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Abstract

Key message The elapsed times to deplete starch concentrations and to reach a null hydraulic safety margin were
related to tree seedling mortality under experimental drought. Starch concentration showed an accelerated decline
across all species during the early stages of dehydration, while the concentrations of soluble sugars and total non-
structural carbohydrates remained stable. Concomitant carbohydrate depletion and hydraulic failure drive seedling
mortality under drought.

Context Current upsurges of drought events are provoking impacts on tree physiology, resulting in forest mortality.
Hydraulic dysfunction and nonstructural carbohydrate (NSC) depletion have been posited as the main mechanisms
leading to plant mortality under drought.

Aims This study explores the dynamics of the two mortality-inducing processes during drought stress using
an experimental approach with 12 evergreen tree species.

Methods Seedlings were subjected to drought until 100% mortality was observed. Midday (¥),p) and predawn (Wpp)
water potentials, xylem pressure leading to a 50% loss of hydraulic conductivity (Ws), along with NSC concentrations
in different organs (leaves, stems, and roots) were measured regularly during drought.

Results Total NSC concentrations and soluble sugar pools did not decline during drought. However, starch
pools showed strong reductions early during drought stress as Wy, decreased, and the time leading to starch
depletion emerged as a strong mortality predictor. W5, alone did not provide an accurate estimate of mortality,
while the elapsed time to reach a null hydraulic safety margin (¥, p—W¥5,=0) was related to seedling mortality.

Conclusion Adopting a dynamic approach by estimating the times to consume both starch reserves and hydraulic
safety margins is highly relevant to improve predictions of tree mortality under the current context of increasing
global drought.
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1 Introduction

Ongoing shifts in temperature and rainfall are provok-
ing increasingly prolonged periods of drought stress and
aridity-driven changes in forest structure and function
(Berdugo et al. 2020). In this global change context, forest
dieback and shifts in tree growth across many ecosystems
are being observed as a direct consequence of the physio-
logical stress exerted by drought intensity and frequency
(Greenwood et al. 2017; Jump et al. 2017; Brodribb et al.
2020), with mortality events further exacerbated by the
combination of increasing heat and drought (Ham-
mond et al. 2022). Consequently, a large research effort
is underway to elucidate the range of mechanisms that
modulate drought-induced plant mortality and survival,
in order to better predict mortality events and biodiver-
sity loss (McDowell et al. 2022). For instance, it is widely
accepted that plant hydraulic function is impacted by
drought and can contribute significantly not only to
plant survival (Choat et al. 2012; Anderegg et al. 2015a;
Adams et al. 2017; Mantova et al. 2022) but also to other
key ecological processes (Torres-Ruiz et al. 2024). In this
context, the “hydraulic safety margin” (HSM), which is
the difference between water potential minima reached
during diurnal cycles and the water potential leading to
hydraulic dysfunction (W), is an important parameter
that indicates the hydraulic operational status of a plant
species in a given environment (Meinzer et al. 2009).
Further, a recent study has used HSM to predict tree
mortality occurrence (Sanchez-Martinez et al. 2023).
Remarkably, many plants operate within narrow HSMs
across a range of biomes, suggesting a widespread occur-
rence of hydraulically risky strategies by plants to operate
close to their physiological limits and respond to rapid
changes in the environment (Choat et al. 2018). There-
fore, it is important to understand the pace at which
plants reach a critical HSM during events of extreme
drought stress and its potential implications on plant
mortality (Benito Garzén et al. 2018).

Despite the current consensus on the importance of
plant hydraulics on vegetation responses to drought
stress, plant mortality is rather multi-factorial and
hydraulic failure can be accompanied by other factors
such as an increased vulnerability to biotic stressors
(Logan et al. 2003; Anderegg et al. 2015b). Along with
factors such as catastrophic hydraulic failure and vul-
nerability to pathogens, prolonged stomatal closure
during drought increases the probability of mortality
through the depletion of nonstructural carbohydrate

(NSC) reserves used in respiration (Choat et al. 2018).
The so-called “carbon-starvation” hypothesis predicts
that by closing stomata, the plant reduces the risk of
hydraulic failure; however, this also causes important
declines in photosynthetic carbon uptake leading to
“starvation” at a critical moment of increased metabolic
demand for stored NSCs (McDowell et al. 2008, 2022).
Experimental multifactorial studies to investigate the
relative importance of hydraulic dysfunction and NSC
depletion during drought stress are therefore crucial to
refine our understanding of tree mortality.
Nonstructural carbohydrates (NSC) are essential
sources of energy for plant growth and reproduction
since they are involved in all functional processes of
primary and secondary metabolism (Hartmann and
Trumbore 2016). Moreover, NSCs are also important
for survival acting as buffers countering environmental
stress (Blumstein et al. 2022). For instance, stored NSC
plays a main role in resprouting following climate stress
events such as frost and drought but also following dis-
turbances such as fire or herbivory (Bond and Midgley
2001). Given the essential role of NSC in maintaining
plant function and persisting disturbance, NSC deple-
tion might be one of the main causes of tree mortal-
ity under prolonged periods of drought. Yet, there are
considerable knowledge gaps in understanding NSC
storage dynamics, in particular during environmental
stress (Hartmann et al. 2020). Moreover, the interaction
between NSC depletion and mortality risk, and how
this relationship varies among different plant taxa and
drought conditions, is not clear (Sala et al. 2010), as rel-
atively few studies have made a direct assessment of the
relationship of NSC content and plant survival (Dietze
et al. 2014). A previous study on tropical tree seedlings
proposed that higher NSC levels, induced by experi-
mental light manipulation, can enhance plant survival
after drought (O’Brien et al. 2014). Yet, another study
applying a long-term experimental drought on a neo-
tropical set of species found that NSC levels remained
stable during stress, proposing hydraulic failure as the
main prevalent driver of tree mortality (Rowland et al.
2015). Further, a study on the conifer tree species Pinus
edulis showed a positive impact of NSC content on res-
piration rates and turgor maintenance (Sevanto et al.
2014). Similarly, a relationship between NSC content
and osmotic potential was found in Douglas-fir (Sala
et al. 2012). More recently, a study on Pinus ponder-
osa seedlings showed an impact of ectomycorrhizal
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networks on NSC levels, suggesting an influence of
NSC on water relations independent of water status
(Sapes et al. 2021). Despite this previous evidence on
the interaction of NSC and hydro-physiological fea-
tures, the influence of plant water status on the dynam-
ics of different NSC pools, and their allocation to
different plant organs during drought stress, need to be
explored on a larger set of species representing a wide
phylogenetic diversity.

In this study, we aimed at investigating plant hydraulic
functioning and NSC concentration dynamics, and their
interaction with plant water status during dehydration, in
order to identify the main ecophysiological causal factors
of drought-induced mortality in 12 forest species. We
conducted a factorial experiment on seedlings of these
tree species aiming to manipulate NSC concentration
by exposing seedlings to different light environments,
expecting shaded individuals to have lower carbohy-
drate concentrations. Further, water stress was applied
across treatments. Specifically, we assessed whether (i)
light manipulation has an effect on NSC concentrations,
expecting individuals from different light treatments to
show divergent mortality rates under drought; (ii) NSC
concentrations, distinguishing soluble sugars and starch,
delayed plant mortality during drought within species
and how NSC concentrations are affected by drought; we
hypothesized that plants with non-depleted NSC pools
would survive longer and that a progressive decline in
total NSC concentration during drought will be observed,
lending support for the carbon starvation hypothesis; and
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(iii) plants maintain relatively stable NSC concentrations
while they consistently cross their HSM (i.e., showed a
null or negative hydraulic safety margin) during drought,
lending support for the hydraulic failure hypothesis. We
assessed these aims and hypotheses in an experiment
under controlled conditions performed on seedlings of
eight conifer and four angiosperm tree species, spanning
a gradient of drought-tolerances. Our results can help
elucidate the contributing roles of hydraulic conductivity
and carbon starvation as distinct or concomitant driv-
ers of plant mortality. These observations can provide
new insights into the mortality mechanisms of the stud-
ied species, shedding new light on vegetation dynamics
under current environmental drought stress.

