanced by an
outermost layer of epicuticular waxes (Yeats & Rose 2013). The cutin polymer is
principally composed of C16 and C18 derivatives featuring hydroxy or epoxy mid-chain
substitutes providing the main mechanical strength of the whole cuticle (Dominguez et al.
2011b; Dominguez et al. 2011a). Complementing this structure, cuticular waxes are
overlaid on the cutin matrix and are typically a complex mixture of very-long-chain
saturated aliphatic molecules and various non-acyl lipid cyclic components (Joubes &
Domergue 2020).

With drought episodes increasing in both frequency and intensity across biomes
(Portner & Roberts 2022), the leaf cuticle, as an interface, is at the forefront to cope with
water scarcity in order to preserve physiological functions. The cuticle is a permeable
layer allowing bidirectional water exchange with the atmosphere through a passive
process driven by the water vapor diffusion gradient between the leaf interior and the
surrounding air (Tredenick & Farquhar 2021; Kamtsikakis & Weder 2022). Leaf cuticle’s
response to drought is supported by an increase in waxes (Shepherd & Griffiths 2006)
and cutin (Shellakkutti et al. 2022) deposition and it is often concluded that this increased
helps protect plants from desiccation and enhances drought tolerance (Riederer &
Schreiber 2001). This relationship between increased wax amounts and drought has
been extensively documented in various plant species, including Arabidopsis (Kosma et
al. 2009), wheat (Bi et al. 2017) and tea leaves (Chen et al. 2020). However, other studies
have indicated that no consistent correlation exists between cuticular water permeability

and wax coverage (Shellakkutti et al. 2022).

During drought, leaves continue to lose water by leaky stomata (Brodribb et al.
2014; Kane et al. 2020; Machado et al. 2021) and through the cuticle, a phenomenon
referred to residual leaf conductance (gres, mmol m=2s71). Although gres represents a small
fraction of the stomatal conductance, it plays a crucial role in determining the time to
hydraulic failure influencing plant survival under extreme water stress (Petek-Petrik et al.
2023). Importantly, gres iS Not constant after the stomatal closure but varies along a
drought sequence (Burlett et al. 2025) reflecting post-stomatal closure effects such as

stomatal and cuticular leakage. Moreover, leaf age exerts a significant influence on
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physiological functions, with older leaves exhibiting a loss of pigments and photosynthetic
activity in sunflowers (Cabello et al. 2006). These changes, along with age-related
declines in biochemical activity and natural weathering (Shepherd & Griffiths 2006), could
result that older leaves are less effective at controlling water loss (Jordan & Brodribb
2007). To quantify gres, Several methods have been developed, among which the
detached leaf mass loss (DLML) method is widely recognised for its simplicity and
effectiveness (Kerstiens 2006; Duursma et al. 2019; Billon et al. 2020; Burlett et al. 2025).
This method simulates severe drought conditions at leaf level and allows for reliable
estimation of residual leaf conductance (Burlett et al. 2025). Due to the variability of the
residual leaf conductance during the dehydration process, the minimum leaf conductance
is determined at specific hydraulic thresholds (gmin_at x) and used as a trait (Burlett et al.
2025).

To better understand how leaf responses to drought, it is essential to investigate
cuticle layers dynamics across different developmental stages under drought conditions
and to assess how cutin and waxes contribute to residual water loss. Along a water stress
gradient, this study aims to: (i) estimate residual transpiration (i.e. gres) between young
and old leaves using the detached leaf mass loss (DLML) method; (ii) characterise the
change in chemical composition of the cuticle (cutin and waxes) with increasing water
stress in young and old fully expanded leaves and (iii) evaluate the influence of the cutin
and dominant waxes compounds on minimum leaf conductance (gmin_at_pss) at the critical
threshold of 88% loss of hydraulic conductivity, a point at which stomatal effects are
minimised, allowing the role of the cuticle to be examined .We hypothesise that the
different layers of the leaf cuticle respond to drought by accumulating compounds and
therefore have an impact on water loss during severe drought. Furthermore, we
hypothesise that ontogenetic variations in leaf structure affect the cuticle's response to

water stress.

2.3. Materials and methods

2.3.1. Plant material

Helianthus annuus seeds were sown in plastic trays containing compost. H.
annuus plants were placed in a glasshouse (average over the experiment period
Tamb=24.5 £ 1.8°C and RH=65.3% * 9.6% between 8.am and 6.pm and Tamb=19.3 £ 2.2°C
and RH=75.4% % 9.2% during the night) at the Grande Ferrade site (Villenave d’Ornon,
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France). A growth phase of 45 days was respected before any measurements in H.
annuus individuals to run experiments on fully expanded leaves. After the periods of
growth, plants were divided into two sections, bottom leaves were considered as old
leaves and top leaves were considered as young leaves (Figure S5.1). Plants were put

under stress by stopping watering in groups of four individual plants.

2.3.2. Cuticular wax extraction and analysis

One hundred young and old leaves at different water potentials were excised then
scanned with a scale reference in order to estimate the leaf area (Aear, Mm2). Waxes were
extracted by immersing the leaves in 20 mL of chloroform for 30 seconds, with 10 ug of
internal standard (IS) docosane (1 mg/mL) added to the solvent. A total of 8 mL of the
extract was collected in a tube and stored at 4°C until further processing. Chloroform was
then completely evaporated by placing the tubes in a water bath at 40°C under air flow.
The dried residue was derivatized by adding 150 pL of BSTFA + TMCS (N,O-
Bis(trimethylsilyl)trifluoroacetamide with trimethylchlorosilane), followed by heating at
110°C for 15 minutes. BSTFA + TMCS was then completely evaporated under the same
conditions. The resulting pellet was solubilised in 150 uL of hexane and transferred into
vials. Samples were analysed with an Agilent 7890B gas chromatograph (Waldbronn,
Germany) equipped with an HP-5MS column (30 m x0.25 mm x 0.25 mm, Agilent)
coupled with a flame ionization detector (FID). The initial temperature was set to 50°C for
1 min, then increased at 25°C min™ to 150°C, held for 2 min at 150°C, followed by an
increased at 10 °C min! to 320°C, and held for 3 min at 320°C, with helium (1.5 mL/min)
as carrier gas, for a total run time of 30 min. Molecular identities were determined using
an Agilent 7890A gas chromatograph equipped with a HP-5MS column and an Agilent
5975B mass spectrometer detector (70eV, mass to charge ratio 50 to 750; Waldbronn,
Germany). The same GC program was used, with helium (1.5 mL/min) as carrier gas.
Data collection and processing were performed using Agilent MassHunter software. The
total amount of cuticular waxes was expressed per unit of leaf surface area (ug dm-2).
Leaf areas were determined by ImageJ v.1.53q (Schneider et al. 2012) before wax

extraction.
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2.3.3. Cutin monomer extraction and analysis

Cutin extraction was performed on the same 100 leaves already used for the wax
extraction experiment by cutting six discs per leaf with a total surface of 4.71 cm2 and
incubating them in 2.5 mL of isopropanol at 85°C for 45 minutes. The samples were
stored at 4°C until further processing. The isopropanol was evaporated, and the samples
were sequentially washed with 3 mL of different solvent mixtures under continuous
agitation (incubator wheel, speed: 40) at room temperature (RT): chloroform:methanol
(C:M) 2:1 for 24 hours, C:M 1:2 for 24 hours, methanol for 24 hours, water for 2 hours,
NaCl 2M for 6 hours, water for 1 hour, C:M 1:1 for 24 hours, and methanol for another 24
hours. The samples were dried at RT for 48 hours, followed by an additional 48-hour
drying period in a desiccator. The dry residue (DW) was weighed. Depolymerization was
performed by adding 2 mL of sulfuric acid (H2S04) at 5% with 40 pg of IS (heptadecanoic
acid, pentadecanol, and w-pentadecalactone), followed by heating at 85°C for 3 hours.
The reaction mixture was then extracted with 2 mL of 2.5% NaCl and 2.2 mL of methyl
tert-butyl ether (MTBE), followed by centrifugation at 3300 rpm for 5 minutes. The upper
phase was collected, mixed vigorously with 2 mL of Tris 200 mM/NaCl 0.9% (pH 8), and
centrifuged again under the same conditions. The final upper-phase was collected and
evaporated using a water bath at 40°C under air flow. The dried residue was derivatized
with 150 uL of BSTFA + TMCS and heated at 110°C for 15 minutes, followed by total
evaporation. The pellet was solubilized in 400 pL of hexane, transferred into vials, and
analyzed by GC-MS as previously. The total amount of cutin monomers was expressed

per unit of disk surface area (ug cm).

2.3.4. Transmission electron microscopy

Leaf samples from two different leaf were collected under three distinct water
potentials: well-hydrated (W=-1.02 MPa; ~Wup) and severely stressed (W=-2.40 MPa;
Wpri12<W<Wps0) and immediately fixed in 2.5% glutaraldehyde in 0.1 M phosphate buffer
(pH 7.2) for 4 hours at 4 °C, followed by post-fixation in 1% osmium tetroxide for 2 hours
at room temperature. Samples were then dehydrated through a graded ethanol series (30
min: ethanol 70%, 30 min: ethanol 100%, 2 times 20 min: Acetone) and embedded in
Spurr’s resin (1 h: 33% Spurr’s resin + 66 % Acetone,1 h: 66% Spurr’s resin + 33 %
Acetone,1 h: 100% Spurr’s resin and overnight 100% Spurr’s resin). The resin was

polymerized by incubating the embedded samples at 70 °C for 16—20 hours to ensure

146



Chapter 5: Beyond stomatal closure: Leaf cuticle properties shape residual conductance during water stress

complete curing. Ultra-thin sections (~70 nm) were obtained using an ultramicrotome
(Leica EM UC7) and collected on copper grids. TEM imaging was performed using a FEI
Tecnai G2 Spirit TWIN, operated at 120 kV to visualize the cuticle structure. Images were
used to assess cuticle thickness (in um) at 40 locations across each leaf using ImageJ
v.1.53q software.

2.3.5. Hydraulic photosynthetic traits measurements

2.3.5.1. Water status measurement
We measured the leaf water potential (Wiear, MPa) with a pressure chamber (DG

Meca, Gradigan, France) and a psychrometer (PSY1, ICT International, Armidale, NSW,
Australia) directly on top leaves used for the mass loss of detached leaves method. This
value of the water potential measured on the top young leaves serves as the reference

leaf water potential for all other leaves on the same plant at that specific time.

2.3.5.2. Relative water content
Relative water content is a mass-derived important parameter that we used in the

detached leaf mass loss (DLML) method for the determination of the water potential.
Turgid weight (TW) of each individual leaf was measured before the water loss
measurements in the climatic chamber. Weight measurements were performed with a 4-
digit balance (Pioneer, Ohaus, USA). At the end of the measurement, leaves were put in
an oven at 65°C for 72h and dry weight (DW) was measured. The relative water content
(RWC) was then computed for each mass value (fresh mass; FW) during the dehydration

process using equation 5.1:

FW — DW
= —_— 5.1
RWC =100 = W —DW (5.1)

2.3.5.3. Pressure-volume curve and stem embolism vulnerability
Pressure-volume curves were performed using a method adapted from Sack et

al., (2011) on eight leaves of H. annuus. Pressure-volume curves were used to determine
leaf physiological traits such as the water potential (Wup, MPa and RWCup, %) at turgor
loss point along with the elasticity modulus (¢) and osmotic potential at full turgor (1To)
(Table 5.1). Using € and 1m0 we estimated the water potential at any RWC during the DLML

experiment based on the relative water content. Leaf water potential (Wiear, MPa) was
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measured with a psychrometer (PSY1, ICT International, Armidale, NSW, Australia)

before each measurement.

Stem vulnerability to xylem embolism was assessed on five replicates per species
using the Cavitron technique (Cochard 2002; Burlett et al. 2022). Measurements were
carried out at the platform for hydraulic traits (Caviplace, Phenobois platform, University
of Bordeaux, Pessac, France). For each species a percentage loss of conductance or
PLC curve was obtained and embolism vulnerability determined at thresholds Wpi2, Weso
and Wess (MPa), which correspond to the xylem pressure/water potential inducing 12%,

50% and 88% losses of hydraulic conductivity, respectively.

To facilitate analysis, leaves were categorized by water potential measurements
and divided into two classes using water potential at -1.5 MPa. There were leaves
considered non-stressed (well-hydrated) [0; -1.5 MPa], or stressed [-1.5 MPa; -Inf].

TABLE 5.1: Leaf hydraulics variables used in this study. Mean and standard errors for each variable are
provided.

Definition Abbreviation  Unit H. annuus
Relative water content RWC % -

Relative water content at turgor loss point RWCip % 77.98 £3.10
Water potentials at turgor loss point Yip MPa -0.98 £ 0.05
Water potentials inducing 12% losses of Wei2 MPa -1.77 £ 0.15
conductance in the stem

Water potentials inducing 50% losses of Weso MPa -2.78 £0.18
conductance in the stem

Elasticity modulus € MPa 2.03+£0.31
Osmotic potential at full turgor 10 MPa -0.74 £ 0.06

2.3.5.4. Quantum efficiency in light
Quantum efficiency in light was measured using a porometer (LI-600; LICOR,

USA) and referred to the operating quantum yield of Photosystem Il (PSII, unitless). This
value represents the proportion of light absorbed by chlorophyll that is actually used for
photochemistry under current light conditions. Quantum efficiency provided a rapid, non-
destructive parameter to assess drought effects on plant photosynthetic performance and

had been used to assess the leaves viability.
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2.3.5.5. Residual leaf conductance (gres) and estimation of residual leaf
conductance at different hydraulic thresholds (gmin)
Seventy-seven H. annuus leaves were cut at different water potentials with a razor

blade, weighed and placed in a glass tube filled with water. The glass tube was placed in
the dark for at least 12 hours into a box in order to rehydrate the leaf and close stomata
avoiding the wrong way effect. We assume that the physical and chemical properties of
the cuticle remain unchanged during the rehydration and the experiment, as the short
time scale and use of detached leaves do not allow for the biosynthetic changes typically
observed during drought. Such changes in wax coverage, thickness, or composition have
been reported to occur only after 1 to 15 days following drought initiation (Chen et al.
2020). In this context, after the leaf excision, the cuticle composition didn't change during
the experiment and corresponds to the composition at this water stress. Moreover, we
assume a constant cuticular conductance estimated at Wpss in order to have a minimal
impact of stomata on water loss. After 12 hours, their petiole end was sealed with paraffin
to avoid water loss. Each leaf was weighed with a 4-digit balance (Pioneer, Ohaus, USA)
and scanned (v850 pro, Epson, Japan) to estimate leaf area (Aiear, M2). Leaves were then
clipped to load cells inside a climatic chamber to simulate drought through desiccation
(Billon et al., 2020). Conditions inside the chamber were stable at 25 °C and 60% of
relative humidity, with a vapour pressure deficit (VPD) of c. 1.26 kPa. We assume the leaf
temperature equals the surrounding air temperature; the small temperature difference is
neglected when computing the VPD. Micro load cells by Wheastone bridge board
(1046_OB, Phidgets Inc., Canada) were used to measure the mass every five minutes in
the chamber. During measurements, samples were placed in the dark to avoid light
impacting stomatal kinetics. A custom function in R was developed for the
parameterisation and treatment of raw data (g_residual, PHENOBOIS, University of
Bordeaux; https://gitub.u-bordeaux.fr/phenobois).

The function, g_residual, calculates the residual leaf conductance as the slope of
the mass data over time (equation 5.2) using the Savitsky-Golay filter to smooth the data
and calculate derivatives on noisy data. The same function computes the corresponding

RWC, water potential and VPD for each time step.

Residual leaf conductance gres (Mmol m? s1) was computed for each leaf as the
water evaporation rate divided by its driving force (VPD) using equation 5.2:
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dw/dt Patm
X
MHZO Aleaf VPD

Gres = (5.2)

, Where dw/dt is the slope of the mass (g s™), Mnzo is the molecular weight of water (18.01
g mol?), Pam is the atmospheric pressure in the chamber (c. 101.9 kPa) and VPD is the
measured vapour pressure deficit of the air inside the chamber (kPa) calculated at each

time step.

Leaf water potential decreases during drought, and crosses different hydraulics
thresholds such as turgor loss point (Wup), which coincides with the stomatal closure
(Brodribb et al. 2003), along with Wpi12, Wes0 and Wess, corresponding to the water
potentials inducing 12%, 50% and 88% losses of conductance, respectively. Recent
research has described the variability of gres across leaf dehydration, hence promoting
the use of physiology-informed thresholds of water status to measure minimum (gmin) leaf
conductance (Burlett et al. 2025). We estimated gmin at each relevant threshold described
above, to establish a hydraulic trait that could facilitate interpretation and comparison

between species.

2.3.6. Data processing and analysis

All data processing and analysis was carried out using R v.2022.12.0 (R Core
Team 2020). To compare two groups, a Student t test was performed after checking for
normality and homogeneity of variance. Non-parametric tests were used (Man Whitney
test), when normality is not reached. Data are expressed as mean = se. Linear and mixed
linear models have been done using the package “stats” and “Ime4” R package (Bates,
Machler, Bolker & Walker 2015). The principal component analysis (PCA) was tested
using the “factoextra” R package (Kassambara & Mundt 2020). To cope with missing data
(especially for the minimum leaf conductance at Wess, data were missing), we simulated
missing values based on variables using the “missMDA” R package to run a second PCA
(Josse & Husson 2016).

2.4. Results

2.4.1. Residual and minimum leaf conductance at Wpgg along drought
Continuous measurements of mass loss in 77 leaves yielded dehydration curves

from which residual leaf conductance along a stress gradient could be deduced. Residual
150



Chapter 5: Beyond stomatal closure: Leaf cuticle properties shape residual conductance during water stress

leaf conductance declined as leaf water potential decreased during dehydration across
all groups (Figure 5.1). At every hydraulic threshold, old leaves (triangles) maintained a
higher minimum leaf conductance than young leaves (dots). Leaf water status before
excision had an impact on the residual and minimum leaf conductance where original
stressed leaves (red colour) had a lower value than well-hydrated leaves (green colour)
for both old and young leaves. Before the turgor loss point, residual leaf conductance was
constant for young leaves contrary to old ones where the decline started before the
threshold. Between the turgor loss point and Weso, the slope was pronounced for each
group indicating stomatal impact composed of stomatal closure dynamics and leakiness.
Beyond the Weso, the residual leaf conductance is constant for the young leaves but
continue to decrease until a stabilisation at Wess for the old leaves. Stomatal impact was

more important for old than young leaves with residual leaf conductance always above.
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FIGURE 5.1: Residual leaf conductance dynamics along a drought sequence according to leaf ageing
(dots=young leaves and triangle = old leaves) and leaf water status indicating by colour: green for well-
watered leaves (water potential > —1.5 MPa) and red for drought-stressed leaves (water potential < —-1.5
MPa).

Error bars for each dot represent the standard error.
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We choose to use the Wpss in order to minimise stomatal impact during dehydration
(Figure 5.2). At Wpss, minimum leaf conductance (gmin_at_pss) differed significantly between
stressed and well-watered conditions in old leaves (p<0.01), whereas no significant
difference was observed in young leaves (Figure 5.2). Additionally, gmin_at pss, values
were significantly higher in old compared to young leaves under both well-watered
(p<0.001) and stressed conditions (p <0.01) (Figure 5.2).
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FIGURE 5.2: gmin_at_pss in relation to leaf age and drought stress class.

Green boxplots indicate well-watered leaves (leaf water potential > —1.5 MPa), and red boxplots indicate
drought-stressed leaves (leaf water potential < —1.5 MPa). Statistical differences were assessed using a
Student's t-test (***, p<0.001; **, p<0.01; ns, p> 0.05) except when assumptions are not validated in which
case the Mann-Whitney test was used.

2.4.2. Impact of water stress on cutin monomer composition according to leaf
ageing
Cutin extraction revealed that cutin was a polyester primarily composed of hydroxy
fatty acids, typically w-hydroxy fatty acids with one or two additional midchain hydroxyl
groups or an epoxy group. These monomers derived from saturated C16 and unsaturated
C18 fatty acids. The main monomer in H. annuus cutin was the 10,16-
dihydroxyhexadecanoic acid (10,16-diOH-C16:0); a saturated C16 w-hydroxy fatty acid
with an additional mid-chain hydroxyl group, with a proportion of between 75.1% and
81.6% depending on the level of stress and the age of the leaves (Figure S5.2). The

10,16-dihydroxyhexadecanoic acid amount differed significantly between stressed and
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well-watered conditions in young leaves (p<0.01), whereas no significant difference was
observed in old leaves (Figure 5.3). Moreover, the 10,16-dihydroxyhexadecanoic acid
amount were significantly higher in young compared to old leaves under both well-
watered (p <0.001) and stressed conditions (p <0.001) (Figure 5.3).
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FIGURE 5.3: Amount of 10,16-dihydroxyhexadecanoic acid in relation to leaf age and drought stress class.
Green boxplots indicate well-watered leaves (leaf water potential > —1.5 MPa), and red boxplots indicate
drought-stressed leaves (leaf water potential < —1.5 MPa). Statistical differences were assessed using a
Student's t-test (***, p<0.001; **, p<0.01; ns, p> 0.05) except when assumptions are not validated in which
case the Mann-Whitney test was used.

There is a significant negative correlation between the amount of the main cutin
monomer, the 10,16-dihydroxyhexadecanoic acid and the gmin_at_pss for both young (R=-
0.6, R2=0.36, p<0.001) and old (R=-0.59, R?=0.35, p<0.05) leaves (Figure 4). Water
losses by the non-stomatal part was related to the amount of the 10,16-

dihydroxyhexadecanoic acid.

153



Chapter 5: Beyond stomatal closure: Leaf cuticle properties shape residual conductance during water stress

201
"o 151
=
°
£
= Young
= 101 old
DLI
E
=]
5_

1 2 3
10,16-diOH-C16:0 amount (ug cm™2)

FIGURE 5.4: gmin_at_pgs a&s a function of the amount of 10,16-dihydroxyhexadecanoic acid.

Dots represent young leaves (blue colour) and old leaves (gold colour). Pearson correlation analysis with
95% confidence interval. R corresponds to the Pearson’s correlation coefficient, R? to the coefficient of
determination and stars to the p-value (***, p<0.001; *, p<0.05).

2.4.3. Impact of water stress on cuticular wax composition according to leaf ageing

Sunflower epicuticular waxes are mainly composed of three families of aliphatic
compounds of very long chain fatty acids (VLCFAS) (C22 to C28) and their derivatives:
VLC-alkanes (C25 to C31) and VLC-primary alcohols (C22 to C32) which are the main
wax components (Figure S3). The heat map of Figure 5, represented the dynamic along
the drought sequence for each scale compound with a distinction between the young and
old leaves. In young leaves, the wax composition responded to water stress for most
compounds, showing a significant positive correlation for all except C32 alcohol and C22
fatty acid. In contrast, waxes from old leaves showed no correlation with water stress
(Figure 5.5).
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FIGURE 5.5: Heat map of cuticular wax amount by compound along a drought sequence for the young and
old leaves. Cuticular waxes are scaled by 2 modalities (family compound and leaf’s ageing) in order to
facilitate the interpretation.

Due to the lack of correlation (Figure S5.4) for the old leaves, we focused only on
young leaves to represent the relationship between the wax component family sum
(represented as the sum of all compounds) versus the gmin_at pss but there was no
correlation between the alkane, primary alcohol and fatty acids families versus gmin_at_pss
(Figure 5.6). Unlike the 10,16-dihydroxyhexadecanoic acid amount, the cuticular wax

amount didn’t have a correlation with the minimum leaf conductance at Wess.
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FIGURE 5.6: gmin_at_pgs @s a function of mean amount by cuticular wax family. Dots represent young leaves.

R corresponds to the Pearson’s correlation coefficient, R? to the coefficient of determination and stars to
the p-value (ns, p> 0.05).

2.4.4. Impact of water stress on leaf ‘s cuticle

A principal component analysis (Figure 5.7), revealed that water stress impacts
both the amount of cutin monomers represented by the 10,16-dihydroxyhexadecanoic
acid and waxes amount. However, changes in the cutin and waxes did not alter the
minimum leaf conductance at Wess to the same extant. The first two principal components
explained 64.6% of the total variance, with PC1 accounting for 39.2% and PC2 for 25.4%
(Figure S5.5 and S5.6). The PCA biplot (Figure 5.7) displays clear clustering of the four
experimental groups. Each group is enclosed within a 95% confidence ellipse,

highlighting the distinction among treatments. Notably, young leaves with stress samples
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(red crosses) are well separated along PC1, indicating strong differentiation from the
other groups, particularly in relation to higher values of alkane, primary alcohol, and fatty
acid amounts suggesting that stressed young leaves had more waxes than others leave
especially the stressed old leaves. In contrast, old leaves under stress (brown triangles)
are clearly separated along the PC2, positively correlated with the Qmin at pge and
negatively with the PSII. This separation suggested that old stressed leaves had a low
PSII efficiency and a high gmin_at_pss. Old (golden circles) and young leaves (blue squares)
with no stress overlap more closely, suggesting greater similarity in their component
composition. Along the drought gradient, young leaves responded with an increase in

wax amount instead of old leaves.

The variable vectors indicate the contribution and direction of each trait to the
principal components. Traits such as alkane, alcohol, and fatty acid amounts are
positively associated with PC1 and are mostly expressed in the young with stress group.
Conversely, water potential before excision and gmin_at pgs are negatively associated with
PC1 and are more closely related to the old leaves with no stress group. PC2 is primarily
influenced by the efficiency of photosystem Il, PSII efficiency, dry mass cutin, and cutin,
which are more strongly associated with the young leaves with no stress group. Overall,
the PCA reveals that stress treatment and leaf age both contribute to distinct physiological
and biochemical trait profiles, with stress in young leaves driving the most pronounced

separation along the primary axis of variation.
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FIGURE 5.7: Principal component analysis (PCA).

PCA reveals variation in water loss and cuticle composition along a drought sequence collapse onto two
axes explaining 64.6% of the variation for component traits. PC1 and PC2 correspond to 39.2% and 25.4%
of the variation, respectively. Black arrows denote the contribution and direction of each variable to the
principal components and correspond to the leaf water potential before excision, (MPa); gmin_at_pss, (mmol
m-2 s1); dry mass cutin, (ug); 10,16-dihydroxyhexadecanoic acid amount (cutin), (ug cm-2); total alkane,
primary alcohol and fatty acids amount (ug dm-) and the quantum efficiency, PSII or ®psii. Points represent
individual samples (n=100), coloured and shaped by group: old leaves with no stress (golden circles), old
leaves with stress (brown triangles), young leaves with no stress (blue squares), and young leaves with
stress (red crosses). Ellipses indicate 95% confidence intervals for each group.

2.4.5. Impact of drought on cuticle thickness

Transmission electron microscopy (TEM) images revealed that the stressed young
leaves (W=-2.40 MPa) did not have a significantly thicker cuticles than unstressed leaves
(W=-1.02 MPa) (Figure 5.8). On average, the cuticle thickness of young unstressed
leaves was 0.0770 = 0.0024 um whereas the thickness of young stressed leaves was
0.0738 £ 0.0015 um. Cuticle thickness corresponded to 0.068 % and 0.120 % of the total
leaf thickness in well watered and stressed leaf, respectively. This difference was due to
the leaf shrinkage during drought (p<0.001) (Figure S5.8).
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FIGURE 5.8: Cuticle thickness for young leaves in relation to drought stress class.

(a) Green boxplots indicate a well-watered leaf (Y= -1.02 MPa (~Wup, No stress)), and red boxplots indicate
a drought-stressed leaf (-2.40 MPa (Wr12<W<Wes0, Stress)). Statistical differences were assessed using a
Student t test (ns, p> 0.05). Images from TEM at (b) W= -1.02 MPa (~Wup, No stress) and (c) W= -2.40 MPa
(Wp12<W<Weso, Stress). Abbreviation: CW; Cell Wall.

2.5. Discussion

Investigating water loss after stomatal closure in crop species like Helianthus
annuus reveals that both drought stress and leaf ageing significantly influence minimum
leaf conductance, with the leaf cuticle emerging as a contributing factor. Analysis of both
types of components of the cuticle, cutin and waxes, showed that their accumulation
increases significantly with increasing water stress but this increase is notably confined
to young fully expanded leaves. The increase in amount of the cutin and waxes layers
does not have the same effect on water loss after stomatal closure, with a significant
correlation between cutin monomer amount and minimum leaf conductance at Wpss

whereas there is no impact of waxes accumulation on water loss.
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2.5.1. Stomatal closure efficiency and leakiness drives residual leaf conductance

in young leaves during drought but what about the cuticle?

At each hydraulic threshold (Figure 5.1), young leaves exhibit significantly lower
residual leaf conductance than older leaves, regardless of the level of water stress. The
decrease along the water stress gradient in the residual leaf conductance for each leaf
type could come from incompletely closed stomata (Machado et al. 2021; Burlett et al.
2025). The significant difference between young and old leaves can be the result of a
more rapid stomatal closure in young leaves (Jordan et al. 1975; Reich 1984) thereby
limiting leakiness without stopping it completely (Brodribb et al. 2014 ; Kane et al. 2020 ;
Machado et al. 2021) (Figure 5.1). Furthermore, in terms of the cuticle, this difference
between young and old leaves might be the result of a less healthy cuticle, thinner or with
cracks generating passive leaks (Jordan & Brodribb 2007) reducing the capacities of this
hydrophobic barrier. Individually, old leaves physiologically active (with a fewer efficiency
of photosystem Il than young leaves, Figure S5.7) may strongly alter the time to reach
hydraulic failure due to their higher residual leaf conductance. However, at the plant level,
this impact may not be significant, as young leaves contribute more to overall water loss
due to the ratio between the number of young and old leaves. As both minimum leaf
conductance and stomatal conductance change with leaf ontogeny, this variability should
be considered when calculating the time to hydraulic failure (Urli et al. 2013; Li et al. 2016)
or the stomatal margin retention index (SMRIwso) (Petek-Petrik et al. 2023).

Studying the residual leaf conductance at a hydraulic threshold like Wess (Figure
5.2), minimising stomatal leakiness impact, reveals that there is no difference between
water stressed and unstressed young leaves unlike to old leaves, questioning the cuticle
impact during drought. Recent literature reports that there is a physiological response of
the leaf cuticle by increasing compound amounts with increasing water stress (Kosma et
al. 2009; Bi et al. 2017; Chen et al. 2020) but with contrary conclusions about which layers
are involved in limiting water loss (Shellakkutti et al. 2022). The detached leaf mass loss
(DLML) method is an accurate method to estimate the bulk residual then the minimum
leaf conductance with increasing water stress but it does not allow the contribution of the
cuticle to be separated from that of the stomata. To accurately estimate cuticular
conductance, the detached leaf mass loss (DLML) method could be combined with the

red-light method recently developed by Marquez et al. (2022).
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2.5.2. Leaf’s cuticle physiological response during drought

Studying the leaf cuticle solely under the lens of epicuticular waxes may offer an
incomplete understanding of the cuticle biosynthesis under abiotic stresses such as
drought. The cuticle is a multilayered structure, comprising the epi- and intracuticular
waxes and the cutin polymer matrix, each of which exhibit distinct compositional changes
and responses to environmental stress (Dominguez et al. 2011a; Heredia et al. 2024;
Zhao et al. 2025). Overlooking this structural complexity risks missing critical insights into

how different layers contribute to limiting water loss during drought.

2.5.2.1. Cutin monomer as the principal barrier to water loss from the leaf
surface
Our findings indicate a strong association between minimum leaf conductance at

Wess (gmin_at pgg) and the major cutin monomer, 10,16-dihydroxyhexadecanoic acid, the
quantity of which varies with both leaf age and drought stress (Figure 5.3). In H. annuus,
the cutin matrix responds to a drought by enhancing the amount of this cutin monomer.
Statistical comparisons reveal that gmin_at pss iS significantly lower in young leaves,
whereas cutin content is significantly higher, regardless of stress treatments (Figures 5.2
and 5.3). These findings highlight a clear impact of the cutin matrix on water loss,
indicating that the leaf age plays a role in regulating cutin properties independent of
external abiotic stress such as drought. This age-dependent difference is further
supported by the PCA (Figure 5.7), which reveals a strong inverse loading between
Omin_at_rgs and 10,16-dihydroxyhexadecanoic acid amount. The direction of the gmin_at_pss
vector is opposite (strong negative correlation) to those cutin-related vectors (cutin
amount and dry mass cutin), emphasising that the cutin is implicated to limited water loss
in H. annuus. The clustering of young well-watered and young stressed leaves toward
the upper left quadrant, closely aligned with higher cutin amount suggests that young
leaves maintain a structurally protective cuticle, which may contribute to their lower
Omin_at_Pgg. By contrast, older leaves, particularly during drought, shift away from this
region and toward higher g,,i, values. Overall, these patterns strongly support that 10,16-
dihydroxyhexadecanoic acid is a key component of the cuticle in H. annuus to limit non-
stomatal water loss independently of the leaf water potential. As a complex and pivotal
structure for leaf integrity, the cutin biosynthesis is influenced by genetic and
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environmental factors such as biotic (pathogens) or abiotic multistress (including drought,
salinity, extreme temperatures) (Yeats & Rose 2013; Zhao et al. 2025).
2.5.2.2. Epicuticular waxes: drought-responsive but do not limit water loss

Epicuticular waxes are altered by water stress (Figure 5) such as the cutin polymer
and their accumulation with increasing water stress is not linked to a significant reduction
in gmin_at_pss (Figure 6 and 7), which is consistent with prior studies (Zeisler-Diehl et al.
2018; Grunhofer et al. 2022; Grunhofer et al. 2024; Shellakkutti et al. 2022). Highlighting
the age-dependent response shows that wax biosynthesis is not uniform along the plant’s
life cycle. Older leaves, at an advanced stage of senescence, exhibit a reduced capacity
to accumulate waxes, associated with a lower regulation of the MYB transcription factor
(Seo et al. 2011), as a consequence of decreased ABA levels (McAdam et al. 2022). Like
for the cutin polymer, the plant during drought sequence tries to privilege leaves with high
physiological impact and limit biosynthesis in senescence leaves (Munné-Bosch & Alegre
2004).

Although epicuticular waxes do not appear to limit water loss directly, their
functional role as an external barrier during drought must be sought elsewhere. The
Principal Composant Analysis completes informations where vectors representing major
epicuticular wax family are oriented orthogonally to the g,,, vector. This indicates a lack
of association between wax amount and minimum leaf conductance, reinforcing the
conclusion that waxes do not directly influence water loss after stomatal closure. The
accumulation of epicuticular waxes in young leaves under drought conditions (Figure 5.5
and 5.7) likely represents an adaptive strategy to increase surface reflectance, thereby
protecting tissues from harmful radiation. Specifically, these waxes might help to mitigate
the impact of short-wavelength ultraviolet radiation including UV-B (280-315 nm) and UV-
A (315-400 nm) as well as thermal radiation, particularly in the near-infrared (700-1400
nm) and shortwave radiation (1400-2500 nm) regions. This reflectance-based protection
may reduce both photodamage and leaf overheating (Shepherd & Griffiths 2006;
Lewandowska et al. 2020; Griinhofer et al. 2024), contributing to extended physiological
processes. Recent study on thermal infrared reflectance in the 8-14 um range
(longwaves radiation) for different species such as sunflower (Fabre et al. 2011; Xu et al.
2023) shows that when the leaf water content decreases, reflectance for this range
increases. Longwave radiation is typically emitted by surrounding objects and can be
absorbed by leaves. From an energy point of view, increasing reflectance across a broad

range of wavelengths can reduce energy absorption, thereby facilitating leaf cooling.
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Even though the amount of cutin and waxes increases with increasing water
stress, TEM microscopy shows that the overall thickness of the cuticle does not change
significantly. This therefore implies a change in the density of the cuticle in Helianthus
annuus. A change in density can affect the physicochemical properties of the cuticular
layers, thereby altering mechanical stiffness (Onoda et al. 2012) and potentially helping
to improve the response to severe drought, for example through improved wave

reflectance and water retention.