2 Materials and methods

2.1 Plant material and species selection

We selected 12 tree species, eight gymnosperms and four
evergreen angiosperms (Appendix Fig. 10) with differ-
ing hydraulic sensitivities, based on species assessments
of embolism resistance (Table 1). The xylem pressure at
which 50% loss of xylem conductivity occurs, ¥, is a
common index to measure vulnerability to cavitation
and embolism, which is obtained by measuring the loss
of hydraulic conductivity as a function of the tension in
xylem sap (vulnerability curve). The vulnerability curves
were measured at the Phenobois platform (INRAE, Uni-
versity of Bordeaux; Pessac, France) using the Cavitron
technique (Cochard 2002; Burlett et al. 2022) on branches
from individuals not included in the drought experiment.

Table 1 List of studied species including mortality, hydraulic vulnerability, and starch depletion thresholds. Hydraulic safety, starch
concentration, and mortality time thresholds after shade- and light-exposed treatments in the light manipulation phase are included.
Additional information is available in Appendix Tables 5, 6, and 7. Phylogenetic relationships across species are shown in Appendix

Fig. 10. W5, the water potential inducing 50% of loss in hydraulic conductivity; time

mortalityson IMe leading to 50% of plant mortality;

timeyy0. the time to reach a null safety margin (W,,5—Ys0); imegehson tiMe leading to 50% of starch depletion

Species Family Clade Wso (MPa)  Timey,orsaiitysoos Timeysyo (days)  Timeg, chsoo

(days) (days)

Shade Light Shade Light Shade Light
Abies nordmanniana Steven (Spach) Pinaceae conifer —3.65 4137 36.75 59.01 49.84 37.23 37.74
Arbutus unedo L Ericaceae angiosperm  —823 46.9 2044 7749 65.59 39.21 29.55
Buxus sempervirens L Buxaceae angiosperm  —8.00 66.43 57.26 99.12 84.28 4215 40.04
Cedrus atlantica (Endl.) Manetti ex. Carriere  Pinaceae conifer -5.14 60.97 4347 11228 7763 48.75 57.26
Cupressus macrocarpa (Hartw.) Bartel Cupressaceae  conifer -6.73 68.46 4375 11718 7784 50.62 55.68
llex aquifolium L Aquifoliaceae  angiosperm  —6.60 62.72 56.63 11564 1239 5262 50.83
Juniperus thurifera L Cupressaceae  conifer -9.29 89.25 85.75 122.15 14049  55.78 55.61
Pinus halepensis Mill Pinaceae conifer —-5.03 65.52 62.51 11641 10045  69.13 50.58
Pinus pinaster Aiton Pinaceae conifer -3.70 85.12 79.1 15603 11655  69.19 67.35
Pinus sylvestris L Pinaceae conifer -3.19 83.02 70.14 11151 8274 56.62 57.30
Quercus ilex L Fagaceae angiosperm  —7.13 4935 55.93 72.66 71.82 4261 4438
Tetraclinis articulata (Vahl) Mast Cupressaceae  conifer -13.13 68.74 56.35 11207 1148 62.83 59.88
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Data describing the vulnerability of xylem embolism
for the angiosperm species Buxus sempervirens L. and
Ilex aquifolium L. were obtained from the metadata of
Choat et al. (2012). In our experiment, angiosperms ¥,
ranged from —6.60 MPa in llex aquifolium to—8.23 MPa
in Arbutus unedo L. For the selected gymnosperms, ¥s,
values ranged from—3.19 MPa in Pinus sylvestris L.
to— 13 MPa in Tetraclinis articulata (Vahl) Mast.

2.2 Experimental design and procedures

From February to November 2016, we conducted a fac-
torial design experiment with two independent factors:
NSC concentration and water stress. The experiment
was carried out in a greenhouse at the INRAE Forest
Research Station (0° 45 58.60W, 44° 44" 18.6N, Cestas,
France). Environmental conditions inside the green-
house were monitored by a temperature and air relative
humidity sensor (CS215, Campbell Scientific, Logan,
USA) and quantum sensors (SP110, Apogee Instrument,
Logan, USA). Data were logged hourly on a datalogger
(CR1000, Campbell scientific, Logan, USA). In February
2016, 156 one-year-old plants per species, grown under
optimal watering conditions, were acquired from differ-
ent nurseries in Spain (Juniperus thurifera L. and Tetra-
clinis articulata) and France (remaining species; PlanFor
nursery, Uchacq-et-Parentis). Plants were transplanted

1 February 8 March 28 April
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to 14X 14 cm, 3 | pots filled with commercial substrate
consisting of a volumetric mix of 3:2:2:1 quantities of
bark, peat, soil, and fertilizer (15% N, 8% phosphoric
anhydride, 11% potassium oxide and oligo elements),
respectively. Pots were randomly distributed and left to
acclimate in the greenhouse under well-watered condi-
tions until early March 2016. During the acclimation
period, all plants were kept watered to field capacity. Pes-
ticides were applied during the total experimental period
to prevent fungal or insect infections. The experiment
had two phases: a first light manipulation phase and a
subsequent drought experiment (Fig. 1).

2.2.1 Phase 1: Light manipulation

After an initial period of 36 days of acclimation to green-
house conditions (Fig. 1), we started applying two dif-
ferent light treatments to induce a shift in total NSC
concentration between experimental treatments within
plants of the same species, following previously pub-
lished procedures (O’Brien et al. 2014). Inside the green-
house, half of the plants of each species were randomly
placed under high-light conditions (full-sun irradiance,
sometimes supplemented with artificial light to aim for
12 h of light). The other half of the plants of each spe-
cies were placed under a shade net reducing incident
sun-light by 50%, and with no supplement of artificial

2 November

Light manipulation
51 days

Acclimation
36 days

Drought experiment
239 days
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Fig. 1 Experimental design applied on 12 angiosperm and conifer species. The first acclimation period was followed by a light manipulation
phase, and a drought experiment until full mortality was observed. Five harvests were carried out to gather NSC data from three different organs.
The number of harvested plants per species and per treatment are indicated inside the lower boxes. Additional measurements of predawn (Wpp)
and midday (W,,p) water potentials along with visual assessments of mortality percentages based on leaf coloration were carried out weekly

during the drought experiment
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light, in an attempt to enrich and deplete NSC concen-
trations in the potted seedlings, respectively (Fig. 1).
Incident light intensity was calibrated under both light
treatments before the beginning of the experiment with a
portable light meter (LI-250A, Licor, Lincoln, NE, USA).
After 1 month, we initially tested the NSC concentration
of the plants to assess whether the different light treat-
ments were having an impact on NSC concentrations.
This consisted of collecting 2—-3 leaves in the morning
before 06:00, from 10 randomly selected plants per spe-
cies. The leaves were then pooled together and analyzed
for their soluble sugar and starch concentrations (see
below for the NSC analysis procedures). Based on the
results obtained, we increased the shade conditions (up
to 80% of shade) for a total of 51 days of light manipu-
lation treatment. Furthermore, to avoid significant bio-
mass and transpirative surface differences across the light
treatments, we trimmed individuals to maintain equiva-
lent leaf surface areas between treatments. Watering to
field capacity two times per week was applied during the
light manipulation phase.

2.2.2 Phase 2: Drought treatment

On April 28, 2016, we removed the shade net, stopped
the artificial light, and started the drought treatments
(Fig. 1). On day 1 of phase 2, all pots were submerged in
water, to start the treatments under equally water-satu-
rated soil conditions. Plants of each species within each
light treatment were randomly allocated into a watering
treatment, resulting in four experimental treatments:
control-light (regular watering and high light), con-
trol-shade (regular watering and shade), drought-light
(withheld watering and high light), and drought-shade
(withheld watering and shade). Control pots were main-
tained at field capacity, whereas water was withheld from
the drought pots until the end of the experimental period
when 100% of plant mortality was observed (see below).

2.3 Harvests, data collection and mortality estimations

Predawn (¥pp) and midday (¥,,p) water potentials were
measured weekly with a Scholander pressure chamber
(Precis 2000, Gradignan, France) from the beginning
of the drought treatment and until the water potential
of each plant species fell below the limit of the pres-
sure chamber at—10 MPa. Hydraulic safety margins
(HSM) were continuously estimated as the difference
between ¥y, and Wy, In every water potential meas-
urement campaign, we measured up to eight plants per
species, including one control plant and at least three
per drought-light treatment. We performed five har-
vests of whole plants during the experimental period
(Fig. 1). Plant mortality was assessed weekly from June 15
until November 2, 2016, by which point all plants in the
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drought treatment were considered dead. Mortality was
visually estimated from the percentage of dead leaves per
plant assessed by observing changes in leaf coloration.
The first and second harvests were performed before and
right after the light manipulation treatment, respectively.
Two further harvests (harvests 3 and 4) were performed
when the leaf water potentials reached nearly half of the
Y5, and at the Wy, of the species, respectively. Finally, a
last harvest was completed (harvest 5) when at least 25%
of the individuals of a species were considered dead (i.e.,
having 100% of dead leaves). In harvest 1, we harvested
eight plants per species. In harvest 2, we collected four
plants per species and light treatment. From harvests 3
to 5, we collected three plants per control-treatment and
four plants per drought-light treatment. From every har-
vested plant, we took a 3 g subsample of leaves, stem, and
roots for NSC concentration analysis; we also determined
the total dry mass of leaves, stem, and roots. Dry masses
were used to estimate above-ground and below-ground
biomasses, along with root-to-shoot ratios, to control for
potential changes in biomass allocation across treatments
under severe drought (Trueba 2024).

2.4 Non-structural carbohydrate (NSC) analyses

Each subsample of 3 g taken from stems, leaves, and
roots per harvested plant was immediately immersed in
liquid N after collection and then stored at—80 °C. Sam-
ples were ground to homogeneity in cryogenic conditions
and 20 mg aliquots were weighted. NSC concentra-
tion was determined at the Bordeaux Metabolome HiT-
ME platform at INRAE-Bordeaux (Villenave d’Ornon,
France). Extraction was performed via ethanolic frac-
tionation, in which the material was extracted at 80 °C for
20 min using 80% ethanol twice then 50% ethanol once
(volumes were 250, 150, and 250 pl, respectively). Fruc-
tose, glucose, sucrose, and starch amounts were deter-
mined enzymatically in ethanolic extracts following the
procedure described in Stitt et al. (1989) and in Hendriks
et al. (2003). For both soluble carbohydrates and starch,
a final concentration of 1% polyvinylpyrrolidone (w:v)
was added to the assay mix to prevent inhibition of the
enzymes used for the determination. Extractions and
assays were performed in 96 well microplates using a Star
pipetting robot (Hamilton, Villebon-sur-Yvette, France),
and the absorbances were read at 340 nm in MP96 read-
ers (SAFAS, Monaco). The sum of fructose, glucose, and
sucrose concentrations was employed to estimate soluble
sugar concentrations.

2.5 Statistical analyses

Comparisons of total NSC (soluble sugars+ starch) con-
centrations across light treatments prior to the drought
phase and comparisons of NSC concentrations across
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plant organs during the drought phase were carried
out for each species with unpaired two-sample ¢ tests
and one-way ANOVA with post hoc Tukey’s honest
significant differences using 95% confidence intervals.
Assumptions of residual homogeneity and normality
were tested prior to analyses. Similar methods were used
to assess differences in biomass allocation under severe
drought (harvest 5) across treatments. A model explain-
ing total NSC variance including the interaction light
treatment X species was also performed to assess if light
manipulation treatments had an effect on total NSC
concentrations across all species. Differences in survival
probabilities after drought between light treatments
were analyzed using the Kaplan—Meier method, which is
a non-parametric approach resulting in a step function,
where there is a step down each time a mortality event
occurs. A log-rank test was used to compare survival
times between treatments. Furthermore, we employed
a Cox regression model, a semi-parametric model used
to fit regression models that have survival outcomes,
to account for the effect of light treatments on individ-
ual survival. Kaplan—Meier curves and Cox regression
models were implemented with the “survival” and “sur-
vminer” packages (Fox 2002; Kassambara et al. 2017). We
constructed curves for the temporal dynamics of mor-
tality probability, hydraulic safety margins (HSM), and
starch depletion using the maximum likelihood selec-
tion of model parameters with the “likelihood” pack-
age. We assessed the performance of different functions
based on their higher coefficients of determination and
lower Akaike information criterion corrected for small
n (AICc) (Burnham and Anderson 2003). Logistic func-
tions on the relationship of mortality percentage over
time, and linear functions on the relationship of HSM
and starch depletion over time provided the best fits.
The logistic and linear fits were then used to estimate
the time leading to 10%, 50%, and 80% of plant mortal-
itY (timemortalitylo’ timemortalitySO’ timemortality80)’ the time
leading to a null HSM (timeyg,,) and to 50% starch
depletion (time ., . 50). We estimated stomatal behaviors
by assessing the parameters of the linear relationships
between midday (¥,,p) and predawn (¥;) water poten-
tials (Martinez-Vilalta et al. 2014), measured along the
drought experiment. Linear and nonlinear regressions,
along with Pearson’s correlations, were employed to esti-
mate the strength of bi-variate relationships. Addition-
ally, to predict plant mortality based on starch depletion
and HSM variables across species, we used phylogenetic
generalized least-squares analyses (PGLS) with a lambda
(M) maximum likelihood optimization to control for phy-
logenetic non-independence between related species
(Felsenstein 1985; Freckleton et al. 2002). Data of differ-
ent light treatments was species-averaged prior to PGLS
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analyses. Phylogenetic relationships, including branch
length calibrations and divergence times, were obtained
from published data (Magallén et al. 2015; Smith and
Brown 2018). The assemblage of the tree with the phylo-
genetic relationships of the 12 studied species (Appendix
Fig. 10) was carried out using the package “ape” (Paradis
and Schliep 2018) and PGLS models were fit using the
package “caper” (Orme et al. 2018). All analyses were
considered significant at a=0.05. All statistical analyses
and data treatment were performed using R v.3.6.3 (R
Core Team 2020).