2.6. Conclusion

This study provides new insights into how the cuticle of Helianthus annuus is
involved in limiting water loss during severe drought. Our results demonstrate that
residual leaf conductance decreases progressively with increasing water stress, with
dynamics strongly influenced by both leaf age and water stress level. Our findings
highlight the pivotal role of the cuticle, in particular the cutin layer in limiting water loss
during drought. Young, fully expanded leaves invest in their cuticle by increasing both
cutin and wax deposition, whereas older leaves show a non-significant investment. This
ontogenic suggests a strategic prioritisation of resources in leaves that contribute more
effectively to maintaining plant physiology under stress. Importantly, our findings
disentangle the functional roles of different cuticle layers. Both cutin and wax amounts
increased in young leaves under drought, but their impacts on water loss are not the
same. Cutin deposition during drought was associated with a lower minimum leaf
conductance at Wpss, highlighting its functional role in limiting water loss under severe
stress. In contrast, wax deposition during drought did not limit water loss, suggesting
alternative protective roles such as thermal regulation or defense against biotic stressors.
Together, these results indicate that in H. annuus, investment in leaves during drought is
not uniform and depends in particular on age, and that investment in the different cuticular
layers contributes to the leaf's response during drought with complementary functions.
The cutin monomer participates directly to limit water loss whereas waxes likely serve

complementary functions in order to preserve and extend leaf physiology.
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2.8. Supporting Information

The following Supporting Information is available for this article:

FIGURE S5.1: Experimental design

FIGURE S5.2: Cutin compound proportion according to leaf’s ageing and water stress
level

FIGURE S5.3: Boxplot of the main waxes found in H. annuus for young and old leaves
FIGURE S5.4: Correlation plot for (a) young and (b) old leaves versus the water potential
FIGURE S5.5: Principal component analysis (PCA) and variable importance

FIGURE S5.6: Broken stick model to determine the number of axis for the PCA analysis

FIGURE S5.7: Boxplot of efficiency of photosystem I, ®psi, for young and old leaves
versus water stress class

FIGURE S5.8: Leaf thickness versus drought stress class

TABLE S5.1: Linear model fit results
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FIGURE S 5.1: Experimental design.

The experiment consists of collecting paired leaves from the top (young leaf) and bottom (old leaf) in order
to simultaneously measure, with the same water potential, the minimum leaf conductance and the
composition of the cuticle (cutin and waxes). Created in BioRender.com.
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FIGURE S 5.2: Cutin compound proportion according to leaf’s ageing and water stress level.
Abbreviation: 10,16-diOH-C16:0: Acid 10,16-dihydroxy-hexadécanoique; 10-OH-16-0x0-C16:0: Acid 10-
hydroxy-16-oxo-hexadécanoique; 10-OH-1,16-diacid-C16:0: Acid 10-hydroxy-hexadécanedioique; 16-OH-
C16:0: Acid 16-hydroxyhexadécanoique; 10-OH-1,18-diacid-C18:1: Acid 10-hydroxy-9-
octadécénedioique; 9,10-OH-18-0x0-C18:1 Acid 18-oxo-di-hydroxy-9-octadécénoique; 18-OH-C18:1: Acid
18-hydroxy-9-octadécénoique; 18-OH-C18:3: Acid 18-hydroxy-9,12,15-octadécatriénoique; 18-OH-9,10-
epoxy-C18:1: Acid  18-hydroxy-epoxyoctadécanoique; 9,10,18-triOH-C18:1: Acid  tri-hydroxy-
octadécanoique
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FIGURE S 5.3: Boxplot of the main waxes found in H. annuus for young and old leaves.

Green boxplots indicate well-watered leaves (leaf water potential > —1.5 MPa), and red boxplots indicate
drought-stressed leaves (leaf water potential < —1.5 MPa). Statistical differences were assessed using a
Student's t-test (***, p<0.001; **, p<0.01; *, p<0.05; ns, p> 0.05) except when assumptions are not validated
in which case the Mann-Whitney test was used.
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FIGURE S 5.4: Correlation plot for (a) young and (b) old leaves versus the water potential.

Color corresponds to the correlation direction. Colors correspond to the magnitude of Person correlation
coefficients, while asterisks correspond to the statistical significance of the results (***, p<0.001; **, p<0.01;
* p<0.05; -, p> 0.05).
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FIGURE S 5.5: Principal component analysis (PCA) and variable importance.

(a) Scree plot of eigenvalues showing the percentage of variance explained by the first eight principal
components. (b) Correlation heatmap between variables used in the PCA. (c) Variable correlation plot
showing the squared cosines of the variables with the first two principal components, indicating how well
each variable is represented. Contribution of individual variables to the first three principal components: (d)
PC1, (e) PC2, and (f) PC3). The red dashed line indicates the expected average contribution if all variables
contributed equally.
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FIGURE S 5.6: Broken stick model to determine the number of axis for the PCA analysis.
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FIGURE S 5.7: Boxplot of efficiency of photosystem II, ®psi, for young and old leaves versus water stress

class.
Statistical differences were assessed using a Student's t-test (***, p<0.001; *, p<0.05) except when
assumptions are not validated in which case the Mann-Whitney test was used.
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FIGURE S 5.8: Leaf thickness versus drought stress class.

Green boxplots indicate a well-watered leaf (W= -1.02 MPa (~Wup, No stress)), and red boxplots indicate a
drought-stressed leaf (-2.40 MPa (Wr12<W<Wpso, Stress)). Statistical differences were assessed using a
Student t test (***, p<0.001). Images were used to assess leaf thickness (in um) at 15 locations across each
leaf using ImageJ v.1.53q software.
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TABLE S 5.1: linear model fit results
Call:

Im(formula = gres ~ WP * Stress_level * Level, data = data)

Stress_level: Well-watered or stressed leaves

Level: Young or old leaves

Coefficients:

Estimate  Std. Error t value Pr(>|t])

(Intercept) 21.6598 0.4677 46.31 2.00E-16  ***
WP 4.5081 0.1814 24.845 2.00E-16  ***
stress_levelStress -4.5265 0.7814 -5.793 8.83E-09 ***
LevelOld 23.7846 0.9249 25.715 2.00E-16  ***
WP:Stress_levelStressed -0.954 0.3031 -3.148 0.00169  **
WP:LevelOld 3.532 0.3631 9.728 2.00E-16  ***
Stress_levelStressed:LevelO -2.1533 2.2167 -0.971 0.33154 ns

Id

WP:Stress_levelStressed:Le 0.6142 0.8134 0.755 0.45036 ns

velOld

Signif. Codes: 0 **** 0.001 ** 0.01 ** 0.05°" 0.1 “" 1

Residual standard error: 5.658 on 1205 degrees of freedom

Multiple R-squared: 0.728, Adjusted R-squared: 0.7265

F-statistic: 460.8 on 7 and 1205 DF, p-value: < 2.2e-16

173



CHAPTER 6

General conclusion and perspectives

174



Chapter 6: General conclusion and perspectives

Chapter 6 General conclusion and perspectives

Water loss during a severe drought, even if it is a low flow, can rapidly compromise
the physiological functions and survival of the plant. As soil moisture declines and
atmospheric demand increases, plants must rely on mechanisms such as stomatal
closure to limit dehydration. However, even after stomatal closure, residual water loss
through the cuticle and incompletely closed stomata persists, contributing to continued
water loss. Uncontrolled, this ongoing water loss can lead to loss of hydraulic conductivity,
hydraulic failure and ultimately cellular damages and mortality (Trueba et al. 2019).
Minimum leaf conductance, gmin, cOmposed of two components: stomatal (through
incompletely closed or leaky stomata) and cuticular conductance is a major hydraulic trait
for understanding plant responses to drought and estimating the time to consume the
stomatal safety margin (Petek-Petrik et al. 2023) and the time to hydraulic failure (Urli et
al. 2013; Li et al. 2016). In a recent study, we showed that this trait exhibits important
variability intra- and interspecific in vascular plants and shows only a weak phylogenetic
signal resulting from convergent evolution (Trueba et al, 2025, in revision). Nevertheless,
deciduous and annual species tend to exhibit higher gmin Values than evergreen species
highlighting an annual/seasonal water loss conservation. Furthermore, gmin is correlated
with climatic variables such as mean annual temperature and annual precipitation,
indicating its adaptive role in minimising water loss under water-limited conditions (Trueba

et al, 2025, in revision).

We emphasised that after stomatal closure, the minimal leaf conductance, gmin, IS
not constant as drought increases but decreases as dehydration inside the leaf
progresses and the leaf's water availability decreases (Burlett et al. 2025). That decline
can be attributed to the stomatal closure dynamics until a residual leakiness and to the
cuticle response with a change in amounts of wax and cutin. We showed that the two
components (incompletely closed stomata and cuticle) of gmin contribute independently
and differentially to limiting water loss during drought (chapter 3 and 5). Their distinct
dynamics are relevant in the context of plant responses to drought, making them essential
for research in plant drought resistance and water-use strategies. Neglecting these
dynamic behaviors can lead, as we highlighted in chapter 3 and 5, to inaccurate estimates
of time to hydraulic failure in drought forecasting models, resulting in either over- or

underestimation of plant survival times under extreme drought.
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1. Alone, we go faster, together we go further

1.1. Incomplete stomatal closure and leakiness

During progressive dehydration, stomatal closure is rarely complete and 100%
hermetic (Brodribb et al. 2014; Kane et al. 2020; Machado et al. 2021). Incomplete closure
results in a leak, allowing residual water loss even after the point at which stomata are
functionally considered closed. My research has pointed out for the first time that this
leakiness observed in two contrasted species (a crop, Helianthus annuus and a tree,
Liriodendron tulipifera) is present along a drought sequence and persists until Wpso, which
represents a critical threshold for survival probability (chapter 3). Using independent
methods such as the infiltration method, we demonstrated that this leakiness varies
between the two studied species and is influenced by their capacity for stomatal closure.
Although both species exhibit stomatal leakiness, it is limited and constant for the
Liriodendron tulipifera due to rapid stomatal closure before the turgor loss point. In
contrast, Helianthus annuus tends to maintain stomatal opening and therefore leakiness
for longer during the drought sequence (chapter 3). Potential explanations for this leakage
could be the inability of guard cells to fully close due to structural limitations, insufficient
turgor from surrounding epidermal cells, or structural limitations. Nonetheless, this
leakiness is a crucial component of the minimal leaf conductance. However, numerous
fundamental questions remain open: How should stomatal leakiness be precisely
defined? After the post-stomatal closure or the Wgsoo which represents the loss of 90% of
stomatal conductance or after? Perhaps this leakage is simply due to a slower closing
dynamic after a certain point. At what hydraulic thresholds do leaks begin and cease to
be a controlled process? To highlight stomatal leakiness, we used the infiltration method.
Could variations in infiltration pressure influence the occurrence or severity of leakage

visualisation ?

It is essential to answer these questions to refine our understanding on stomatal
leakiness impacting plant survival. To achieve this, infiltration experiments should be
done with complementary approaches, such as the detached leaf mass loss (DLML)

method, across different species and clades.

1.2. Stomatal patchiness as an emergent behaviour
Leakiness is examined as an isolated phenomenon, yet during dehydration it

frequently co-occurs with stomatal patchiness, a spatially heterogeneous pattern of
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stomatal aperture across the leaf. We shed light on stomatal patchiness significance as
a collective stomatal response to drought (chapter 3 and 4). Easily observed using
thermal and chlorophyll fluorescence imaging, we demonstrate that this emergent
stomatal behaviour provides flexibility in the leaf response to environmental cues and
especially at the onset of drought. This spatial heterogeneity enables specific leaf regions
to sustain and prolong carbon assimilation while minimising water loss, thereby
postponing complete metabolic shutdown and hydraulic failure (chapter 4). Such spatial
trade-offs illustrate the complexity of drought adaptation and leaf response where water
conservation and physiological processes must be balanced (Hatfield & Dold 2019;
Machado et al. 2021).

To better understand spatial heterogeneity of water loss during drought, it is
essential to understand the pathways taken by water in liquid or vapour form outside the
xylem. It is important to look not at the leaf as a whole, but locally and, above all, with a
spatio-temporal point of view, analysing the local behaviour of the water potential inside

the leaf and the stomatal patchiness at the surface.

1.3. Temporal dynamics and thresholds of stomatal patchiness

Using for the first-time chlorophyll fluorescence imaging along a drought
sequence, we highlighted in Helianthus annuus that the maximum of spatial variability for
the stomatal behaviour is between the bulk water potential at turgor loss point (Wup) and
Wp12. This interval between Wup, considered as the stomatal closure and Wei2
representing the early stages of xylem embolism can be considered from a spatial
perspective for the leaf as a buffer zone allowing local stomatal behaviour thus stomatal
patchiness. Above Wip, leaves achieve maximal uniform cooling efficiency and carbon
assimilation over the leaf, as water is not a limiting factor. Below Wp12, patchiness
diminishes due to water scarcity and only residual stomatal leaks remain. On a hot day,
for instance, high evaporative demand causes a drop in bulk leaf water potential. While
overall water potential can fluctuate within the range of Wup to W12, substantial variation
exists across different leaf regions. Relying solely on bulk water potential to trigger or
delay complete stomatal closure can result in carbon starvation or conversely, excessive
water loss. Allowing local regulation enables optimisation of this trade-off, even when the

global bulk water potential falls below the turgor loss point and approaches Weio.
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1.4. Hierarchical organisation and modelling perspectives

Stomatal patchiness is not exclusive to drought conditions; it can be present even
in well-watered plants but is less detectable due to uniform water potential across the leaf
(chapter 4). Another feature that we highlighted, is the hierarchical spatial organisation of
stomatal patchiness (chapter 4). Indeed, using a long- and short-timescale, we
demonstrated that patchiness can be decomposed into three scales, microscale (shaped
by the vein network), mesoscale (a group of patchiness) and macroscale (whole leaf
level). This structure may enable plants to optimise leaf response to environmental
variations and stresses across both diurnal and seasonal timescales. We recommend
including stomatal patchiness into plants' hydraulic model in order to better predict

residual water loss and thereby hydraulic failure.

Spatial heterogeneity has the potential to significantly improve predictions of
drought response (chapter 3 and 4). Key research questions remain regarding the role of
local water potential gradients over the leaf, pathway outside the xylem, vein and bundle
sheath extensions architecture, and stomatal density in controlling the initiation, spread,
and persistence of patchiness (Buckley et al. 2011; Jain et al. 2023, 2024; Buckley &
Sack 2024).

Ultimately, while the proverb “alone we go faster, together we go further” reflects
the collective dynamics of stomata, in a biological context like patchiness, represent
adaptive compromises that extend survival under water limitation, but only up to a yet to

be determined threshold.

1.5. A jacket to limit water loss and heating

While stomatal patchiness and more broadly stomatal behaviour represent rapid
responses to drought or environmental cues, unfolding over minutes to hours, the
cuticular response is markedly slower, developing progressively along the drought
sequence (chapter 5). The third leaf’'s response to drought is often associated with a
change in the cuticle in terms of composition, quantity or thickness. However, the
relationship between the cuticle response and reduced water loss is not straightforward,
with studies reporting contradictory results (Zeisler-Diehl et al. 2018; Grinhofer et al.
2022; Grunhofer et al. 2024; Shellakkutti et al. 2022). The cuticle, composed primarily of
a cutin matrix impregnated with and overlaid by waxes serves multiple functional roles: it

acts as a protective barrier against non-stomatal water loss, provides defence against
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pests, fungi, ultraviolet and thermal radiation, contributes to structural support, and

facilitates leaf surface cleaning.

We conducted a simultaneous study on the cutin matrix and waxes layer along a
drought sequence using the detached leaf mass loss (DLML) method with
lipid extractions by GC-FID and GC-MS to disentangle their dynamics and impact on
water loss. Our results showed for Helianthus annuus that both layers have a response
to drought by increasing compound amount but only the cutin is significantly correlated
with water loss (chapter 5). Epicuticular waxes, which form a thin layer on the top at the
leaf surface, are not correlated with water loss, however their significant increases during
drought suggests another protective role (chapter 5). Finally, we showed using TEM
images that the thickness of the cuticle does not increase during drought, but that its
density changes due to the increase in amount (chapter 5). This change in cuticle density
affects water loss and may also influence its mechanical integrity, as well as its thermal

and optical properties.

This raises several unresolved questions: How does cuticle composition change
during drought across developmental stages and among species? My study focused on
one crop, Helianthus annuus. How does the cuticle respond to drought in evergreen and
deciduous trees? What are the specific contributions of polysaccharides and aqueous
pores to water transport under water deficit? Present in the cuticle, polysaccharides came
from the cell wall and are known to facilitate water transport. How does drought-driven
modification of cuticle reflectance influence leaf temperature by altering radiation
absorption? If the leaf increases the reflectance of long and short waves, the cooling
demand is limited thus when the water availability inside the leaf is low, insulating could
be a good solution to delay leaf failure. Which molecular pathways and genes regulate
cuticle’s response under drought stress, and how are these processes coordinated with
other protective responses? Finally, from a functional ecology perspective, the post-
drought phase invites an additional question: what becomes of this “blanket” once soil
water availability returns, does it persist as a legacy of stress or undergo active

remodelling to restore pre-drought properties?
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1.6. Conclusion

Overall, this thesis deepens the understanding and interpretation of the main
factors contributing to residual water loss under severe drought conditions. More
specifically, this research demonstrates that stomatal leakiness is a persistent component
of residual water loss throughout the drought sequence. Concomitantly, the different
layers of the cuticle responses to drought, enhancing that leaf’s cuticle acts as a multi
protective barrier not only against water loss. Moreover, this thesis emphasises that
stomatal patchiness as a key leaf-level response to drought, highlighting how localised
variations in stomatal behavior extend and modulate physiological processes across the
leaf surface. Finally, it is important to consider stomatal leakiness and cuticle responses,

as well as a spatial and local approach in models to predict drought-related mortality.