3 Results
3.1 Variability of NSC concentrations under different light
treatments across species and organs
In response to the light treatments only four species
showed significant differences between total NSC con-
centration at harvest 2 (Fig. 1). One angiosperm, llex
aquifolium, and two conifers, Abies nordmanniana Ste-
ven (Spach) and Pinus halepensis Mill., showed decreases
in total NSC in shaded individuals (Fig. 2; Appendix
Table 2), while Cupressus macrocarpa (Hartw.) Bar-
tel individuals growing under the shaded treatment
showed higher amounts of total NSC (Fig. 2; Appendix
Table 2). The remaining species showed only slightly
higher NSC levels following the light treatment (Fig. 2;
Appendix Table 2). A linear model explaining total NSC
variance including the light treatment X species interac-
tion showed that the species effect better explained total
NSC variations rather than the light treatments (Appen-
dix Table 3). Similarly, pre-drought NSC concentration
barely differed between light treatments when analyses
were conducted within each organ (Appendix Fig. 11).
Stem NSC was more variable with four species differ-
ing significantly between light treatments, while only a
single species showed differences in total NSC in leaves
and roots between light treatments (Appendix Fig. 11;
Appendix Table 4). Shifts in total NSC at the organ level
following the light manipulation phase differed and never
co-occurred in more than one organ for the same species
(Appendix Fig. 11; Appendix Table 4).

3.2 Starch depletion and lack of total NSC and soluble
sugar consumption

Water status influenced starch dynamics in all species,
such as indicated by the relationship of starch concen-
tration with ¥y, showing a strong exponential decline
of leaf starch concentration with decreasing ¥, (Fig. 3).
Starch concentration was linked to Wpp, while leaf solu-
ble sugars concentration was unaffected by ¥, vari-
ation (Fig. 3). Indeed, soluble sugars remained equal,
eventually showing slight declines or increases as ¥pp,
declined, but these relationships were non-significant
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T T
Abies nordmanniana Buxus sempervirensCupressus
Arbutus unedo Cedrus atlantica

T T T
macrocarpa Juniperus thurifera
llex aquifolium

T T
Pinus pinaster Quercus ilex
Pinus halepensis Pinus sylvestris Tetraclinis articulata

Fig. 2 Comparisons of total non-structural carbohydrate (NSC) concentrations in 12 studied angiosperm and conifer species after the light
manipulation phase. NSC values for light-exposed (blue) and shaded (red) individuals of each species are shown. Boxes and bars show the median,
quartiles, and extreme values. Dots are individual data points. Significant differences between light treatments are indicated: *p <0.05; **p <0.01.
See Appendix Table 2 for additional statistics from the comparison of NSC levels of different light treatments

overall (Fig. 3). Such interactions of water potential with
starch and soluble sugar concentrations were rather simi-
lar regardless of the light treatment applied prior to the
drought experiment (Appendix Figs. 12, 13). A weak
effect of water status on plant total NSC concentrations
was also observed with no overall relationships found
with Wpp, (Fig. 4). Only Abies nordmanniana and Buxus
sempervirens displayed significant declines in total NSC
with decreasing water potentials, regardless of the pre-
drought light treatment considered (Fig. 4). Pre-drought
light manipulations did not seem to have any important
effect on NSC dynamics during dehydration as indicated
by the strong overlap in individuals from both treatments
during dehydration (Fig. 4).

3.3 NSC concentrations at different organ levels,

hydraulic strategies and shifts of biomass allocation

under drought
Poor and inconsistent relationships between total NSC
concentration and water potential were also observed
when considering NSC concentrations in different
organs (Appendix Figs. 14-16). Further comparisons of
NSC concentrations across organs showed that leaves
had higher total NSC concentrations than stems and
roots before the onset of the drought stress (Fig. 5a—c).
This was principally driven by the higher concentration
of soluble sugars in leaves (Fig. 5c), while starch concen-
trations were equal among the three organs (Fig. 5b).
During severe drought stress, 110 days after the onset
of the drought treatment (harvest 5), ranks of NSC

concentration remained relatively similar when consider-
ing total NSC, and soluble sugar concentrations (Fig. 5d,
f). Starch concentrations showed strong declines and
roots retained more starch than leaves and stems after
severe stress (Fig. 5e).

Regarding the hydraulic drought response strategies
of species, most of the variability in W,,, was explained
by Wpp, with both variables showing very tight relation-
ships. Slopes of the Wy, ~¥pp were<1 in most species,
suggesting partial stomatal control to water loss with
strong coordination between the gas and liquid phases of
water transport (Appendix Fig. 17). The conifers Junipe-
rus thurifera and Pinus sylvestris appeared to have a less
strict stomatal control (Appendix Fig. 17). Plants under
both treatments showed slight losses of above-ground
biomass under severe drought stress as compared to con-
trol individuals (Appendix Fig. 18a). Below-ground bio-
mass and root to shoot ratios remained equivalent across
droughted light treatments and control plants (Appendix
Fig. 18b,c). At the onset of drought, all species showed
higher above-ground biomasses in individuals under the
light treatment, with the exceptions of A. nordmanni-
ana and Q. ilex (Appendix Fig. 19), which had higher
above-ground biomasses in individuals from the shade
treatment.

3.4 Tree seedling mortality rates under drought

across light treatments
Light-exposed individuals showed earlier mortality
than those from the shaded treatment overall (Table 1;
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Fig. 3 Leaf soluble sugars and starch dynamics as a function of predawn water potential. Dots represent soluble sugars (gray) and starch
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and 13

Fig. 6; Appendix Fig. 20). The only species that showed
a different behavior was Quercus ilex L., where shaded
individuals showed earlier mortality (Table 1; Appen-
dix Fig. 20). Interestingly, the trend of earlier mortal-
ity in light-exposed individuals was also observed in A.
nordmanniana, 1. aquifolium, and P. halepensis, species
that exhibited effective NSC enrichments after the light
manipulation phase. On average, light-exposed individu-
als reached mortality thresholds 10.5 days sooner. Across
species, the average times to reach 10%, 50%, and 80%
mortality in individuals from the pre-shaded treatment

were 48.3, 65.6, and 76.3 days, respectively. For the indi-
viduals under the full light pre-treatment, average times
to reach 10%, 50%, and 80% mortality were lower, with
estimations of 39.9, 55.7, and 65.8 days, respectively.
Mortality curves for each species, depicting percentage
mortality over time, are available in Appendix Fig. 20.
Time thresholds at different mortality levels for all spe-
cies and treatments, along with model parameters are
included in Appendix Table 5.

Individuals of all species reached 100% mortality, as
indicated by the employed proxy of full foliage mortality,
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at the end of the drought experiment (Fig. 6; Appendix
Fig. 20). Arbutus unedo was the species that reached
mortality earliest (Table 1), with four individuals in the
light pre-treatment reaching full mortality after only
48 days elapsing between the start of the drought experi-
ment and the mortality event. Juniperus thurifera was the
species that reached full mortality at the latest (Table 1),
with three individuals reaching full mortality 188 days
after the onset of the experiment. According to a log-
rank test to compare survival times between treatments,
we observed a significant difference (X* (1 df)=31.9,
p<0.001), showing lower survival rates for individu-
als from the light pre-treatment for an equal amount of

elapsed time relative to individuals grown under shade
(Fig. 6). Additionally, a Cox regression also showed sig-
nificant differences in the hazard ratio (HR) between the
light treatments, indicating that around 1.48 times more
light-exposed individuals die than individuals grown
in shade before drought, along any given time during
the drought experiment (HR=1.48; 95% CI=1.28,1.70;
p<0.001).