2. Harnessing interdisciplinary approaches in plant science

Whatever the type of drought, this abiotic stress remains one of the most harmful
stress affecting both ecosystems and agricultural productivity. In the context of climate
change, drought events are expected to increase in frequency, intensity, and
unpredictability, presenting profound challenges for plant survival, crop yield and
ecosystem resilience. Drought stress impacts not only the water transport of plants,
disrupting the soil-plant—atmosphere continuum, but also leads to cascading effects on
key physiological processes such as photosynthesis (Torres-Ruiz et al. 2024). To fully
grasp the complexity of plant responses to drought, an interdisciplinary approach is
required. By focusing on the leaf and integrating ecophysiology, plant physiology,
biochemistry, physics and modelling in this PhD project, a multi-scale spatio-temporal
understanding of leaf response to drought is beginning to emerge. Furthermore, the highly
ambitious goal of using numerous high-level techniques specific to each field (Micro-CT,
thermal and chlorophyll fluorescence imaging, mass spectroscopy, transmission electron
microscopy (TEM), cavitron, infiltration and infrared gas analysers) throughout this PhD
project enabled us to go further and deeper into the understanding of phenomena
involved during drought. Interdisciplinarity widens the window through which we observe
and interpret plant responses not only during a drought but during a multistress. It enables
us to move beyond isolated mechanisms and instead construct complex in the sense of

a complex system, systems-level understanding of plant stress response.
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3. Multifactorial stress analysis, a necessity to better understand plant
response to drought

Understanding how plants globally respond to drought requires a shift from
studying single stress factors such as water or heat stress to a multifactorial stress, as
plants in natural environments are subjected to co-occurring abiotic stresses (Zandalinas
& Mittler 2022). Plant responses to combined stresses cannot be reliably predicted by
simply extrapolating from responses to each stress applied in isolation and then added
(Zandalinas & Mittler 2022). This non-additive nature of stress responses arises from
complex regulatory networks that integrate multiple signaling pathways, often involving
trade-offs and re-prioritisation of metabolic resources and physiological processes that
would remain hidden in single-stress analyses (Sato et al. 2024; Jiang et al. 2025). For
instance, stress signaling, such as abscisic acid (ABA) and reactive oxygen species
(ROS) operate differently under combined drought and heat stress, leading to unique
response profiles shaped by the severity, duration, and sequence of stress exposure
(Sato et al. 2024). The importance of this approach is underscored by recent findings on
the dynamics of minimum leaf conductance (gmin) during and after heat stress. Fernandes
et al. (2025) demonstrated that heat stress alone can significantly alter gmin. The study
showed that gmin increased during heat exposure and remained elevated even after stress
cessation, suggesting a persistent vulnerability to water loss during post-stress recovery.
This altered gmin behavior may be particularly harmful when combined with drought, as it
could amplify dehydration under limited soil moisture conditions. Moreover, plant
responses to combinational stresses are not only dominated by the most severe stressor
but are also shaped by the order in which stresses occur (Jiang et al. 2025). Sequential
stress exposure can trigger physiological memory or priming effects, whereby prior
exposure, even to mild stress, modifies subsequent responses. Mitchell et al. (2025)
found that leaf drought and heat tolerance traits are often integrated across species from
different temperate biomes, indicating a coordinated strategy of stress resilience that is
both trait-specific and environment-dependent. Such findings underscore the importance
of studying stress combinations to better predict plant survival and function under future

climate scenarios.
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A.Appendix

A.1l. An R package to facilitate the accuracy and the reliability of
residual and minimal leaf conductance

Residual leaf conductance (gres ; mmol m?2 s?) by the detached leaf mass loss
(DLML) method based on the DroughtBox system developed by Billon et al., 2020 is one
of the most common and accurate protocols to estimate water loss simulating extreme
drought. We used the same system described in Burlett et al. 2025. The system can
simultaneously manage 24 samples and in order to improve the speed and reliability of
data processing, a set of functions grouped together in a R package (CuticleR) is currently

being developed.

A.1.1. Input data
Two input files are used, one containing leaf mass recorded at each time step with
air temperature and relative humidity and the second containing a list of metadata such
as leaf area and dry weight used as a constant to estimate residual leaf conductance,

water potential and relative water constant.

A.1.2. Theresidual leaf conductance estimation
The main function (g_residual) developed for the parameterisation and treatment

of raw data is already available on the Phenobois github (https:/gitub.u-

bordeaux.fr/phenobois). That main function, g_residual, calculates the residual leaf

conductance as the slope of the mass data over time (equation Al.1) using the Savitsky-
Golay filter to smooth the data and calculate derivatives on noisy data. The Savitzky-
Golay filter is a smoothing technique that fits a low-degree polynomial to a moving window
of data using least squares regression, allowing it to reduce noise while preserving
important features like shifts and peaks. Commonly used in time series, it is particularly
useful for maintaining signal shape during smoothing or derivative estimation like the
residual leaf conductance as a derivative of the mass. Key parameters include the window
size and polynomial order, which must be carefully chosen to balance noise reduction
and feature preservation. These parameters are present as arguments of the main

function.
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Residual leaf conductance was computed for each leaf as the water evaporation

rate divided by its driving force (VPD) using equation Al1.1:

dw/dt y Patm
MHZO Aleaf VPD(t)

Gres(t) = (41.1)

, where dw/dt is the slope of the mass (g s™), Mn20 is the molecular weight of water (18.01
g mol?), Pam is the atmospheric pressure in the chamber (c. 101.9 kPa) and VPD is the
measured vapour pressure deficit of the air inside the chamber (kPa) calculated at each
time step (Teten equation) (equation A1.2).

100 — RH(t) (1502 Taur0)
VPD(t) = e; — ey = (T) 613.75¢\24094Tair(©)) | x 1073 (A1.2)

The same function (g_residual) computes also the corresponding RWC (%) and the water

potential (MPa) for each time step using equation A1.3 and Al.4, respectively.

RWC(6) = 100 « — W) —DW 413
O =100 e =0y~ w (41.3)

, Where FW(t) is the mass at each time step, DW is the dry weight and FW(t=0) is the
turgid weight considered as the initial mass of the leaf.

WP(t) = oo 1 - (224) 0
t) = RWC +max| —my — € * — (W) ) (A1.4)
100
, Where m, is the osmotic potential at full turgor and € the elasticity modulus both estimated

via the PV-curves. If these parameters are not available, g_residual can run avoiding to

calculate the water potential.

The output file contains the gres at each time step, the VPD, the RWC and if the
parameters are available the water potential. The output file contains most of the variables
useful for future analysis and accompanied by a validation graph for each sample. Using
input files and the main function, it is possible to obtain residual leaf conductance as well
as VPD, RWC and WP for a data set of 24 samples in a few seconds using the same

arguments. The dehydration curve is dependent on the species so it's recommended to



adapt the arguments of the function (window size and polynomial order) to each species

and each time step recording.

A.1.3. Others function for VPD and shrinkage correction
The main function provides a straightforward estimation of residual leaf
conductance. However, during the dehydration process, the leaf undergoes significant
physiological changes like tissue shrinkage, affecting the accuracy of conductance
estimates based on leaf area. Shrinkage is quantified as the percentage loss in leaf area
and is determined by fitting a fourth-degree polynomial to the relationship between
relative area loss and relative water content (RWC) (Burlett et al. 2025), equation A1.5:

a+b.RWC(t) + c. RWC(£)? + d.RWC(t)3 + e. RWC(t)*

A1.5
100 ( )

Shrinkage(t) =

Using an independent function, the residual leaf conductance can be corrected using the
shrinkage function.

gT'ES (t)

Gres,shinkage (t) = Wage(t) (A1.6)

In addition, the drop-in water potential has an impact on the water vapour pressure
in the substomatal cavities, which affects the VPD between the leaf and the air (Burlett et
al. 2025). Using a new independent function and equation Al1.7 (Vesala et al. 2017) and
Al1.8, it's possible to consider the leaf dehydration in the residual leaf conductance

estimate (equation A1.9):

& (e“) A1.7
Y= TRV (AL.7)
100 — RH(t Vv
VPD, o (t) = (—()) (es * e(ﬁ)lp(t)) * 1073 (A41.8)
100
dw/dt Patm
Ires,ypPD () = (A1.9)

X
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Using the VPD and shrinkage correction, it’s possible to combine both corrections to have

a better accuracy for the residual leaf conductance (equation A1.10):

gres,VPD (t)

gres,VPS,shinkage(t) = m (A1.10)

At the end, we have four estimations of the residual leaf conductance with shrinkage and

VPD correction (gres (t), gres,VPD (t)' gres,shinkage(t) and gres,VPD,shinkage(t)-
All these variables come from different functions and are independent.

A recent study made by Fernandes et al. (2025) highlighted the impact of high
temperature on the leaf minimum conductance estimates reinforcing the need to combine
abiotic stress into a multifactorial stress analysis. Taking this “thermal leaky legacy” into
account as a correction factor like the shrinkage and VPD is the next step in improving
the accuracy of the estimates of the residual leaf conductance that are so important for
predicting plant mortality.

A.1.4. Estimation of the minimal leaf conductance (gmin_at) Using

hydraulics traits

Leaf water potential decreases during drought, and crosses different hydraulics
thresholds such as turgor loss point (Wup), which coincides with the stomatal closure
(Brodribb et al. 2003), along with Wp12, Weso and Wess, corresponding to the water
potentials inducing 12%, 50% and 88% losses of conductance, respectively. Using a new
independent function, the water potential and the corrected or not residual leaf
conductance, we can estimate gmin_at at each relevant threshold described above, to
establish a hydraulic trait that could facilitate interpretation and comparison between

species.

Using hydraulic thresholds assumes they are known, but this information is not
always available. One approach to estimate minimum leaf conductance involves using
continuous RWC measurements to calculate the rate of water loss within the RWC range
of 80% to 50%. Such boundaries were set as previous research suggests that these are

close to the points of stomatal closure and irreversible dehydration, respectively (Martin-
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StPaul et al. 2017; Trueba et al. 2019). A new function allows us to select the RWC

boundaries (such as 80% and 50%) and estimate the minimum leaf conductance as a
mean * sd between these boundaries.
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FIGURE A.1:Framework of the CuticleR package



A.2. A set of Python scripts for image processing from Fluorimager
software

A2.1. The Fluorimager software
The Fluorimager software (McAusland et al. 2013) records at the same time a set
of variables with an image from the thermal and the chlorophyll fluorescence camera
already described in chapter 3 and 4. Here, it's a description of the workflow from the

software to the figure.

FIGURE A.2: Fluorimager system

The Fluorimager software written in c++ produces two zip files containing a YAML
file. A YAML file is a plain-text file that stores data in a structured, human-readable format.
It uses indentation to represent hierarchy, making it easy to read and write. The software
was designed to capture leaf responses to temporal changes in environmental factors
such as light, CO,, humidity, and wind. At each configured time step, the software records
data in paired zip files.

The first YAML file contains the thermal images, along with environmental
variables specified in the initial configuration (such as PPFD and the thermal boundary
layer, gb), as well as air temperature (Tar) and relative humidity (RH) recorded by a
temperature sensor connected to an Arduino, and the corresponding time stamps. A ROI
corresponding to the leaf temperature reference (dry reference used to estimate the
stomatal conductance) is recorded as a vector with 4 coordinates (X1, y1, X2, y2). The
thermal image is a 2D opencv-matrix where each value corresponds to a temperature.

The second YAML file stores the chlorophyll fluorescence parameters matrices (F,,, Fn,
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F,, F") in the same dimensions and format as the thermal image. It also includes a time

stamp and the corresponding thermal image filename, linking the two datasets.

A.2.2. Python’s function
Several Python’s functions have been developed and grouped in one script

available on the repository: https://gitub.u-bordeaux.fr/quforget/thermal-and-

fluorescence-images-analysis.

A first Python function (gz_extract) read all zip files in the same folder and extracted the
YAML files into a new folder. YAMLs must be transformed to be correctly parsed in a
python script. Two functions have been dedicated to this transformation (opencv_matrix
and get_loader).

The next function (extract_data_store_file) (Figure A3) is the core of the process.
Chlorophyl fluorescence and thermal data were extracted and processed from YAML files
in the specified directory. For each fluorescence file, relevant metadata (time, PPFD, and
associated temperature file) were saved, and PSII efficiency variables (®psi, F, /E,, and
F;/FE, ) were calculated using raw parameters (Fy,, Fy, F,, F'), with NaN values replaced
by zero, and stored as text files. Corresponding temperature files were parsed to extract
time, air temperature, relative humidity, boundary layer conductance, and reference ROI
with temperature values appropriately scaled, and the data were saved in both pickle and

text formats. The reference ROI was saved separately to facilitate subsequent analyses.
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FUNCTION extract_data_store_file(file_dir):
FOR each file IN file_dir:
TRY:
PRINT "opened file {file}"
IF "Fluo" IN file:
# --- Process Fluorescence YAML ---
PARSE YAML file
EXTRACT time, PPFD, TempFile
SAVE [time, PPFD, TempFile] TO pickle
# Compute PSII efficiency metrics
COMPUTE FqpFmp, FgpFvp, FvpFmp (replace NaN
with 0)
SAVE metrics TO text files
# --- Process Temperature YAML ---
PARSE TempFile YAML
EXTRACT time, Tair_raw, RH_raw, gb, RefROI, Temp
SAVE [time, Tair_raw, RH_raw, gb] TO pickle
SAVE Temp TO text file
# Save RefROI
SAVE RefROI TO "RefROl.txt"
EXCEPT any error:
PRINT "error opening file {file}"
CONTINUE
END FUNCTION

FIGURE.A.3: Pseudo-code of the function extract_data_store_file

Using the data stored in a designated folder, metrics can be computed via a loop-
based function (Figure A4). The thermal image captures both the leaf and its surrounding
environment, while the fluorescence image represents only the leaf (background set to
zero). Therefore, the F, fluorescence image is used as a mask to isolate the leaf in the
thermal image. Metrics (mean, standard deviation, etc.) for the entire leaf are then
calculated and saved to a CSV file.
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# Initialize results dataframe
CREATE df_results with columns:
["time","therm”,"VPD","Temp min","Temp max","Temp
mean","Temp sd",
"Tair","Tdry","RH","fluo",
"FgpFmp min","FqpFmp
max","FqpFmp mean","FgpFmp sd"]
FOR each file IN natsorted(file_dir):
IF file is a fluorescence YAML.:

LOAD FgpFmp from corresponding text file, replace
negative values with 0

LOAD time, PPFD, TempFile from pickle

LOAD temperature and environmental data from
TempFile

CREATE mask for non-zero FgpFmp

APPLY mask to Temp

# Compute min, max, mean, sd

CALCULATE min, max, mean, sd for masked Temp

CALCULATE min, max, mean, sd for FqpFmp

# Append results to dataframe

ADD row to df _results with all values
# Save results
SAVE df results TO csv

FIGURE.A.4: Loop to estimates metrics for each leaf

To create images from the matrix in the text files the imshow function is used from

the Matplotlib library. It's possible to change the color gradient, the minimum and

maximum value.
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FIGURE.A.5: Thermal and ®psi images of the same leaf at WP=-1.34 MPa using the Matplotlib library.



Several functions were developed to analyse the data from both text and image files,

including ridgeline plots, image sequences, transects, and scatter plots.
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FIGURE.A.6: Example of data analysis using Python functions.
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A.3. Stomatal dynamics as the key driver of nocturnal and residual leaf
conductance: implications for determining minimum leaf
conductance

A.3.1. Abstract

Stomata remain open in darkness in Helianthus annuus, resulting in elevated ggark
values persisting beyond the turgor loss point and even after the onset of xylem embolism
(Wr12). This sustained nocturnal conductance plays a critical role in plant water balance
and survival as drought progresses. In contrast, residual leaf conductance (gres) remains
low and stable throughout the drought sequence, representing minimal water loss
independent of stomatal control. Infrared gas exchange provides a rapid and reliable
approach for estimating nocturnal leaf conductance (gdark) @and residual leaf conductance

(gres) during drought.

Determining the moment at which stomatal dynamics have a negligible influence
on gres IS key for accurately defining gmin, composed solely of the cuticular and stomatal
leakiness fraction. Here, we show that parameters related to leaf mass and leaf surface
temperature provide interesting and easy parameters for the determination of this
moment. Combining these intrinsic parameters improves the precision of estimating gmin

from residual leaf conductance.

Keywords:

Drought stress, stomatal closure, nocturnal, residual and minimum leaf conductance,

relative water content, moisture ratio, leaf temperature

A.3.2. Introduction
Leaf transpiration results from the combined diffusion of water vapor through two
pathways: the stomata, which actively regulate their aperture in response to both
environmental and internal cues (Oren et al. 1999; Buckley 2005, 2019 219; McAdam &
Brodribb 2015; McDowell & Allen 2015; Tombesi et al. 2015; Grossiord et al. 2020) and
the cuticle, which provides a passive pathway driven by the humidity gradient between
inside and outside of the leaf (Kerstiens 1996; Schreiber et al. 2021). Stomata are

microscopic pores, or ostioles, surrounded by a pair of guard cells on aerial part of land
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plant and particularly on leaves, appeared before the divergence of bryophytes (mosses)
and tracheophytes (vascular plants) (Morris et al. 2018; Donoghue et al. 2021; Clark et
al. 2022) nonetheless after the cuticle where the apparition is dated approximately 500
Ma ago (Kong et al. 2020).

The overall rate of leaf water loss is determined by the stomatal (gs, mmol m2 s1)
and cuticular (gcui, mmol m2 s'1) conductances, respectively associated with a boundary
layer (Marquez et al. 2021). In well-watered plants, it rises during daylight as stomata
open in response to light allowing CO2 uptake for photosynthesis reflecting an active
water use strategy. In darkness or under stressed conditions such as soil water scarcity,
stomata close, leading to lower water loss. Contrary to the expectation that stomata
remain closed in the absence of light, studies consistently demonstrate substantial water
loss during the night and not only via the cuticle (Caird et al. 2007). Defined as the
nocturnal leaf conductance (gdark), Water loss during the night has been documented
across a wide range of plant functional types, including both C; species (like Helianthus
annuus) and C, species (Snyder 2003; Caird et al. 2007; Howard & Donovan 2007,
Neumann et al. 2014; Resco De Dios et al. 2019a). The functional significance of
nocturnal water loss remains debated especially during drought. Proposed explanations
include facilitation of nutrient uptake, maintenance of hydraulic integrity, and contributions
to processes such as hydraulic redistribution (Neumann et al. 2014; Coupel-Ledru et al.
2016; Resco De Dios et al. 2019b). Recent theoretical work has further suggested that
nighttime stomatal behavior may reflect an optimisation strategy, balancing the costs of
water loss against potential benefits for carbon gain and hydraulic function (Wang et al.
2021). Nocturnal leaf conductance reflects minimal stomatal activity in the absence of
light, providing insight into the baseline water loss occurring with no light. Although
stomatal aperture is generally reduced at night, the absolute minimum level of stomatal
activity is strongly constrained by water availability, particularly under soil water scarcity.
Stomatal closure follows a non-steady dynamic attributable to stomatal activity (Buckley
2005; Powles et al. 2006; Drake et al. 2013) that leads to the minimal stomatal activity
where only stomatal leakiness and cuticle water loss is present. This water loss rate,
referred to as residual leaf conductance (gres) represents a critical flux, leading the plant
to death if the drought persists. Together, nocturnal and residual leaf conductance
represent a significant part of plant water regulation, with important implications for plant

physiology and survival under varying environmental conditions.
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Based on the definition of an ecological trait (Violle et al. 2007), the residual and
nocturnal leaf conductance can not be considered as a trait due to their dynamic nature
over time and the impossibility to measure as stable, heritable characteristics allowing
comparison and prediction. Nevertheless, unlike nocturnal leaf conductance, a trait
related to drought tolerance based on residual leaf conductance has been described.
Expressed as the minimum leaf conductance (gmin), this trait estimates at physiological or
water status boundaries (Burlett et al. 2025), is relevant for comparing species’ drought
tolerance and for predicting the time taken for a plant to reach a lethal hydraulic failure
(Cochard at al. 2020; Ruffault et al. 2022; Petek-Petrik et al. 2023).

Understanding how these conductances vary under water stress is therefore
crucial for understanding water use strategies and improving predictions of plant survival,
since they influence the rate of dehydration. Infrared gas analyzers (IRGA) provide a
powerful tool to estimate simultaneously on the same leaf the nocturnal and residual leaf
conductance under controlled conditions such as drought. By combining measurements
along a drought sequence, it is possible to track the dynamics of these conductances and
to infer the stomatal impact on overall water loss. However, infrared gas analysers do not
allow cuticular conductance to be distinguished from stomatal conductance. Furthermore,
these devices do not provide information on the leaf's water status to estimate the
minimum leaf conductance. To evaluate this contribution of the cuticular fraction, it is
crucial to determine the moment at which stomatal dynamics influence is minimal.
Monitoring variations in the rate of water loss during dehydration thus makes it possible
to detect changes in stomatal dynamics using the detached leaf mass loss (DLML)
method, which allows real-time estimation of residual leaf conductance throughout
dehydration, with the associated leaf’'s water status based on mass and fintrinsic’

parameters.

Using an infrared gas analyzer (IRGA) and the detached leaf mass loss (DLML)
method, we recorded the nocturnal leaf conductance (gdark) and residual leaf conductance
(gres) ON leaves to: (i) highlight the stomatal dynamics in both conductance throughout
drought sequence. We hypothesise that the discrepancy for gdark and gres is mainly due
to stomatal closure dynamics and (ii) pinpoint, using “intrinsec” leaf parameters, the
moment when stomatal dynamics ceased, hypothesising that the change in diffusion rate
related to stomatal dynamics can be determined. Determining when stomatal dynamics

are at their lowest is a physical approach that allows us to distinguish the minimum water
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loss due solely to stomatal leakiness and the cuticle which is essential for determining

the minimum leaf conductance.

A.3.3. Material and methods
A.3.3.1. Plant material

For the determination of the nocturnal and residual leaf conductance using infrared
gas analyser, Helianthus annuus seeds were sown in plastic trays containing compost
and germinated in a growth cabinet (Reftech BV, Sassenheim, the Netherlands). After
germination, seedlings (one per pot) were transplanted into 1.5 liters pots containing
compost and transferred to a temperature-controlled glasshouse at the University of
Essex (average temperature was maintained at 21.8 + 0.9 °C with RH between 40% and
55% depending on biomass in the glasshouse), supplementary sodium vapour lights
(8am until 8pm) provided 400 (umol s:m-) at the plant height).

For the detached leaf mass loss (DLML) method, Helianthus annuus seeds were sown
into 3 liters pots containing compost. Plants grown in a 9 m2 climatic chamber (Strader,
France) at the University of Bordeaux where the climatic and light parameters were set
to 25°C; 80% RH; Photon Flux Density c. 700 pmol m=s-.

Plants were grown for 45 days before measurements were taken on the youngest fully
expanded leaf on H. annuus plants. After the plants reached leaf maturity but before
flowering, groups of four individuals were put under water stress by stopping watering.
This procedure was repeated four times, creating sets of plants with different levels of

stress.

A.3.3.2. Hydraulic trait measurements: Pressure-volume curve and stem
embolism vulnerability

Pressure-volume curves were performed using a method adapted from Sack et

al., (2011) on eight leaves of H. annuus. Pressure-volume curves were used to determine
leaf physiological traits such as the water potential (Wup, MPa) at turgor loss point along
with the elasticity modulus (¢) and osmotic potential at full turgor (10) (Table A.1). Using
€ and 110 we estimated the water potential at any RWC during the DLML experiment based
on the relative water content. Leaf water potential (Wiear, MPa) was measured with a
psychrometer (PSY1, ICT International, Armidale, NSW, Australia) before each

measurement.
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Stem vulnerability to xylem embolism was assessed on five H. annuus stems using
the Cavitron technique (Cochard 2002; Burlett et al. 2022). Measurements were carried
out at the platform for hydraulic traits (Caviplace, Phenobois platform, University of
Bordeaux, Pessac, France). A percentage loss of conductance or PLC curve was
obtained and embolism vulnerability determined at thresholds Wei12, Wrso and Wess (MPa),
which correspond to the xylem pressure/water potential inducing 12%, 50% and 88%

losses of hydraulic conductivity, respectively.

To facilitate analysis, leaves were categorised by water potential measurements
and divided into three classes using water potential at turgor loss point (Wup) and
embolism vulnerability threshold at 50% losses of hydraulic conductivity (Weso0). There
were well-hydrated leaves considered with no stress [0 ; Wup], with mild stress [Wip ; Weso]
and with a severe stress [Wpso ; -Inf].

A.3.3.3. Gas exchange measurement

Plants were kept in the dark for 1 hour prior to measurements in the same room
as the infrared gas analyzer, with ambient conditions of ~23 °C and 40-50% relative
humidity. Gas exchange measurements were conducted using a LI-COR 6800 (LICOR,
USA) with the following environmental settings: flow rate 1000 pumol s™, CO,
concentration 400 pmol mol™, fan speed 10,000 rpm, and no light. Temperature and
relative humidity inside the chamber matched room conditions. Measurements were
performed on 39 fully developed leaves. Each leaf was placed in the chamber and leaf
conductance (gs) was recorded after stabilization. The leaf petiole was then excised with
a razor blade and air-dried on a clothesline in the same room. After 4-5 hours of drying,
the leaf was returned to the chamber under identical conditions, and the leaf conductance
(gs) was recorded. Mean nocturnal (gdark_mean) @nd residual (gres mean) leaf conductance
correspond to the mean during stabilisation of the leaf conductance (gs) before and after
a period of drying, respectively. Some leaves were not removed from the chamber after

the excision and the complete dynamics was recorded (Figure A7).
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FIGURE.A.7: Scheme of leaf conductance in darkness after leaf excision.

The nocturnal leaf conductance (gqark) corresponds to the stabilisation in the dark of the leaf conductance.
The residual leaf conductance (gres) corresponds to the leaf dehydration after the leaf excision and the
minimum leaf conductance (gmin) is here the stabilisation of the gres and corresponds to the water loss after
stomatal closure.

A.3.3.4. Residual leaf conductance (gres) using the detached leaf mass loss

(DLML) method and determination of the stomatal closure
Residual leaf conductance (gres) Of detached leaves were estimated using the
DroughtBox (Billon et al., 2020) based on the detached leaf mass loss (DLML) method.
Leaves were cut with a razor blade and the petiole sealed with paraffin to avoid water
loss. Each leaf was weighed with a 4-digit balance (Pioneer,Ohaus, USA) and scanned
(v850 pro, Epson, Japan) to estimate the projected leaf area (Aear, M2). Leaves were then
clipped to load cells inside a climatic chamber to simulate drought through desiccation.
Conditions inside the chamber were kept stable at 25°C and 60% of relative humidity,
with a vapour pressure deficit (VPD) of c. 1.26 kPa. Micro load cells by Wheastone bridge
board (1046 _OB, Phidgets Inc., Canada) were used to record the mass every five

minutes in the chamber. During measurements, samples were placed in the dark to avoid
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light impacting stomatal kinetics. A detailed description of the system and setup is
provided in (Burlett et al. 2025). A custom function in R was developed for the
parameterisation and treatment of raw data (g_residual, PHENOBOIS, University of

Bordeaux; https://gitub.u-bordeaux.fr/phenobois). The main function, g_residual,

calculates the residual leaf conductance as the slope of the mass data over time (equation
A3.1) using the Savitsky-Golay filter to smooth the data and calculate derivatives on noisy
data. Residual leaf conductance, gres (mmol m2 s1), was computed for each leaf as the

water evaporation rate divided by its driving force (VPD) using equation A3.1:

dw/dt Patm
Gres = X
MHZO Aleaf VPD

(43.1)

, Where dw/dt is the slope of the mass (g s™), Mnzo is the molecular weight of water (18.01
g molt), Patm is the atmospheric pressure in the chamber (c. 101.9 kPa) and VPD is the
measured vapour pressure deficit of the air inside the chamber (kPa) calculated at each

time step.

A.3.3.4.1. Relative water content
Relative water content (RWC) is a mass-derived parameter following the mass

loss rate. It was composed of the Turgid weight (TW, g) of each individual leaf and was
measured before the water loss measurements in the climatic chamber. Weight
measurements were performed with a 4-digit balance (Pioneer, Ohaus, USA). At the end
of the measurement, leaves were put in an oven at 65°C for 72h and dry weight (DW, Q)
was measured. The relative water content (RWC, %) was then computed for each mass
value (fresh mass; FW, g) during the dehydration process using equation A3.2:

FW — DW

= — A3.2
RWC =100 = TW —DW ( )

A.3.3.4.2. Drying curve parameters
The DroughtBox can be considered as a drying box. Leaves are placed in a

chamber where the air flow, temperature and relative humidity are controlled and water
(free and bond) evaporation is recorded by energy transfer. The main goal of the drying

process is to reduce the water content of materials such as fruit, wood or leaves to a
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desired level in order to prevent microbial and fungal development while preserving
structural, biochemical, or physiological integrity as needed for the specific purpose. The
moisture content (M, kg) and the moisture ratio (MR,%) were two main parameters used

and were defined as:

(m; —my)

_ (Mt — Me)
MR = m (A34)

, where Mt was the moisture content at time t, m: was the mass at time t, mqd was the mass
of the completely dried sample. Mo was the initial moisture content, and Me is the
equilibrium moisture content. The value of Me was equal to the moisture content at the
end of drying, at which the sample weight becomes constant with the drying time (Cai et
al. 2023). Fick’s second law of diffusion was used to describe the drying process and

describes how the moisture ratio changes over time and space.

OMR

—;~ = V(DessVMR) (A3.5)

Effective moisture diffusivity (Dert) was the key drying parameter that represents the

conductive term of all moisture transfer mechanisms. A solution of the equation A3.5is :

8 - 1 (Zn + 1)27T2Deff
MR = (F) Z mexp <— 4L2 t (A36)
n=0

,where n was a positive integer, t was the drying time (s) and L was the half thickness of
the sample (m). This equation can be simplified by taking the first term (n=0). Using the
logarithm properties, the equation is now linear and easy to interpret by plotting it versus

time.
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2
In(MR) = In (%) _ (" ﬁ‘;f i t) (43.7)

A change in the slope represented by the effective moisture diffusivity can be detected,
indicating a change in the way the leaf loses water. The shift in the slope was performed
using the RMSE method.

A.3.3.4.3. Leaf surface temperature
By adding a non-contact infrared temperature sensor (MLX90615, Melexis

Belgium) positioned in front of a leaf in the DroughtBox and connected to an Arduino
(Figure S Al), we recorded the leaf surface temperature (Tiear) during the dehydration
process where the mass loss is recorded every five minutes. Using the ambient
temperature (Tar) recorded at every time step, we estimated the leaf-to-air surface
temperature difference between the leaf and air temperature, AT = Teqf — Tyir- A Cchange
in the curve can be detected, indicating a change in leaf cooling. The change in the curve

was performed using the RMSE method.

A.3.3.4.4. RMSE method to estimate the shift change in a curve
To detect shifts in the curve, such as a transition from exponential to linear

dynamics, we used the RMSE to compare the goodness of fit of different models applied
to separate portions of the data. By systematically testing moving points and calculating
the RMSE for each model on its respective segment, the approach identifies the point
where the combined error is minimised, indicating the most likely location of the shift in
curve behaviour (Figure S A3). For the mass-parameter like the relative water content
and the moisture ratio, the linearization produced a linear curve. The RMSE method used
for the left and right part a linear model with the form y = ax + b. For the leaf-to-air
surface temperature difference, the curve was decomposed into an exponential part y =

ae®® and the right into a linear part y = cx +d.

A.3.3.5. Data processing and analysis
All data processing and analysis were carried out using RStudio 2022.12.0+353
(R Core Team 2020). To compare more than two groups, a one-way ANOVA with Tukey

HSD post hoc test was performed and to compare two groups a Student-test was
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performed after checking for normality and homogeneity of variance. Non-parametric

tests were used, when normality was not reached.

A.3.4. Results

A.3.4.1. Nocturnal and residual leaf conductance along a drought sequence

In the dynamic approach, leaves were dehydrated directly within the infrared gas-
exchange chamber, where stomatal conductance was continuously monitored until
reaching its minimum value. In contrast, the non-dynamic approach required to remove
the leaf from the chamber, allowing it to air-dry under ambient room conditions, and then
placing it back into the chamber to measure stomatal conductance. Comparison of the
two methods revealed no significant difference in the estimation of the mean residual leaf
conductance (gres_mean) (X2 = 1.64, p = 0.20; Table SA3.2), which was derived from the
mean of the linear part of the stomatal conductance curve (Figure S A2). Across
measurements, variation in leaf water potential explained the majority of the observed

variability in gres_mean.

The mean nocturnal leaf conductance (gdark mean) declined progressively with
increasing drought severity, showing a significant negative correlation with water status
(R = -0.62, Rz = 0.39, p<0.001; Figure A8a). Across the drought sequence, Qgdark mean
decreased from 28.85 + 5.47 mmol m=2 s before Wup to 5.47 + 1.08 mmol m=2 s after
Weso (Table A1 and Figure A8b). No significant difference was calculated between
Qdark_mean Values measured before Wup and between Wup and Weso; however, both groups
differed significantly with the lower gdark_mean Observed after Weso (Figure A8b). Variability
was important for well-watered leaves until Wri12 and decreased to reach a minimum of
variability after the Wpso (Figure A8a and A8b).
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TABLE A.1: Average and standard error, coefficient of variation, standard deviation and maximum of mean
nocturnal (gdark_mean) and residual (gres_mean) leaf conductance.

Letters indicate significant differences across different thresholds as indicated with a one-way ANOVA with
Tukey HSD post hoc test.

Mean * se Coefficient of sd Maximum
variation

unit mmol m2 s - mmol m?s!t mmolm2s?
Jdark_mean_before_tlp 28.85 +5.472 0.50 14.47 49.28
Jdark_mean_{[tlp_P50] 1894 +2.752 0.68 12.89 51.26
Jdark_mean_after_P50 5.47 £1.08° 0.62 3.41 13.12
Ores_mean_before_tlp 6.23 + 1.07A 0.45 2.82 10.49
Omin_mean_[tlp_P50] 6.08 £ 0.75% 0.58 3.53 15.23
Omin_mean_after_P50 4.51 + 0.594 0.41 1.86 7.68

In contrast, the mean residual leaf conductance (gres mean) Showed a non-
significant negative correlation with drought progression (R = -0.32, R2 = 0.099, p>0.05;
Figure A8a). Its variability across the drought sequence was limited, ranging from 6.23 +
1.07 mmol m? s before Wip to 4.51 + 0.59 mmol m~ s after Weso (Table Al). However,
variability was higher for the [Wup-Weso] group but no significant differences were
calculated among gres_mean groups (Figure A8b), suggesting that gres_mean Was marginally

influenced by stomatal regulation unlike the nocturnal leaf conductance.

A significant difference was observed between mean nocturnal leaf conductance
(gdark_mean) @and mean residual leaf conductance (Qgres_mean) across all drought classes,
except for the group after Weso (Table A2 and Figure A8b). This non-significant difference
beyond Weso indicated that stomatal dynamics ceased i.e. stomata was maximally close

at their maximum without dynamic change.
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FIGURE.A.8: (&) Mean nocturnal (Qdark mean, black) and residual (Qres mean, red) leaf
conductance along a drought sequence.

Solid red regression corresponds to the fit according to a logistic model, dashed lines represent Wy, dotted
line represent Wei12 and long-dashed lines represent Weso. R corresponds to the Peason’s correlation
coefficient, R2 to the coefficient of determination and stars to the p-value (***<0.001 and ns>0.05). (b)
Boxplot representations of mean nocturnal (gdark_mean, black) and residual (gres_mean, red) leaf conductance
by drought stress class. Horizontal lines, boxes and bars show the median, quartiles and extreme values,
respectively. Letters indicate significant differences across different drought stress class with a one-way
ANOVA with Tukey HSD post hoc test, stars indicate differences between mean nocturnal (gdark_mean, black)
and residual (gres_mean, red) leaf conductance inside drought stress class using a Student’s t test (***,
p<0.001; **, p<0.01, *, p<0.05, ns, p> 0.05).

TABLE A.2: Student’s t test results for comparison between gdark mean @and gres mean at each group.

group group nl n2 statistic df p

Before Wip Odark_mean Ores_mean 7 7 4.06 12 1.58E-03 **

Between Wipand Weso  Qgdark_mean  Qres_mean 22 22 4.51 42 5.09E-05 ***

After Wpso Odark_mean Ores mean 10 10 0.783 18 4.44E-01 ns

A.3.4.2. Estimating the moment where residual leaf conductance has limited

stomatal contribution using “intrinsec” parameter
Residual leaf conductance (gres) decreased nonlinearly with decreasing relative
water content (log(RWC)) (Figure A9a). At high water content (less negative log(RWC)),
Ores Was maximal, but as the leaf dehydrated, gres declined steeply and approached near-
zero values. A similar nonlinear pattern was observed between gres and leaf—air
temperature difference (AT) (Figure A9Db). gres Was highest when AT was negative,

indicating a maximal cooling and declined sharply as AT became less negative (Figure
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A9b). Minimal value for the gres, was reached when AT was above 0°C suggesting that
there is no longer any cooling. The relationship between AT and log(RWC) was also
nonlinear, with AT decreasing (i.e., leaves becoming warmer) as relative water content
declined (less negative log(RWC)) (Figure A9c). This relationship reflects reduced cooling

efficiency or transpiration as leaves lose water.
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FIGURE A.9: Relationship between (a) the residual leaf conductance (gres) versus the linearization of the
RWC, (b) the residual leaf conductance (gres) versus leaf-to-air surface temperature difference and (c) leaf-
to-air surface temperature difference versus the linearization of the RWC.