3.5 Hydraulic safety margins and starch depletion

as predictors of mortality rates
Hydraulic safety margins (HSM=W¥,;,—Y¥5,) declined
significantly over time during the dehydration
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experiment (Fig. 7). Individuals that were light-exposed
prior to the drought phase crossed the boundary to a
negative HSM before shaded individuals for all species,
with the exception of llex aquifolium, Juniperus thu-
rifera, and Tetraclinis articulata (Fig. 7). The average
elapsed time to reach a null HSM (timeyq,,,) across spe-
cies and light treatments was 99.1 days, with a minimum
of 49.8 days in light exposed individuals of Abies nord-
manniana and a maximum of 156 days in shaded indi-
viduals of Pinus pinaster Aiton (Table 1). A full report
of model parameters and estimated timeyg),,, across

species and treatments is available in Appendix Table 6.
Given the strong declines observed in starch concentra-
tions during drought, we further analyzed the dynamics
of starch depletion over time. Total starch concentra-
tion, integrating all analyzed organs, was significantly and
negatively related to elapsed time (Fig. 8). A full report
of model parameters and estimated times to deplete 50%
of starch concentrations (timeg,,5,) across species and
treatments is available in Appendix Table 7. On average,
50% of starch concentration was depleted across species
and light treatments in 51.4 days, with a minimum of
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29.5 days in light-exposed individuals of Arbutus unedo
and a maximum of 69.2 days in shaded individuals of
Pinus pinaster (Table 1).

No correlations were observed when comparing Wy,
with percent mortality thresholds (Appendix Fig. 21).
On the other hand, timeyy,, was a strong predictor of
estimated mortality thresholds in all species, regardless
of the light conditions considered (Fig. 9a,b; Appendix
Table 8). The slope of HSM over time (slopeygyi-time)
which depicts the pace at which HSM declines over
time, was also a good predictor of mortality thresholds
(Appendix Table 8). Time,,, .5, Was also a good predictor
of seedling mortality (Fig. 9¢,d; Appendix Table 8), with
species showing a more accelerated starch consump-
tion reaching mortality earlier than those that were able
to keep starch reserves for longer dehydration periods.
Positive significant relationships between plant mor-
tality thresholds and timeg,. 5, along with timepgy,
were also supported by phylogenetic generalized least-
square (PGLS) regressions (Appendix Table 9). However,
slopeysm-time Was less accurate in predicting mortality
using PGLS (Appendix Table 9). All the performed PGLS
regressions had optimized values of Pagel’s lambda of
A=0, denoting a lack of phylogenetic signal (Appendix
Table 9).

Page 11 of 33

4 Discussion

Under the current context of increasing drought stress
and tree mortality, the mechanisms driving plant mortal-
ity need to be further elucidated. Our study shows that
total NSC concentrations remained stable as drought
increased and plant water potential declined, and this
was mainly influenced by high and stable contents of
soluble sugars during drought. However, non-soluble
starch concentrations showed a strong decline, and
the elapsed time to consume half of the starch reserves
(timeg, . .n50) Was a good predictor of seedling mortal-
ity, highlighting the importance of this carbohydrate on
plant survival. Additionally, we found that the time taken
for plants to cross the hydraulic safety margin (timegy)
was also an explanatory trait to predict plant mortality.
Our results stress the importance of starch depletion
and plant hydraulic dysfunction as joint drivers of plant
mortality under drought. Adopting a dynamic approach
by estimating both the rates of starch consumption and
the time to reach HSM are promising avenues to predict
the fate of vegetation in the current context of increasing
drought events.

4.1 Light manipulation effects on nonstructural
carbohydrate (NSC) reserves and different NSC pools

A small amount of the acquired carbon via plant pho-
tosynthesis is retained in the form of nonstructural
carbohydrates (NSC). NSC pools support metabolism
during stress events when carbon acquisition is compro-
mised but also during the night when light is not avail-
able (Dietze et al. 2014). Light deprivation was therefore
expected to induce NSC depletion via reduced photosyn-
thetic carbon resourcing. However, in our experiment,
light manipulation did not result in a systematic deple-
tion of NSC concentrations in our tree seedlings. Indeed,
we observed either variable or inconsistent differences
in total NSC concentrations after the light manipula-
tion phase with only three species; Abies nordmanni-
ana, llex aquifolium, and Pinus halepensis; showing
significant decreases in total NSC after a 49-day period
of light reduction. Our results contrast with those from
a previous study where shading induced NSC deple-
tion (O’Brien et al. 2014). In that experiment, O’Brien
et al. (2014) applied longer shade-exposure times (198-
day period of light-shade alternate light environment),
on shade-tolerant tree seedlings typical of the tropical
understory. Therefore, we cannot discard that the lack
of NSC concentration manipulation in our study might
arise from a shorter shading period or from the differ-
ent shade tolerances of our species. In this context, it
has been shown that only severe and prolonged shading
can lead to effective NSC reduction, with shaded plants
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keeping functional carbon storage while reducing growth
(Myers and Kitajima 2007; Weber et al. 2019). Another
recent study using a similar protocol of light manipu-
lation to induce NSC depletion in Populus nigra sap-
lings found that shade exposure induced NSC depletion
(Tomasella et al. 2021). Yet, in Tomasella et al. (2021),
this reduction was evident only for starch reserves, which
were also shown to be more labile in our study, while
soluble sugars also showed no differences between light
treatments, consistent again with our study. Another
similar study manipulating light and water availability

in Douglas fir saplings (Pseudotsuga menziesii), also sug-
gested that both factors led to exhaustion of carbohydrate
reserves (Marshall 1986). However, that study showed
rather stable sugar concentrations after dehydration in
both shaded and unshaded plants, while starch concen-
trations were completely depleted following dehydration
and regardless of the light treatment (Marshall 1986).
This is in line with another study reporting that drought
effects on Pinus ponderosa NSC concentrations respond
mainly to changes in starch rather than in soluble sugar
concentrations (Sapes et al. 2019). Our results therefore
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highlight that potential differences in NSC following light
deprivation and/or drought stress might stem from shifts
in starch reserves with different responses of other NSC,
which contribute collectively to the stabilization of NSC
concentrations during light exposure and plant stress.

4.2 NSC dynamics during drought, organ allocation

and the relevance of starch reserves on survival
During the drought phase of our experiment, total solu-
ble sugar concentrations (glucose, fructose and sucrose)
did not consistently decline with decreasing water poten-
tials. Indeed, soluble sugars remained relatively stable
as predawn water potentials (W) declined, showing no
clear trends across species and indicating homeostatic

regulation of labile sugar pools matched to energy
requirements. Therefore, the weak influence of plant
water status on soluble sugar concentrations might influ-
ence the observed stability of total NSC concentrations
along the Wy, gradient observed during plant dehydra-
tion. In this context, it has been recently shown that the
total amount of stored NSC is not very responsive to
environmental stress across plants from various global
biomes (Blumstein et al. 2022). However, starch concen-
trations did exhibit a strong early decline under decreas-
ing ¥pp. Rapid exponential declines in starch reserves
co-occurred in all 12 species measured. These findings
are in line with a meta-analysis including 52 tree species
and showing strong drought-induced starch decreases in
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to light-exposed (blue) and shaded (red) individuals before the drought experiment. Strong correlations between mortality, starch depletion,
and HSM times were also observed when pooling both treatments together (Appendix Table 8). PGLS regressions supporting these relationships

are also available in Appendix Table 9

different plant organs, while soluble sugars showed less
significant declines (He et al. 2020).

Starch is an insoluble glucan and it is the most prepon-
derant storage carbohydrate in plants with important
roles in growth and nocturnal respiration (Zeeman et al.
2010). In this study, we use a new metric, timeg,, 50
which is the time rate to consume half of the starch
reserves in the plant, to accurately predict seedling
mortality rates. It has been argued that under drought,
starch is likely hydrolyzed early to contribute to main-
tain osmotic potential and to rapidly mitigate stress (He
et al. 2020). Given the daily importance of starch to sup-
port metabolism during the night (Thalmann and Sante-
lia 2017), our results suggest that plants under drought
stress might suffer from a lack of transitory starch, which
is essential to support plant metabolism. Further, the
starch depletion trends that we observed suggest that

plants might rely on soluble sugars for osmotic regula-
tions, since the early drought onset (Thalmann and San-
telia 2017; Hartmann et al. 2021). Starch remobilisation
can also provide carbon skeletons for osmolytes such
as proline (Muller et al. 2011). Further, under drought
conditions, carbon-limited plants actively store NSC
through gene upregulation as a priority over growth
(Smith and Stitt 2007; Huang et al. 2021), which could
explain the lack of biomass gain observed in our experi-
ment. It has been suggested that such a need for sugars,
including starch conversion to osmolytes to maintain the
osmotic potential of living cells and a more negative tur-
gor loss point, would be more relevant in species with a
less strict stomatal control (Hartmann et al. 2021). Yet,
the vast majority of the species studied here seemed to
have partial stomatal control on water loss. The ubiq-
uitous declines in starch across the studied species and
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its relation to seedling mortality, suggest that regardless
of the stomatal control under drought, starch depletion
might play a role in early drought responses and help
counteract partly the reduction in photosynthetic carbon
uptake.

Our study also shows that most of the total NSC con-
centration was allocated to the leaves, followed by the
stem and the roots, which had rather similar concentra-
tions to one another. These findings are in accordance
with a meta-analysis across 177 species from various
biomes (Martinez-Vilalta et al. 2016), suggesting a prev-
alence for NSC to be allocated to (or retained in) leaves
over other plant organs. Leaves retained the highest NSC
reserves even after major drought stress in our experi-
ment. Such differences in NSC concentrations among
organs arise from the larger concentrations of soluble
sugars in leaves compared to other organs, whilst starch
amounts did not vary significantly amongst organs. It is
remarkable that pre-drought starch concentrations were
equal across organs since such carbohydrate reserves are
frequently associated with storage organs such as roots
and rhizomes (Thalmann and Santelia 2017). In a previous
study analyzing partitioning of NSC concentrations across
organs, roots showed even lower starch concentrations in
comparison to leaves and stems (Furze et al. 2019). How-
ever, our study pinpoints that after severe drought, roots
become the larger starch reserve in the plant. Our results,
which clearly show that the time to consume starch con-
centrations is key in explaining mortality rates, highlight
the importance of starch storage as a drought tolerance
strategy in plants. In this line, a recent study analyzing
xylem starch storage in a seasonally dry tropical forest
has shown that tree species with higher starch pools have
lower mortality rates (Herrera-Ramirez et al. 2021).

4.3 Light environments, the hydraulic safety margin

and its importance in explaining plant mortality
Previous studies suggest that shaded, NSC-depleted indi-
viduals have higher xylem vulnerability under drought
stress (Tomasella et al. 2021) and higher mortality rates
(O’Brien et al. 2014). Interestingly, we found that indi-
viduals who were subject to high irradiance during the
light manipulation phase reached mortality earlier than
shaded individuals. Given that individuals from the two
light treatments did not show clear differences in total
NSC concentrations prior to the drought phase, our find-
ings suggest that only partial carbohydrate consump-
tion could explain seedling mortality and that hydraulic
failure might play a concomitant role. Indeed, while
total NSC levels remained stable, starch levels declined
untimely, suggesting that mortality would be partially
caused by hydraulic failure, partial carbon depletion, and
their interaction (Adams et al. 2017). Although starch
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concentration decreased drastically in all species, such
declines occurred before reaching very negative values of
predawn water potentials, suggesting that starch deple-
tion takes effect early in the dehydration process and even
before reaching critical water potentials that could dam-
age the hydraulic capacity of the plants. It is noteworthy
that light-exposed individuals retained slightly higher
above-ground biomasses under drought conditions,
which could have implied marginally higher cumulative
transpiration. This might also explain why light-exposed
individuals reached higher mortality and a null hydraulic
safety margin (timeyq),,) earlier than shaded individuals.
Interestingly, Quercus ilex, the only species that showed
earlier mortality on plants under the shade treatment,
also had remarkably higher biomasses in shaded indi-
viduals at the beginning of the drought experiment. This
result suggests that plants with higher biomass gains at
the onset of drought, which might have been achieved
through enhanced transpiration and starch consumption,
had higher mortality rates.

The hydraulic trait W5, a commonly used threshold
of hydraulic failure induced by drought stress, did not
explain mortality alone. However, timeyc,,, the elapsed
time to reach a null hydraulic safety margin (HSM),
which combines measurements of ¥, but also of ¥y,
was a good predictor of plant mortality, which explained
more variance than starch depletion. This is in accord-
ance with a meta-analysis of 26 diverse species show-
ing that hydraulic failure is a more ubiquitous driver of
tree mortality when compared to NSC reserve depletion
(Adams et al. 2017). Similarly, the slope of the relation-
ship of HSM over time, which reflects the pace at which
a plant reaches negative safety margins, was a good pre-
dictor of mortality probability in the studied species.
The pace at which water potential drops and reaches the
HSM is therefore central to plant survival during drought
stress. The pace to reach the HSM might arise from
important features that were not considered in this study
such as g, the hydraulic conductance after stomatal
closure (Duursma et al. 2019). Therefore, it would be
interesting to combine traits related to water loss regula-
tion such as g.;, and the HSM to implement more refined
metrics such as the stomatal safety margin that has been
recently proposed as a good predictor of drought survival
in conifers (Petek-Petrik et al. 2023).

Other thresholds of hydraulic failure such as Wgg, the
xylem pressure inducing an 88% loss of hydraulic con-
ductance, have been advanced as potential thresholds
of lethal drought-induced dysfunction (Urli et al. 2013).
Moreover, recent studies have shown that angiosperm
and gymnosperm species can go beyond the commonly
used hydraulic thresholds of Wgg and W5, before reaching
lethal hydraulic tensions (Hammond et al. 2019; Mantova
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et al. 2021). Yet, our study shows that significant mortal-
ity percentages can be observed even before reaching the
limits of the hydraulic safety margin based on ¥y, —¥s,.
This might arise from the fact that ¥, values were cal-
culated on branch samples from other individuals, along
with potentially precocious mortality rates from our
visual estimations. However, in all species, time,,,,jitys0
occurred earlier than timey),, indicating that important
drought-induced seedling injuries can be reached prior
to reaching negative safety margins. Our findings on the
occurrence of plant mortality before reaching negative
safety margins are particularly relevant under the current
climate change context where many plant species that
operate within narrow safety margins would experience
higher drought mortality risk (Choat et al. 2012, 2018).