The linearisation of the relative water content and the moisture ratio using the
logarithm function showed a shift in the linear curve by a change in the slope. This change
indicated that the diffusion rate changed over time passing from an exponential form to a
linear one (Figure A9 and Figure S A4). The leaf-to-air surface temperature difference
declined in an exponential manner during the dehydration process, until stabilising at a
constant value above 0°C, which corresponded to a minimal impact of stomata leading to
a leaf warmer than the air (Figure A10 and Figure S A4). The moment when stomatal
dynamics ceased differed depending on whether it was deduced from measurements
based on leaf mass or leaf surface temperature (Figure A10 and Figure S A4). Using the
RMSE method, the leaf temperature difference indicated a shift after 4.5 hours of
desiccation. It was 0.5 hour before the estimation using the logarithm of the relative water
content and the moisture ratio, respectively (Figure A10 and Figure S A4, Table A3). The
residual leaf conductance (gres) associated with each time  was
Ores_temperawre = 10.68 mmol m? st gresmrwc = 6.81 mmol m? s?! and

Ores_InMrR = 6.81 mmol m2 st

XXiil



(@) |®

30{ @
. 0
- ®
't 20 @
> e
£ ™
£ °
& 10 ..

()
O T T T
0 5 10 15
Time (h)

(b) |

30 @
_ 0
Tm Y 2
e 20y @ 5
= ° By
g ) g
é b1
2 e
o 10 [4

0 “.0

Time (h)

30{ @
_ o
Tm o 2
L o0 o. _
5 =
g °® 3
E L
[Ty °®
g o .

0 5 10 15
Time (h)
@,
(d)so|%
L0.5
201 \
%, 107 L
g =COBA00D000000ND |
e O 00 p
S -101 =
E 0
8 L-0.5
o -301
40
1.0
0 5 10 15
Time (h)

FIGURE A.10: (a) residual leaf conductance (black curve) versus Time (b), linearization of the RWC (grey

curve), (b), linearization of the MR (grey curve) and (d), leaf-to-air surface temperature difference (grey
curve) (c) versus time.

Blue, green and purple dots correspond to the moment change for each parameter using the RMSE method
from a developed R function. Example from Helianthus annuus leaf.
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TABLE A.3. Estimated Time and residual leaf conductance where stomatal dynamics ceased
Estimated time (hours) gres associated (mmol m=2 s?)

Leaf temperature 4.5 10.68
In (RWC) 5.0 6.81
In (MR) 5.0 6.81

A.3.5. Discussion
Stomatal dynamics is the main driver in nocturnal and residual leaf conductance
variability until severe drought conditions, Weso. After this threshold, stomatal dynamic
impact is negligible leading to the same low and constant nocturnal and residual leaf
conductance. The shift between an active to a passive stomatal dynamic can be
determined using the leaf mass and surface temperature parameters, each method given

a different timing with a different biological significance.

A.3.5.1. Drought impact on nocturnal leaf conductance

Although the mechanisms driving nocturnal water loss remain incompletely
understood, the persistence of relatively high nocturnal leaf conductance during drought,
even beyond the turgor loss point (Wup), indicates that nocturnal stomatal opening is a
non-negligible component of daily plant water balance. This sustained high nocturnal leaf
conductance under conditions of continuous declining soil water availability suggests that
nocturnal stomatal behaviour, rather than being a passive leakage (Resco De Dios et al.
2019b), may represent an active regulatory process (Wang et al. 2021) and might

influence drought responses in Helianthus annuus especially time to hydraulic failure.

Up to Weso, the gaark is significantly different compare to the average gres and cannot
be considered as a residual or minimal leaf conductance demonstrating the crucial role
played by stomata and the obligation to distinguish both gdark and gres. Before the turgor
loss point, the mean nocturnal leaf conductance is 4.63 times higher than the mean
residual leaf conductance, and it remains 3.11 times higher between YWu, and Weso,
indicating a substantial contribution to nocturnal water loss during drought progression. If
the residual leaf conductance is variable during dehydration as shown by Burlett et al.
(2025), the nocturnal leaf conductance is also variable and decreases during drought
impacting water loss during drought sequence. The stomatal margin retention index

(SMRIwps0) (Petek-Petrik et al. 2023) which quantifies the speed required to consume the
XXV



stomatal safety margin (SSM) defined as the difference between water potential at 90%
stomatal closure (Wgso0) and Weso (Creek et al. 2020) could be impacted by the impact of
the nocturnal leaf conductance in particular if the minimum leaf conductance is
significantly different to the nocturnal leaf conductance. Incorporating nocturnal stomatal
dynamics into soil-plant—atmosphere models is essential, particularly in drought-induced
mortality models, to accurately consider the physiological contribution of this
conductance. Similar to how minimum leaf conductance is used as a hydraulic trait
derived from residual leaf conductance, a trait can be defined based on nocturnal leaf
conductance and integrated into these models (Resco De Dios et al. 2019b). For
consistency and comparability, this trait must be evaluated under standardised protocols
with clearly defined reference points, for instance, at a specific water potential such as
pre-dawn Wpre dawsn When real-time water status measurements are unavailable, or
alternatively at thresholds like the turgor loss point (Wup) or the water potential at 50%
loss of conductivity (Wes0). Because nocturnal leaf conductance varies substantially
depending on the chosen water potential boundaries, incorporating these dynamic values
into models could significantly enhance estimation of time to hydraulic failure.

The mean residual leaf conductance (5.70 + 0.49 mmol m2 s) corresponds to the
final and constant section of the residual leaf conductance (gres) (Figure A3.2a and
A3.2b). However, this value is lower than this estimate using the detached leaf mass loss
(DLML) method (gmin_at wpss = 10.5 + 2.14 mmol m2 s1) determined in chapter 3. Unlike
the DLML method, infrared gas exchange measurements do not account for or estimate
leaf water status, and our protocol does not include reassessing water potential, it is
therefore impossible to determine the leaf water status at which gres IS measured. The
stability of the mean residual leaf conductance at the end of the curve indicates that this
method captures the final residual water loss, independent of stomatal dynamics. It
reflects only the cuticular component together with stomatal leakiness. However, at such
low conductance levels, measurement noise increases substantially, which reduces
overall accuracy. Consequently, fine variations in cuticular permeability or stomatal
leakiness cannot be reliably resolved with this approach. Nevertheless, the use of an
infrared gas analyser makes it possible to estimate a kind of minimum leaf conductance
(gmin) based on the average of the flat part of the residual leaf conductance, but the
protocol needs to be improved by adding the measurement of the water status of the

leaves during drying.
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A.3.5.2. Defining the transition point of residual leaf conductance with limited
stomatal influence

Leaf cooling occurs through the combined effects of radiation, sensible heat, and

latent heat (Jones & Rotenberg 2001). Heat from long and short waves can be lost by re-
emitting to the surroundings using leaf radiative properties (Jones & Rotenberg 2001).
Sensible heat is transferred from the leaf to the air through conduction and convection,
with wind enhancing this process. The last way to cool a leaf comes from latent heat,
where water evaporates from the leaf surface during transpiration, absorbing energy thus
lowering leaf temperature. Together, these mechanisms help leaves maintain a
favourable temperature for photosynthesis. Under field conditions, the contribution of
each type of cooling changes according to environmental cues like incoming solar
radiation and wind for the radiative and convection cooling respectively. Regarding latent
heat, that contribution is highly related to the stomatal dynamic given the leaf surface
temperature, a well-known proxy to estimate that dynamic (Jones 1999, 2002).
Evaporative cooling through stomata is an active cooling, while radiative and sensible
heat loss represent passive cooling driven by the leaf’s inherent physical properties and
environmental cues. In the DroughtBox, environmental conditions remained constant
during leaf dehydration, keeping radiative cooling and sensible heat loss steady with slight
variation. Latent heat loss, however, changed in response to stomatal closure and water
availability inside the leaf. As the leaf dehydrates, the leaf-to-air surface temperature
difference gradually decreases until it stabilises, indicating minimal stomatal impact and
an equilibrium between the leaf with its environment inside the box. Transient cooling is
a first-order differential equation, which is the form of Newton's law of cooling (Monteith
& Unsworth 2013). The solution of this equation is an exponential-like form. The transition
from an exponential curve to a plateau marked the moment when stomata reached their
minimum opening and influence in leaf cooling. The shift determined by the RMSE
method is estimated at gres=10.68 mmol m? st in our study. The gres_temperature Value is
closed to the value estimated at Wss (10.5 + 2.14 mmol m=2 s%) in a previous study
(chapter 3) but twice as high as the estimates obtained using the infrared gas analyser
(5.70 £ 0.49 mmol m2 s1). The difference may be due to a numerical resolution problem
with the determination of the exponential and linear parts using the RMSE method. The

elbow of the exponential curve is not easily detected by the RMSE method.

Although different in the calculation and interpretation; the relative water content

(RWC) compares the leaf water content to its maximum capacity (the turgid weight)
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whereas the moisture ratio (MR) compares this water content to its initial value at the start
of the experiment, these mass-based parameters have the same dynamic clearly
highlighted by their linearization. Linearization of mass parameters such as RWC and MR
shows a change in slope during dehydration at the same time. This change indicates a
change in the diffusion rate and can be attributed to stomatal activity during closure. Shift
values close to these estimated with the infrared gas exchanger (5.70 + 0.49 mmol m? s
1) suggest that these shifts capture the moment where the residual leaf conductance
corresponds only to the cuticle and stomatal leakiness, and can therefore be termed

minimum leaf conductance.

The difference between the shift produced by the leaf-to-air surface temperature
difference and the mass parameter can be attributed to lower accuracy of the infrared leaf
temperature sensor. The difference may be due to a variation in sensible or radiative
losses resulting from a change in thermal and radiative properties (thermal heat capacity,
emissivity) and therefore in heat transfer coefficients during dehydration. Nevertheless,
the temperature difference between the leaf surface and the air indicates a point at which
stomatal impact begins to become less dominant, suggesting that the estimated minimal
leaf conductance (gmin) before this shift (10.68 mmol m- s) contains a too high stomatal
fraction. On the contrary, the shift given by the mass parameters suggests a minimum
value for the same gmin. As the leaf-to-air surface temperature difference and the mass-
parameter are a first-order differential equation, using the time constant (t; s) which is a
fundamental parameter that characterises the speed at which a process approaches
equilibrium could be an easier solution. After one time constant, the leaf-to-air
temperature difference will have decreased by about 63%. After two- and three-time
constants (t=21, t=31), more than 86% and 95% of the difference will be reached,

respectively, corresponding to the equilibrium thus the minimal impact of stomata.

A.3.6. Conclusion
Measurements with infrared gas exchange provide a rapid and reliable method for
estimating both nocturnal leaf conductance (gdark) and residual leaf conductance (Qres)
during drought. In Helianthus annuus, stomata remain open during the night or a darkness
period, resulting in high nocturnal leaf conductance even at the onset of xylem embolism
(after Wr12). This persistent high nocturnal leaf conductance, particularly beyond the point

of turgor loss, may play an important role in plant survival as drought intensifies. Clarifying
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the physiological significance of nocturnal leaf conductance, particularly under drought
conditions, is crucial, as it may substantially influence plant water balance and survival
during severe drought. It is important to determine gdark @s a trait in order to introduce it
into the soil-plant-atmosphere model. By contrast, gres mean remains low and stable
throughout the drought sequence, reflecting only minimal water loss independent of
stomatal dynamics. An understanding of stomatal dynamics, and in particular the
determination of when these dynamics reach a minimal impact, can be done using
parameters related to leaf mass and surface temperature. The combination of these
‘intrinsic’ parameters can help improve the timing at which the gmin as a trait can be

estimated from residual leaf conductance.
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A.3.8. Supporting information

TABLE SA3.1: Leaf hydraulics variables used in this study
FIGURE SA3.1: lllustration of the experimental setup
FIGURE SA3.3: Result of the RMSE method after the linearisation of the RWC

FIGURE SA3.4: Result of the RMSE method for determining the minimum leaf

conductance
TABLE SA3.2: Linear mixed model result

TABLE S A.1: Leaf hydraulics variables used in this study. Mean and standard errors for each variable are
provided.

Definition Abbreviation Unit H. annuus
Water potentials at turgor loss point  Wup MPa  -0.98 £0.05
Water potentials inducing 12% Wei2 MPa  -1.77 £0.15
losses of conductance in the stem

Water potentials inducing 50% Wepso MPa  -2.78+£0.18
losses of conductance in the stem

Elasticity modulus € MPa  2.03+0.31
Osmotic potential at full turgor M0 MPa  -0.74 £0.06

Arduino

—

vl

"',' - & e, Micro load cells

Infrared temperature sensor

Leaf

DroughtBox

FIGURE S A.1: lllustration of the experimental setup for the detached leaf mass loss (DLML) method and
the leaf temperature.
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FIGURE S A.2: Leaf conductance dynamics before and after the leaf excision over a selection of leaves in
each drought stress class.

Value inside the box corresponds to the drought stress class. The peak corresponds to the wrong-way
response of lwanoff’s effect due to the leaf excision. Nocturnal (gdar) and residual (gres) leaf conductance
correspond to the giear before and after the peak, respectively. Time to estimate gres mean (vertical dotted
line) is the approximative time where it's possible to estimate the gres mean, €.i. the gmin. The grey area
corresponds to the zone where gqark IS estimated. The horizontal dashed line corresponds to the average
value of gres mean.

XXXIV



T T T T

0 5 10 15 0 5 10 15 0 5 10 15

Time (hour) Time (hour) Time (hour)
(d) ;5] (f)
O -1.01
3
o -1.51
o
2.0
0 5 10 15 0 5 10 15
Time (hour) Time (hour)
linear left part linear right part

FIGURE S A.3: Result of the RMSE method after the linearisation of the RWC.

The linearisation of an exponential-like curve product produces a linear curve. The left and right part is fitted
with a linear equation then the RMSE between the data and the fitted data for each part is estimated and
the difference is calculated. This procedure is repeated using a moving data selection (a-f). The minimum
value of the RMSE difference corresponds to the shift of the curve (c).
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FIGURE S A.4: Result of the RMSE method for determining when stomatal dynamics ceases on residual
leaf conductance (Qres).
(a) The linearation of the RWC versus Time, the vertical dotted line corresponds to the moment of the shift
curve determined with the RMSE method (b). (c) The linearation of the MR versus Time, the vertical
longdashed line corresponds to the moment of the shift curve determined with the RMSE method (d). (e)
leaf-to-air surface temperature difference versus Time, the vertical dashed line corresponds to the moment
of the shift curve determined with the RMSE method (f).
TABLE S A.2: Linear mixed model fit by REML
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Formula: gres_mean ~ Dynamique + (1 | WP)

Analysis of Deviance Table (Type Ill Wald chisquare tests)
Response: gres mean

Chisq Df Pr(>Chisq)

(Intercept) 109.8255 1 <2e-16 ***
Dynamique 1.6358 1 0.2009

Linear model

Im(formula = gres_mean ~ WP, data = data)

Coefficients:

Estimate Std. Error t value Pr(>|t|)

(Intercept) 7.5343 1.0224 7.369 9.18e-09 ***

WP 0.8901 0.4406 2.020 0.0506 .

Analysis of Deviance Table (Type Ill Wald chisquare tests)
Response: gres_mean

Chisq Df Pr(>Chisq)

(Intercept) 54.3079 1 1.714e-13 ***

WP 4.0819 1 0.04334 *
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Stomatal patchiness: Refers to the phenomenon where groups of stomata }“
behave differently from adjacent groups, resulting in spatially heterogeneous No watsring
patterns' of stomatal opening and closing across a leaf. e
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Stomatal patchiness can be triggered by a wide range of environmental cues
like light, relative humidity or CO, changes and water status inside the leaf.

We investigated the presence and the role of stomatal patchiness in
Helianthus annuus (Sunflower) during drought by using thermal and Y

. - " | ) Drought impact on quantum efficiency, Grs
fluorescence imaqing to capture stomatal closure and to assess its effects o "
on gas exchange.

We hypothesised that stomatal patchiness is a critical response to drought at
leaf level, optimising leaf gas exchange over time.
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CONCLUSION

. Stomatal patchiness is as a spatiotemporal feature of drought response in Helianthus annuus with physiological implications for gas
exchange.

‘ Spatial heterogeneity of stomatal behavior across the leaf surface enhances capacity to maintain and extend physiological function under
variable environmental conditions.
Stomatal patchiness might be a strategy to balance carbon assimilation and water conservation under mild drought.
The findings emphasise the need to integrate spatial heterogeneity into models of plant water relations under drought.
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Summary

 Leaf water loss after stomatal closure is key to understanding the effects of prolonged
drought on vegetation. It is therefore important to accurately quantify such water losses to
improve physiology-based models of drought-induced plant mortality.

* We measured water loss of detached leaves continuously during dehydration in nine woody
angiosperm species. We computed minimum leaf conductance (gmin) at different water
potential thresholds along a sequence of physiological function losses, spanning from turgor
loss point to hydraulic failure. A mechanistic model evaluated the impact of different g,in esti-
mations on the time to hydraulic failure (THF).

* Residual conductance is not steady and decreases continuously at varying rates across spe-
cies during the entire dehydration process, even after correcting for leaf shrinkage and vapor
pressure deficit shifts. Different estimations of gni, had a significant impact on the THF pre-
dicted by the model, especially for drought-resistant species.

¢ We demonstrate that residual conductance is variable during dehydration, and thus, it is
important to use physiological or water status boundaries for its estimation in order to deter-
mine distinct g, values of water loss. We describe an accurate, repeatable and open-source
methodology to estimate g,,. Such methodology could enhance models of plant mortality

under drought.