5 Conclusion

This study adds to a growing body of research showing
that a wider HSM would lower mortality risk in various
biomes from temperate and tropical latitudes (Anderegg
et al. 2016; Powers et al. 2020; Li et al. 2020; Hajek et al.
2022; Morcillo et al. 2022). The rates of 50% starch deple-
tion occurred earlier than equivalent mortality rates and
were strongly correlated, providing an important metric
to predict seedling mortality. Nonetheless, timeyg;, Was
a stronger predictor of mortality rate. Combining new
safety indicators depicting the interaction of HSM with
hydraulic thresholds of other key plant functions such
as turgor loss, stomatal control, and rehydration capac-
ity (Bartlett et al. 2016; Trueba et al. 2019) might help to
refine such hydraulic traits of drought sensitivity and to
produce more timely predictors. Ultimately, our study
underlines that mortality results from the combined
effects of early starch consumption followed by hydrau-
lic dysfunction. Further efforts to carry out large-scale
manipulation experiments like the one presented here,
combined with in situ measurements of plant starch lev-
els and water status during peaks of drought stress, will
allow filling important gaps to understand the underlying
mechanisms driving plant mortality and to improve for-
est dieback predictions.
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Appendix

Table 2 Comparisons of plant total NSC (mg g~ DWp‘am)
between light-exposed and shaded treatments measured at
harvest 2, prior to the drought phase

Species Light Shade F DF p
Abies nordmanniana 4937 3366 5398 6 0.05
Arbutus unedo 2555 2663 0022 7 0886
Buxus sempervirens 59.77 6204 0155 6 0707
Cedrus atlantica 1268 9.33 0992 6 0358
Cupressus macrocarpa 1814 3016 6311 6 0.046
llex aquifolium 5530 3949 14304 6 0.009
Juniperus thurifera 3503 3115 0342 6 058
Pinus halepensis 1283 9.16 8678 6 0.026
Pinus pinaster 3379 3099 0142 6 0719
Pinus sylvestris 2839 2636 0194 6 0675
Quercus ilex 2390 2325 0018 6 0897
Tetraclinis articulata 1226 1252 0014 6 09N

Average total NSC concentrations (in mg g~') per species and treatments are
provided. Statistics of independent measures ANOVA are included. F values,
degrees of freedom, and p values for the treatment comparisons are provided.
Significant differences between treatments at a=0.05 are highlighted in bold

Table 3 Analysis of variance of plant total NSC concentrations
(mg g~ DW,jane) as a function of light treatments and species,
including the interaction between both terms

Fixed effects Sum of Mean square F DF p
squares

Light treatment 179 179 311 01 0.08

Species 20,229 1839 3207 11 =<0.001

Light treatment: 1229 112 195 11 0.04

Species

Analyses were carried out on total NSC concentrations immediately after the
light manipulation phase and before the drought phase. Significant effects at
a=0.05 are highlighted in bold
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Table 4 Comparisons of total NSC in three different plant organs between different irradiance treatments before the drought phase

Species Leaf Stem Root
Mean F DF p Mean F DF p Mean F DF p

Abies nordmanniana  36.14 1911 6 0216 2597 10.574 5 0.023 25.94 1.014 6 0.353
Arbutus unedo 23.08 1.073 7 0.335 31.82 10459 7 0.014 3013 0.06 7 0.813
Buxus sempervirens 60.95 0316 6 0.594 41.03 6.226 6 0.047 43.57 0.039 6 0.85
Cedrus atlantica 15.51 0.648 6 0451 16.26 3312 6 0.119 545 2.657 6 0.154
Cupressus macrocarpa  23.38 8.582 6 0.026 11.46 0.41 6 0.546 11.64 1.592 6 0.254
llex aquifolium 64.30 2489 6 0.166 4219 5477 6 0.058 4341 6.605 6 0.042
Juniperus thurifera 3367 0.065 6 0.808 1943 0.034 6 0.86 12.54 2928 6 0.138
Pinus halepensis 23.51 0.09 6 0.774 19.80 5179 6 0.063 12.75 2498 6 0.165
Pinus pinaster 3383 0.064 6 0.809 2848 0.116 6 0.745 15.92 3.624 6 0.106
Pinus sylvestris 39.30 0.66 6 0448 3367 0417 6 0.542 18.31 2.007 6 0.206
Quercus ilex 36.20 0.748 6 042 24.01 18.761 6 0.005 27.24 0.19 6 0678
Tetraclinis articulata 13.68 0.805 6 0.404 19.28 3317 6 0.118 10.76 0.023 6 0.885

Total NSC (mg g™’ DW,ygan) in light-exposed and shaded treatments were measured at harvest 2, before the drought phase (see the “Materials and Methods” section
for details). Statistics of independent measures ANOVA are included. Means,  values, degrees of freedom, and p values for the treatment comparisons are provided.
Significant differences between treatments at a=0.05 are highlighted in bold

Table 5 Thresholds of time at different percentages of mortality

Species Treatment a b X, R? AlCc Timemonamyw% Timemonamyso% Timernmamyso.,/o
Abies nordmanniana  Shaded 99.87 0.99 590 0.83 4997.16 3.68 591 731
Abies nordmanniana  Light-exposed ~ 100.03  1.14 525 0.83 5089.48 333 525 6.46
Arbutus unedo Shaded 101.07 084 6.73 0.86 4871.01 4.09 6.70 832
Arbutus unedo Light-exposed 10041 0.74 2.93 0.65 6679.14 -0.04 2.92 4.77
Buxus sempervirens Shaded 101.02 093 9.51 0.86 6061.82 7.2 9.49 10.95
Buxus sempervirens Light-exposed  99.50 1.09 8.17 0.86 5847.37 6.16 8.18 947
Cedrus atlantica Shaded 10136 0.64 8.75 0.75 3685.96 530 8.71 10.81
Cedrus atlantica Light-exposed  99.98 1.20 6.21 0.85 5818.86 4.38 6.21 7.36
Cupressus macrocarpa  Shaded 101.04 081 9.81 081 647327 7.08 9.78 11.46
Cupressus macrocarpa  Light-exposed  99.74 1.25 6.25 0.86 5430.73 4.49 6.25 7.37
llex aquifolium Shaded 10130 070 9.00 0.78 6346.88 5.84 8.96 10.89
llex aquifolium Light-exposed 10038  0.69 8.10 0.77 6007.26 4.89 8.09 10.09
Juniperus thurifera Shaded 98.16 1.25 12.72 0.91 5190.16 10.98 12.75 13.90
Juniperus thurifera Light-exposed  93.85 1.05 1213 0.80 6057.17 10.10 12.25 13.80
Pinus halepensis Shaded 99.94 1.21 9.36 0.87 5855.02 7.54 9.36 10.51
Pinus halepensis Light-exposed ~ 99.97 1.09 8.93 0.86 587142 6.92 8.93 10.20
Pinus pinaster Shaded 100.06 161 12.16 091 5200.37 10.80 12.16 13.02
Pinus pinaster Light-exposed 10032  1.78 11.31 092 5856.46 10.07 11.30 12.08
Pinus sylvestris Shaded 100.11  1.09 11.86 0.84 5256.10 9.84 11.86 1313
Pinus sylvestris Light-exposed  101.72  0.84 10.06 0.83 5842.49 741 10.02 11.62
Quercus ilex Shaded 99.99 0.64 7.05 0.71 4824.90 362 7.05 9.21
Quercus ilex Light-exposed 10032  0.85 7.99 0.82 4774.35 541 7.99 9.60
Tetraclinis articulata Shaded 101.53 074 9.86 0.80 558337 6.86 9.82 11.64
Tetraclinis articulata Light-exposed  100.22  0.77 8.05 0.78 5247.28 5.20 8.05 9.83

Coefficients of determination, AlCc, and parameter estimates of logistic fits are provided. Time thresholds (in weeks) of shaded and light-exposed treatments for each
species are included
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Table 6 Thresholds of elapsed time to reach a null hydraulic safety margin