Introduction

In the last few decades, a large number of studies have brought
to light the particular threat of drought and increasing tem-
peratures on plant survival (Allen & Breshears, 1998; Carnicer
et al, 2011; Brodribb er al., 2019; Hammond er al., 2022).
One of the main consequences of increasing environmental
drought stress is a negative impact on the hydraulic function
of plants (Choat ez al,, 2012; Arend et al., 2021). Indeed, dur-
ing prolonged drought, dehydration causes large water poten-
tial differences between soil and leaves, which can result in
hydraulic dysfunction due to embolism formation in the xylem
conduits. Such hydraulic failures, induced by sharp drops in
water potential, can be avoided through stomaul closure
(Creek er al., 2020), which plays a major role in plant survival
under drought (Martin-StPaul ez af, 2017). Despite stomatal
closure being a key reaction to reduce significant plant water
losses, water is still lost through imperfectly closed stomata

*These authors contributed equally to this work.
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and the leaf cuticle. This process can be quantified by the
minimum leaf conductance (gmin) (Duursma er al, 2018).
Although the rates of whole-plant water conductance are
greatly diminished, g, can be sufficient to deplete the plant
water reserves during stress. Therefore, under prolonged
drought, continued water loss via g,;, can lead to catastrophic
hydraulic failure and substantial tissue dehydration that contri-
bute to organ and plant death (Urli er 4k, 2013; Mantova
et al., 2023; Petek-Petrik ez al., 2023). Consequently, gmin has
been highlighted as an important trait in predicting
whole-plant transpiration and water status under severe stress
(Barnard & Bauerle, 2013; Kala et 4f, 2016). More recently,
Zmin has been advanced as a key trait to predict the time taken
by a plant to reach hydraulic failure (THF) and subsequent
morality during drought (Cochard er al, 2021; Ruffault
et al., 2022a; Petek-Petrik er al, 2023) and to predict other
current hazards to vegetation such as wildfire incidence
(Ruffault ez al., 2022b; Torres-Ruiz et al., 2024).

Synthetic studies gathering gni, data showed that estimations
of residual transpiration in the literature come from a wide
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variety of experimental techniques (Kerstiens, 1996; Duursma
et al., 2018). While cuticular conductance on isolated cuticles has
been measured since early studies (Stilfelt, 1956; Schonherr &
Mérida, 1981; Pearcy et al, 1989), only a few protocols to mea-
sure gmin on a full leaf have been tested. Generally, measurement
protocols rely on evaluating water loss through balance-based
mass estimations over time and selecting the slope of the relation-
ship between mass and time after the point of stomatal closure,
assuming that water losses through the cuticle are steady as the
leaf dehydrates (Sack & Scoffoni, 2010) or through water vapor
conductance measurements using custom gas exchange systems
(Boyer et al, 1997; Mirquez et al., 2022). Automated devices
have recently been developed in order to provide continuous
measurements of water loss during dehydration under constant
environmental conditions (Billon ez @/, 2020). Yet, to date, no
study has estimated potential shifts in leaf water conductance
during the entire desiccation process. Furthermore, intrinsic fac-
tors can provoke shifts in water conductance estimations. Among
these factors, leaf shrinkage or leaf rolling during dehydration can
significantly impact the estimation of leaf hydraulic traits
(Scoffoni er al, 2014); hence, variations in leaf area need to be
considered in conductance calculations. Additionally, water
potential decline during leaf dehydration can also slightly influ-
ence conductance rates by affecting the water vapor pressure
(vapor pressure deficit, VPD) inside the leaf and therefore the
driving force for transpiration between the leaf and the atmo-
sphere (Nobel, 2009).

Using a dynamic approach to estimate residual water losses
during the entire dehydration process, and including phenomena
thar are often neglected in leaf conductance estimations, such as
leaf shrinkage and water potential-induced VPD changes, this
study aimed to assess the dynamics of residual leaf water conduc-
tance during dehydration. By measuring its variability during
dehydration, this work also aimed to strictly distinguish residual
conductance (g.) as a dynamic water loss during dehydration
after stomatal closure, and gnin as conductance values bounded
by physiology-informed boundaries. We therefore capture vari-
able residual conductance by measuring gmin at specific thresh-
olds. Because of the key role of g, in the depletion of the last
vital water reserves of the plant after stomatal closure, there is a
need to use repeatable and reliable protocols for its estimation.
Here, we describe a complete methodology to investigate g,
based on continuous measurements of relative water content
(RWC) over tdme. Moreover, we use water status- and
physiology-based thresholds to determine g,;,. We provide
detailed information on the device and open-source software used
to analyze data. By applying this new technique to a selection of
nine species with various phenologies, water use strategies, and
resistances to drought, we will (i) test the hypothesis that residual
conductance after stomatal closure varies along a gradient of
declining water potential and RWC, (ii) assess how this variation
affects the estimation of g, at physiologically relevant thresh-
olds distributed along a temporal sequence, and (iii) investigate
how the range of g,;, estimated along this drought physiological
time sequence can influence model outcomes of plant survival
under drought stress.
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Materials and Methods

Plant material and species selection

We selected nine woody angiosperm species with different
phenologies (five deciduous and four evergreen) and resis-
tances to drought (Table 1). Six- to 7-yr-old saplings with
heights of ¢ 2m were obtained from local nurseries and
planted in 301 pots with a fertilized substrate. Plants were
placed in a climate-controlled glasshouse in March 2019
(before leaf expansion) and kept irrigated to field capacity
during the whole experiment. In September 2019, five sam-
pling campaigns were performed on well-watered plants dur-
ing the morning. Mature leaves, located at the top of the
trees, were cut at the base of the petiole. This cut end was
immediately placed in a water-filled reservoir, and the leaves
were left to rehydrate for at least 8 h in the dark in a coolbox
with vapor-saturated air using previously established rehydra-
tion protocols (Trueba ez al, 2019).

Measurements of water loss and relative water content

Water loss measurements of detached leaves were performed with
a custom setup using similar data acquisition hardware to the
droughtbox device (Billon et al, 2020). Weight loss was moni-
tored by continuous logging of micro-load cells using a Wheat-
stone bridge board (1046_OB; Phidgets Inc., Calgary, AB,
Canada). Our setup consisted of 24 load cells, with a range of
0-100 g (3139_0; Phidgets Inc.) enclosed in a commercially
available 12001 growing chamber (Fitoclima 1200, Aralab,
Portugal). Temperature and relative humidity (RH) in the cham-
ber were set to 25°C and 60%, respectively, resulting in an air
VPD of ¢ 1.26 kPa. During measurements, samples were illumi-
nated from the top and the bottom with a photon flux density of
400 pmol m %5, The base of the petiole was covered in paraf-
fin wax before entering the chamber to prevent direct desiccation
from the cut end. Samples were automatically weighed every
5 min. Custom software (Cuticular v1, University of Bordeaux)
was developed to handle data acquisition, calibration, and meta-
data management. More details of the measurement system are
available in Supporting Information Methods S1.

The measuring system designed in this study provided a reso-
lution of the load cell acquisition system of 0.001 g with a typical
instant standard deviation of 0.033 g (5 min average). The rela-
tively big difference between resolution and standard deviation is
mostly explained by the movement of the samples caused by the
ventilation in the chamber. The measured signal-to-noise ratio is
typically 77 at 2 g and 260 at 8 g. The long-term temperature
drift remained below 0.03°Cd ™", and the long-term RH drift
was below 0.08%d ", Further information on data acquisition
and system performance is available in Methods S1.

Turgid weight (TW) and area (A, of each individual leaf
were measured before the water loss measurements in the climaric
chamber. Weight measurements were performed with a 4-digit
balance (Pioneer, Ohaus, USA). Leaf area was obtained from
images taken with a calibrated flatbed scanner (v850 pro; Epson,

© 2025 The Author(s)
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Table 1 List of the nine species studied including physiological variables.

§

Hydraulic
RWC_ RWC_ RWC_ RWC_ Symplast  safety
Species @ € TLP P12 Pso Pes Succulence  fraction margin
Species Family Phenology code (MPa)  MPa (%) (%) (%) (%) (gm) (%) (MPa)
Fraxinus excelsior L. Oleaceae Deciduous FREX -1.56 1093 839 287 25.2 225 1061+£21 766418 -547
Liriodendron tulipife Magnoliacea Deciduous ULITU ~1.41 1095 842 728 671 622 139.1+43 614131 -085
L
Magnolia grandifloral.  Magnoliacea Evergreen MAGR -1.37 763 782 536 48.3 44 2286+14 758+26 -175
Olea europaea L. Oleaceae Evergreen OLEU -2.11 1265 834 38.7 36.8 351 2380425 839443 -391
Prunus avium L. Rosaceae Deciduous PRAV -1.90 1205 83.0 51.8 422 356 1171+08 655125 -343
Prunus laurocerasus L. Rosaceae Evergreen PRLA ~1.65 1402 870 400 331 282 2311£1.7 506+32 -4.21
Quercus ilex L. Fagaceae Evergreen QUIL -1.93 816 734 377 27.1 21.2 1986+55 732+14 -7.20
Quercus robur L. Fagaceae Deciduous QURO -1.72 1127 816 430 36.2 313 1241+16 804+29 -377
Vitis vinifera L. Vitaceae Deciduous  VIVI -1.29 773 79.0 63.6 58.7 545 1263438 744121 -1.08

o, 0smotic potential at full turgor; &, modulus of elasticity; RWC_TLP, relative water content at turgor loss point; RWC_P,,, relative water content at 12%
loss of hydraulic conductivity; RWC_Ps,, relative water content at 50% loss of hydraulic conductivity; RWC_Pgg, relative water content at 88% loss of
hydraulic conductivity. Physiological variables used as inputs for the SurEau model and units for each variable are included. Reported error values are SE.

Suwa, Japan) and analyzed with dedicated software (Winfolia,
Regent Inst., Canada). At the end of the measurement, leaves
were placed in an oven at 65°C for 72h, and dry weight (DW)
was measured. The RWC was then computed for each mass value
(fresh mass; FW) during the dehydration process using Eqn 1:

FW-DW

Eqn 1

Computation of minimum and residual leaf conductance

Minimum and residual conductance were computed for each leaf
as the water evaporation rate divided by its driving force (VPD),

using Eqn 2:

. dIU/df % lem
i Mpy,0 X Alf VPD

Eqn 2

where dw/dtis the first derivative of the curve of the hourly mean
of weight (in g) as a function of time (in s), Myy,0 is the molecu-
lar weight of water (18.01 g mol™"), Aiasis the projected leaf area
of the sample (in m?), Py is the atmospheric pressure in the
chamber (& 101.9 kPa), and VPD is the vapor pressure deficit
between the substomatal cavity and the air inside the chamber (in
kPa). To compute minimum conductance in a reproducible and
efficient manner, console-based software was developed in
Python (gminComputation, University of Bordeaux) and also
implemented as an R script (¢ Residual, University of Bordeaux).
Both software are available in the repository: hups:/gitub.
u-bordeaux.fr/phenobois. The computation pipeline automatically
performs a finite impulse response smoothing filter, using the
Savitzky~Golay method. This method uses polynomial model fit-
ting to determine the averaged mass and computes the derivative
within a given time frame to estimate the conductance every hour
or within a set of given ranges of RWC. For all the dehydration
curves in this study, we applied a centered 120 min filter and used a
third-order polynomial to fit each curve (Methods S1).

© 2025 The Author(s

New Phyrologisr© 2025 New Phytologist Foundation.

Measurements of hydraulic traits from pressure-volume
curves

For each species, the water potentials of the leaves during the
conductance measurements were estimated from the relationship
between RWC and water potental obrained from pressure—
volume (PV) curves (Tyree & Hammel, 1972). PV curves were
performed on a set of 7-12 leaves collected in the evening on
well-watered potted plants and left to rehydrate overnight in the
dark. The next day, the leaves were weighed just before water
potential was measured with a pressure chamber (Precis 2000,
Gradignan, France). Samples were then left to dehydrate at room
conditions, and the measurements were repeated 10-20 times
until water potential dropped significantly below the turgor loss
point (TLP). Elasticity modulus (¢) and osmotic potential at full
turgor () were determined using a standard protocol (Sack
et al., 2010). Results of the parameters extracted from the PV
curves for each species are available in Table 1. Additionally, the
Hydraulic stomatal Safety Margin (HSM) for each species was
computed, using the definition from Delzon & Cochard (2014),
as the difference between the water potential inducing stomaral
closure (P = Py p, defined as the value of water potential at
TLP) and the water potential inducing a lethal level of embolism
(Piethal = Pss, defined as the value inducing 88% of embolism in
the stem). HSM values for each species are available in Table 1.

Leaf shrinkage measurements

For each species, seven leaves of different sizes were placed on a
flatbed scanner (v850 pro, Epson, Japan), with the lid slighdy
ajar to allow for potential leaf rolling. A custom automation
script (autolT) was used to launch the image acquisition and
record time-coded images every 15 min. Individual leaf areas
were obtained for each image in the stack with the ‘batch mode’
of image analysis software (Winfolia, Regent Inst., Canada). For
each leaf, the weight was measured regularly with a precision bal-
ance (Pioneer, Ohaus, USA) and RWC estimated following the
previously described protocol (Eqn 1) until RWC reached 30%,
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assuming that below this threshold leaves lose rehydration capaci-
ties and present irreversible damage to the photochemical appara-
tus (Trueba er al, 2019). The percentage of shrinkage was
determined for each species by fitting a 4-degree polynomial on
the relation of the percentage of area loss as a function of RWC
(Table S1). This polynomial has been used, for each RWC level,
to sequentially correct the leaf area values used in the gnin com-
putation.

Leaf to air vapor pressure deficit correction

As leaves dehydrate, the water potential decreases, which impacts
the water vapor pressure (/) in the substomatal cavities, thereby
affecting the VPD between leaf and air (VPD).fir). While neg-
ligible for hydrated leaves, this phenomenon needs to be taken
into account for the computation of conductance during more
intense dehydration. If we assume that the air in the intercellular
air space of the mesophyll is in equilibrium with the liquid water
at the surface of the mesophyll cells, we can determine the
water potential of the water vapor in the gas phase (¥ivv) of the
air in the substomatal cavities (Nobel, 2009; Vesala ez al.,, 2017)

using Eqn 3:

RT R,

I WY inleat

Be Pv:v Eqn 3

Y = Vw

where . is the water potential of the water vapor, V,, is the
molar volume of water (18 X 10™°m® mol '), Ris the universal
gas constant, Tis the interfacial temperature (K), P, is the water
vapor pressure, and P is the water vapor pressure at saturation.
In this study, the interfacial temperature is assumed to be in equi-
librium with air temperature, as the cooling effect of transpira-
tion is negligible (below 0.2°C) in the conditions of the
measurement. From this equation, we can estimate VPD\ef co-air

using Eqn 4:
valal'mzir o Pwv,.u —PW\‘....-

Ve
(I)‘;m X exp (R—fvlwv) ) _R’Wm...

For all conductance estimations in this study, this value of VPD
corrected for water potential (VPD)0.i) Was used instead of the
air VPD as defined in Eqn 2, unless specified otherwise.

Eqn 4

Different approaches to determine the range of g.in
measurements

Under the assumption that residual conductance is variable, we
need to consider which value has to be used for comparing spe-
cies and how this variation can be taken into account in the para-
meterization of the models. For that, we assessed four different
exploratory methods to determine g, extracting slope values at
different ranges of the mass—RWC relation in the curves of dehy-
drating leaves: (1) A first physiology-based approach consisted of
the calculation of gy, using the slope (dw/ds) at RWCryp, under
the hypothesis that TLP is a close proxy of stomatal closure
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(Brodribb & Holbrook, 2003). (2) A second approach consisted
in calculating g, using the slope at the major points along stem
vulnerability to embolism curves, previously established with the
cavitron technique (Cochard, 2002; Burlett er al, 2022). For all
those points, we used stem vulnerability, rather than leaf, curves
because they are more commonly available. The threshold values
we used correspond to the water potentials inducing 12%, 50%,
and 88% losses of conductance in the stem (respectively Py, Ps,
and Pgg) under the rationale that hydraulic failure occurs around
those water status levels (Sperry et al, 1988), between P, (begin-
ning of embolism) and Pgg (the threshold inducing mortality).
Moreover, estimating gni, at different thresholds of hydraulic
failure was also a way to control for the lack of stomatal activity,
since it has been shown that stomatal closure occurs well before
embolism initation (Lamarque ez al, 2018; Creek et al., 2020).
In order to estimate the RWC corresponding to these points
(respectively RWC_P;, RWC_Psg, and RWC_Pgg), we used
the relatonship between RWC and water potential obtained
from the PV curves. (3) A third approach to estimate g,,;, was by
extracting the slope between the thresholds of RWC inducing
stomatal closure (¢. 80%) and the loss of rehydration capacity
(e. 50%) based on a previous study (Trueba ez al, 2019). Such
boundaries were also established under the assumption that a
water potential of —4 MPa represents a boundary of absolute sto-
matal closure (Martin-StPaul er 2/, 2017), which is concomitant
to ¢ 80% RWC according to PV curves performed in this study.
This approach was implemented in order to use conservative
boundaries that could be applied a priori across plant species
without preexisting physiological assessments. The values of g,
obtained using the previously described methods were compared
in order to assess their potential dissimilarities. (4) A fourth
approach consisted in estimating g, in 10% ranges from 100%
to 0% RWC. These ranges were used to estimate conductance
dynamically, including corrections for leaf shrinkage and leaf-to-
air VPD. Such an approach allowed us to understand at which
stages of dehydration shrinkage and VPD variation had a major
impact on residual conductance.

Determination of time to hydraulic failure with various
8min Values

Time to hydraulic failure (THF) is often defined as the time
required by a plant to reach a RWC value corresponding to a loss
of 88% of hydraulic conductance (RWCpgg). This level of water
stress has been previously shown to correspond to a threshold
inducing plant mortality in angiosperm species (Utli et al., 2013;
Li et al, 2016). For each species, RWCpgs has been estimated
using PV relationships and vulnerability curves. The time to
reach this 88% threshold (THF_observed) was then directly mea-
sured for each individual detached leaf inside the droughtbox,
during the dehydration experiment. This measurement was used
as a reference.

Additionally, the model SurEau (Cochard ez al, 2021) has been
used to estimate, at the leaf level, THF using different values of g,,;,,
computed with the different thresholds previously described.
Namely: THFE_TLP, THF_P,,, THF_Psy, THF_Pgs, and
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THF_RWCgy.50. An additonal approach wmking into account the
continuous variability of g has also been implemented in the
model (THF _variable). The dynamics of g, was estimated using
a segmented linear model in the equation gy, = f(RWC). In shorr,
the variation of g, was assumed constant before stomatal closure
(i.e. between RWCjgo, and RWC_TLP) and decreased linearly
after stomaral closure. In practice, the slope of the function between
RWC_TLP and RWCyq, was used to estimate g,,;,. Coefficients
of the linear fit for each spedes can be found in Table S1. In all
simulations, model computation was performed with the following
hypotheses: (1) leaves remain connected to the stem throughout
the dry down, and (2) hydraulic vulnerability curves are similar for

leaves and stems.

SurEau model parameterization

Simulations of THF were performed for each species using aver-
aged values of each leaf-related trait. These values can be found in
Tables 1 and S1. The degree of succulence was estimated by the
ratio of fresh weight to leaf area (Delf, 1912) on a set of at least 10
hydrated leaves. The symplastic water fraction (SWF) was esti-
mated from the PV curve (Koide ez al, 2000) with Eqn 5:
Vl,=a*(100—RWC)+b Eqn 5
where y is the water potential (in MPa), RWC is the relative
water content (in kg kg '), and @ and b are the slope and inter-
cept of the linear part of the PV curve (RWC < 80%), respec-
tively. In short, we extrapolated the PV curve function to
estimate the RWC deficit at a low water potendal, which gives a

direct estimation of the SWF. The apoplastic water fraction was
defined as 100 — SWF.

Statistical analyses

Assumptions of residual homogeneity and normality were tested
before analyses. Correlation analyses were used to assess relation-
ships between PV curve parameters and g;, values estimated
with different physiological thresholds. A model explaining the
variance of percent leaf area, including the interaction
RWC X species, was also performed to assess whether RWC had
an effect on leaf shrinkage across all species. Bivariate linear
regressions were used to estimate relationships between modelled
and measured THF. Similarly, linear models were used to assess
the prediction of safety margins from the THF. All analyses were
considered significant at @ =0.05. All statistical analyses, data
treatment, and graphics were performed using R v.4.3.2 (R Core
Team, 2022).

Results

Leaf mass decline and shrinkage during dehydration

Continuous measurements of mass loss using 5 min intervals pro-
vided extensive dehydration curves (Fig. S1). Most of the species

© 2025 The Author(s
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showed exponential declines in RWC over time, starting with a
steep decrease, followed by a gradual slope flattening (Fig. 1).
Species showed overall declines in projected leaf area during
dehydration (Fig. 2). Species varied significandy in their shrink-
age under dehydration (one-way ANOVA; P<0.001; Table S1).
Although the onset of leaf shrinkage started early during dehydra-
tion in some species, more significant leaf area reductions were
observed after RWC_TLP, the RWC at turgor loss (Fig. 2).
Across species, Magnolia grandiflora had the least shrinkable
leaves, decreasing only by 3% on average across the dehydration
process, while Olea enropaea showed the strongest decline in pro-
jected leaf area, with a 37% reduction across the entire RWC
decline, mostly because of a strong curling occurring after 50%
of RWC. A model explaining leaf shrinkage variance, including
the RWC interval X species interaction, showed that species
explained shrinkage variations better than RWC, when consid-
ered at similar RWC intervals (Table S2), implying that a larger
fraction of the leaf shrinkage variation, at a given RWC, was
explained by attributable differences in leaf structure across spe-
cies.

Dynamics of residual conductance during leaf dehydration

Continuous measurements of leaf water conductance over declin-
ing RWC showed that residual conductance varied greatly during
dehydradon (Fig. 3). For every species, such conductance
declines were mostly driven by a decline in dw/dz and these
declines persisted even after g, values were corrected for leaf
shrinkage and leaf-to-air VPD (Fig. 3). None of these corrections
showed significant differences with raw g, estimations (> 0.6
for each pairwise comparison). Leaf water conductance variations
persisted after the TLP, which was assumed here to correspond to
the point of stomatal closure. Between the point of stomatal clo-
sure (RWC_TLP) and the point of desiccation (defined pre-
viously as the point at which RWC reaches 30%), we observed a
linear decrease of gnin as RWC decreased (Fig. 3). The slope of
this decline in gy, varied by almost an order of magnitude
between the studied species, ranging from 0.007gh ' for
O. europaca 1 0.083 gh™' for Liviodendron tulipifera. At very
low RWC values, below the desiccation point, the decrease is
typically more pronounced and can reach near-zero values of
Zmin» When leaves dried below RWC 10% (Fig. 3).

Estimation of residual conductance along a dehydration
time sequence

PV curve parameters (Table 1) were used to convert RWC
thresholds into water potential (¥) values, obtaining the
dynamics of a declining ¥ over time (Fig. S2). Converted ¥
values were used to estimate gmin at different dehydration levels,
namely guin_TLP, guin_ RWCg050, gmin_P12, gmin_Pso, and
Zmin_Pgs (Table 2). Across the studied species, the absolute values
of the different thresholded g, estimations varied by more than
an order of magnitude (Table 2; Fig. $3). However, for every spe-
cies the magnitude of g;, based on these different thresholds fol-
lowed the same order. The highest conductance was observed
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Fig. 1 Change in leaf relative water content
(RWC) over elapsed time for each individual
sample used in this study. Dashed horizontal
lines represent the RWC at which the species
reach Pgg, the water content equivalent to the
water potential induding an 88% loss in
hydraulic conductance. The apparent low initial
RWC values for some samples result from a
120-min running mean filter to smooth the raw

data.

Fig.2 Percentage of leaf area as a function of
relative water content for the nine studied
species. The projected leaf area, relative to the
leaf area of a fully hydrated turgid leaf, declines
with relative water content (RWC). Error bars
indicate species mean values and SE for leaf area
along segments of 10% RWC. Vertical dotted
lines indicate turgor loss point (RWCn_s), and
arrows indicate RWC at Py, (RWC_Ps,) for each

species.
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Liriodendron tufipifera
@

Fig. 3 Changes in residual conductance under
declining relative water content. Species means
of g values computed for each range of
relative water content (RWC) with no correction
(green square), with correction for vapor
pressure deficit (VPD) only (green triangle), with
correction for VPD & shrinkage (green circle). A

o

detailed description of both corrections is
provided in the Materials and Methods section.
Orange bars represent the mean value of g,,., 100
between 50% and 80% RWC. Red lines 75
represent the fitted values of g, used as input
for the dynamic computation of ‘g,,,_variable’ 50
in the SurEau model. Vertical dashed lines 25
indicate RWC_TLP, and vertical dotted lines
indicate RWC_P50. Blue shaded boxes indicate

Residual conductance (mmol m?s™")
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the ranges between P,, and Pyg. Error bars
indicate SE. Note the y-axis is defined differently
for each spedes.

before TLP when leaves were not stressed. Then, the residual
conductance decreased in sequence, with the gy, values esti-
mated at TLP always higher than those measured between 50%
and 80% of RWC, which were always higher than the estimation
at different hydraulic dysfunction thresholds (Fig. $3). We found
asignificant effect of g,,;,, computation method when considering
all species (P= 5.852¢-07).

Leaf minimum conductance at TLP showed the highest esti-
mations with a mean value across all species of
3.78 £ 0.90 mmol m *s ' (mean = SE). As expected, given the
decline in g, values over leaf dehydration, g, values thre-
sholded at water statuses inducing Py, Psg, and Pgg declined
sequentially across species with average values of 2.79 4 0.893,
2.57 + 0.87, and 2.42 4 0.84 mmol m™?s™", respectively. Esti-
mates of g, using the range 80-50% RWC provided a mean
value of 3.25 + 0.78 mmol m s ', which was closer to the i
values estimated at Py, and both estimations were closely corre-
lated to each other (r=0.97; P<0.001). Indeed, despite show-
ing differences in g, absolute values, all g, estimates using
different physiological and RWC thresholds were significantly
correlated with each other (Table S3). Across species, we observed
a positive correlation (r= 0.87; P <0.005) between the modulus
of elasticity (€) and RWC_TLP. Yet, PV-curve parameters were
not correlated with different g,,,i,, estimates (Table S3).

Impact of gmin on the time to hydraulic failure

The measured THF, defined as time to reach RWC_Pgg, of
detached leaves varied from 0.12£0.01d in L. tudipifera to
8524 1.86d in O. eurgpaea (Fig. 4). The deciduous species

© 2025 The Author(s
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~_gminraw « gmin VPD = gmin VPD & shrinkage + gmin_variable |

systematically showed shorter THF than the evergreen species
(Fig. 4). The results from SurEau models showed that taking into
account different ways to estimate gni, values leads to variations
in THF for a given species (Table 2). The largest differences
between extreme values (i.e. between guin P88 and gumin TLP)
for a given species range from 0.06d for L. tulipifera to 6.01d
for Fraxinus excelsior (Fig. 5).

We found a close relationship between the modelled vs mea-
sured THF (Fig. 6a). Estimations based on fixed g,;, values tend
to show a bigger scatter than estimations based on a variable g;,..
Root mean square error (RMSE) analysis shows that using a vari-
able guin provides an overall better agreement between modelled
and measured THF (Fig. 6b). The modelled THF using the
range 80-50% RWC or the fixed guin_P12 value also provided a
relatively small RMSE (< 1) compared to THF estimations based
on either guin TLP or guin_Pso.

Discussion

Leaf minimum water conductance, previously interchangeably
referred to as residual conductance, is a hydraulic trait that is
becoming increasingly central to studies of drought resistance
and drought-induced mortality. Unil this study, the methodol-
ogy for estimating this trait assumed that leaf minimum conduc-
tance remained constant for a given sample along dehydration.
We estimated leaf water loss along a temporal sequence of
drought stress, and demonstrated that residual conductance (g..)
varies during the dehydration process and therefore cannot be
considered a constant trait. Given the continuous variation of g,
during dehydration, we propose to use physiologically informed
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stomata over the entire surface of the leaf (Mott & Buckley, 1998).  clongation of the molecules composing the cuticle (Shepherd &
Along with such mechanisms deriving from stomatal activity, fea-  Wynne Griffiths, 2006; Lewandowska ez al, 2020) or de novo cuti-
tures of the cuticular structure could also explain such variation in cular wax biosynthesis (Premachandra et al, 1991). In this respect,
residual conductance. More specifically, the main effect of the cuti-  a study on Nicotiana glauca leaves described a swrong effect of water
cle on gnin could come from a modification of the structure by the  stress on leaf permeance by the accumulation of waxes during stress

© 2025 The Author(s). New Phytologist (2025)
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Fig. 6 Relationship between modelled and observed time to hydraulic failure using different computations of g,.,.,. (a) Comparison between modeled and
measured time to hydraulic failure (THF) across different g,,,, estimations. THF is defined as the time to reach Pg. Each point corresponds to the average of
THF for each of the studied species. Black lines indicate a 1 : 1 relationship. (b) Root mean square error (RMSE) comparing the performance of the models
using different g,,,, values. (c) Difference between modelled and observed THF for each species, and color codes, corresponding to different g,,,,, values,

are the same as in panel b. Species abbreviation codes are included in Table 1.

(Cameron ez al., 2006). Moreover, a recent study on Nicotiana
benthamiana has shown effective responses to drought stress by
changes in the composition and accumulation of cuticular waxes,
resulting in increases in cuticular thickness (Asadyar er a/, 2024).
However, such accumulation of waxes during stress might mostly
drive seasonal changes in residual conductance and would not
explain the variation observed in our study, which occurred over a
much shorter ime frame.

Despite the relevance of the cuticular features previously pre-
sented, several studies show a weak effect of the amount of cuticle
on minimal conductance, which would suggest that the amount of
cuticular waxes is not the only driver of the decline in g, observed
here. For example, no difference in the amount of wax has been
found for Quercus coccifera growing in different environments

New Phyrologist (2025)

www.newphytologist com

(Bueno ez al., 2019). Additionally, a recent study found no differ-
ence in permeance for a Populus x canescens clone while the authors
measured 10-fold differences in wax composition (Griinhofer
et al., 2022). These findings would suggest that the variation in resi-
dual conductance is substantially driven by the dynamics of stoma-
tal closure during dehydration. Further work is, however, needed
to investigate the extent of the role played by a modification of the
structure or composition of the cuticle in this variation.

Impact of the variation in minimum conductance estimates
on time-to-death prediction

Decreases in leaf g, values are observed even at mild stress levels
when leaves are still hydraulically connected to the stem (typically

© 2025 The Author(s)
New Phywlogist © 2025 New Phytologist Foundarion.
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between TLP and Psg). This variation has a direct consequence
on the speed of diminution of plant water content, and therefore,
a direct influence on the quality of the prediction of the THF,
which is a prominent proxy of plant survival under drought,
using mechanistic models based on hydraulic traits (Cochard
et al, 2021; Ruffault ez al., 2022a). The effect of a variable g,
on the THF estimations is, however, more or less pronounced for
the different species. For instance, the modelled THF for species
having the lowest resistance to embolism (i.e. the highest
RWC_Pgy), like L. tulipifera or Vitis vinifera, was less impacted
by the variation in g, values. Conversely, the species that show
higher resistance to embolism, like F. excelsior or Quercus ilex,
present large gmin-induced variations in modelled THF, suggest-
ing that the variation in residual conductance could be more rele-
vant in predicting hydraulic failure in species with a more
resistant hydraulic apparatus and hence a larger safety margin
(Fig. S4). Given the importance of gy;, on the pace to cross the
safety margin (Petek-Petrik et al., 2023), a variable residual con-
ductance could be more relevant in species with wider margins,
where the speed of water loss would be more relevant to reaching
hydraulic failure.

Even though the simulations in this study are based on several
simplifying assumptions and on a limited set of traits, the absolute
values of the modelled THF showed overall good agreement with
the observed THF, which is the time to reach water contents
inducing Pgg directly measured during the dehydration experi-
ment. One of the main simplifying assumptions we made in the
model parametrization is that the vulnerability to cavitation is
similar between leaf and stem. However, we know that many
plants differ from this assumption and exhibit hydraulic vulner-
ability segmentation between their organs. For instance, several
studies reported significant segmentation for species closely related
to our selection of species. Leaves are slightly more vulnerable to
cavitation (typically below 1 MPa) for most species; for example,
segmentation of —0.67 MPa is reported for Quercus douglasii
(Skelton ez al., 2019), ¢. —=0.8 MPa for V. vinifera (Hochberg
et al., 2016), ¢. —0.8 MPa for Juglans regia (Tyree et al., 1993),
—0.9 MPa for Fraxinus mandshurica (Song et al, 2022), and
between —0.73MPa (Li er al, 2020) and —0.91 MPa
(Rodriguez-Dominguez et al., 2018) for O. europaca.

Despite the previously observed trend, where leaves are more
sensitive to drought than stems, some species included in our
study have shown the opposite pattern, with more
drought-resistant leaves. For instance, in L. tulipifera, two differ-
ent studies have reported that leaves are more resistant than stems
with leaf-to-stem segmentations of +0.47 MPa (Li et al., 2020)
and +0.68 MPa (Guan ez al., 2022). Additionally, Prunus avium
and Quercus robur also have positive leaf-to-stem hydraulic vul-
nerability segmentations of +1.84 MPa and +0.31 MPa, respec-
tively (Guan ez al, 2022). Such a positive leaf-to-stem hydraulic
vulnerability segmentation might explain why our model output
overestimated the THF for these species (Fig. 5). Even at the level
of the single organ, the estimation of THF is the result of several
parameters, among which residual conductance and its temporal
variation can play a major role. Leaves might however be discon-
nected before significant stem cavitation (RWC_Psp). This

© 2025 The Author(s

New Phyrologisr© 2025 New Phytologist Foundation.
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implies that only the variation of g, above this point of discon-
nection is relevant to estimate time-to-death at the plant level.
Given that some species studied here showed a positive leaf-to-
stem vulnerability segmentation, the use of stem Psg as a refer-
ence threshold for minimum conductance could be interesting,
despite belonging to a different organ, since it informs residual
water losses that occur at earlier stages of drought-induced
hydraulic dysfunction.

Toward a standardized methodology to estimate gmin

The data acquisition system and the linked computation pipeline
described in this study provided an accurate, versatile, cheap, and
time-cfhicient methodology to compute gy, even for a large
number of samples. Using a standardized averaging procedure,
like the one implemented in this pipeline, combined with data
oversampling permits a good fit of the raw data even if the signal
is noisy (e.g. due to movement of the sample caused by ventila-
tion). We show that accounting for tissue shrinkage and the
water-potential-induced changes in VPD during drought has
only a minor effect on the calculation of residual conductance,
particularly within the RWC range where leaves remain hydrauli-
cally connected to the stem.

Our approach, which dynamically investigates the contribu-
tions of all the aspects involved in g, computation, describes
more accurately the phenomenon occurring in vivo during dehy-
dration and demonstrates its impact on the output of models
considering hydraulic traits. However, this approach is not solely
based on the measurement of mass loss during dehydration. A
prior knowledge of several other traits, such as PV curves and vul-
nerability curve parameters, is required. It remains important,
however, to have a reproducible method to compute a g,,;, value
representative of a sample along a dehydration threshold even
when physiological data are not available. In such cases, RWC
can be used as a convenient metric to specify relevant thresholds
for conductance estimations. If physiological or RWC
thresholds are specified, then g,,;, values could be considered as a
measurable and more stable trait. For instance, the use of a range
between stomatal closure and leaf disconnection provides an esti-
mation that integrates over the whole dehydration range. These
thresholds are typically close to RWC of 80% and 50%, respec-
tively, and we show that such a range produces a good estimation
of THF as compared to the observed values during the experi-
ment. We therefore encourage using the minimum conductance
estimated between those values (g,,;, RWCs_5) as a relevant
trait when comparing species or genotypes over the entire course
of dehydration, and without preliminary knowledge of other
physiological traits. Other thresholds might be relevant for differ-
ent types of studies. We would recommend that, for future
reports of gmin, researchers make available both the threshold (or
range of RWC) used for the computation and the raw data used
to compute gy, so that future studies could harmonize computa-
tions if needed. The methodology presented in this study is a step
toward a unified framework for studying residual water losses and
minimum conductance values for many organs, such as leaves,
branches, roots, and flowers.
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