Species Treatment a b R? AlCc Timeysmo
Abies nordmanniana Shaded 3.70 -038 0.46 105.26 59.01
Abies nordmanniana Light-exposed 5.50 -0.78 0.64 121.75 49.84
Arbutus unedo Shaded 10.28 -0.83 0.80 117.62 7749
Arbutus unedo Light-exposed 853 -0.88 0.91 9242 65.59
Buxus sempervirens Shaded 9.69 -0.68 0.73 115.56 99.12
Buxus sempervirens Light-exposed 1043 -0.87 0.86 96.58 84.28
Cedrus atlantica Shaded 5.04 -0.25 0.69 67.02 112.28
Cedrus atlantica Light-exposed 548 -039 0.52 111.13 77.63
Cupressus macrocarpa Shaded 7.66 -033 0.57 87.33 11718
Cupressus macrocarpa Light-exposed 9.58 -0.77 0.72 130.56 77.84
llex aquifolium Shaded 8.17 -049 0.57 128.06 115.64
llex aquifolium Light-exposed 8.07 —046 0.57 12839 1239
Juniperus thurifera Shaded 10.82 -0.50 0.69 121.58 122.15
Juniperus thurifera Light-exposed 10.54 —-041 0.68 108.71 140.49
Pinus halepensis Shaded 5.09 -0.26 0.77 42.77 116.41
Pinus halepensis Light-exposed 5.00 —-0.31 0.81 4281 10045
Pinus pinaster Shaded 334 -0 0.67 22.79 156.03
Pinus pinaster Light-exposed 3.76 -0.20 0.82 39.92 116.55
Pinus sylvestris Shaded 301 —-0.14 0.59 56.62 111.51
Pinus sylvestris Light-exposed 357 -0.26 0.69 62.93 82.74
Quercus ilex Shaded 8.15 -0.64 0.57 126.15 72.66
Quercus ilex Light-exposed 9.30 -0.82 0.73 104.43 71.82
Tetraclinis articulata Shaded 15.96 —-0.88 0.80 114.92 112.07
Tetraclinis articulata Light-exposed 15.19 -087 0.89 99.54 114.8

Coefficients of determination, AlCc, and parameter estimates of linear fits are provided. Time thresholds (in days) of shaded and light-exposed treatments for each
species are included
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Table 7 Thresholds of elapsed time to deplete 50% of starch concentration

Species Treatment a b R? AlCc Timeg, chsov
Abies nordmanniana Shaded 5387 -0.72 0.59 150.37 37.23
Abies nordmanniana Light-exposed 57.87 -0.77 0.59 152.74 37.74
Arbutus unedo Shaded 16.83 -0.21 033 12715 39.21
Arbutus unedo Light-exposed 20.59 -035 0.51 113.93 29.55
Buxus sempervirens Shaded 92.70 -1.10 092 130.92 42.15
Buxus sempervirens Light-exposed 9141 -1.14 0.88 131.53 40.04
Cedrus atlantica Shaded 10.88 -0 0.68 8133 48.75
Cedrus atlantica Light-exposed 8.19 —-0.07 039 82.33 57.26
Cupressus macrocarpa Shaded 12.24 -0.12 0.71 86.34 50.62
Cupressus macrocarpa Light-exposed 6.64 —-0.06 0.71 61.92 55.68
llex aquifolium Shaded 8.55 —-0.08 048 94.05 5262
llex aquifolium Light-exposed 15.35 -0.15 0.51 110.16 50.83
Juniperus thurifera Shaded 30.69 -0.28 0.88 97.06 55.78
Juniperus thurifera Light-exposed 30.36 -0.27 0.77 102.51 5561
Pinus halepensis Shaded 12.68 -0.09 0.63 82.90 69.13
Pinus halepensis Light-exposed 1333 -0.13 0.73 81.21 50.58
Pinus pinaster Shaded 20.40 -0.15 0.57 97.94 69.19
Pinus pinaster Light-exposed 25.26 -0.19 0.30 136.20 67.35
Pinus sylvestris Shaded 11.24 -0.10 0.85 7243 56.62
Pinus sylvestris Light-exposed 10.39 -0.09 0.79 66.68 57.30
Quercus ilex Shaded 39.20 —-046 0.71 134.22 4261
Quercus ilex Light-exposed 42.11 -047 067 109.75 44.38
Tetraclinis articulata Shaded 19.75 -0.16 049 107.94 62.83
Tetraclinis articulata Light-exposed 15.55 -0.13 061 94.66 59.88

Coefficients of determination, AlCc, and parameter estimates of linear fits are provided. Time thresholds (in days) of shaded and light-exposed treatments for each
species are included
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Table 8 Plant mortality thresholds as explained by hydraulic safety margin features and starch depletion

Timemortality 10% Timemortality 50% Timemortality 80%

Intercept  Slope R?>  pvalue Intercept Slope R?>  pvalue Intercept Slope R?>  pvalue
Timeysp o -0.14 0.39 063 <0.001 262 037 068 <0.001 431 035 068 <0.001
Slopeyisp-time 942 6.00 034 <0.01 11.39 523 032 <0.01 12.64 4.76 029 <0.05
TiMe, et 500 - 2065 126 050 <0.001 4.9 109 047 <0.001 1983 099 042 <0.001

Analysis performed on pooled data combining both light treatments. Linear regression statistics are included and significant relations at a=0.05 are indicated in bold

Table 9 Phylogenetically corrected relationships between plant mortality thresholds, hydraulic safety margin features, and starch

depletion

Timemortality 10% Timemortality 50% Timemortality 80%

Intercept Slope R?> pvalue A Intercept Slope R?> pvalue A Intercept Slope R?> pvalue A
Timeysp o —-1.55 047 0.75 <0.001 000 168 042 0.77 <0.001 0.00 3.66 0.39 0.75 <0.001 0.00
Slopeyspiime 964 642 038 <0.05 000 1136 5.17 032 0054 000 1246 441 026 0.09 0.00
Timege ch s0% —25.27 135 059 <0.005 000 -133 1.21 060 <0.005 0.00 13.71 112 058 <0.005 0.00

Analysis performed on pooled data combining both light treatments. Phylogenetic generalized least squares (PGLS) statistics are included and significant relations at
a=0.05 are indicated in bold

——Abies nordmanniana

—Cedrus atlantica

Pinus pinaster

Pinus halepensis

gymnosperms

Pinus sylvestns

Tetraclinis articulata

upressus macrocarpa

Juniperus thurifera

Buxus sempervirens

angiosperms

Arbutus unedo

{lex aquifolium

Quercus ilex

Fig. 10 Phylogenetic relationships across the 12 studied species. Labels in branches correspond to different clades
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Fig. 11 Comparisons of total non-structural carbohydrate (NSC) concentrations in three different organs for 12 studied angiosperm and conifer
species after the light manipulation phase and before the drought treatment. Light-exposed (blue) and shaded (red) individuals of each species
are shown. Boxes and bars show the median, quartiles, and extreme values. Dots are individual data points. Significant differences between light
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Fig. 14 Leaf total nonstructural carbohydrate concentrations as a function of predawn water potential. Different colors in dots and lines correspond
to light-exposed (blue) and shaded (red) individuals before the drought experiment. Solid regression lines and 95% confidence intervals (gray-shaded
areas) depict significant relationships. Coefficients of determination and p values are included for each light treatment
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Fig. 15 Stem total nonstructural carbohydrate concentrations as a function of predawn water potential. Different colors in dots and lines correspond

to light-exposed (blue) and shaded (red) individuals before the drought experiment. Solid regression lines and 95% confidence intervals (gray-shaded
areas) depict significant relationships. Coefficients of determination and p values are included for each light treatment



Trueba et al. Annals of Forest Science (2024) 81:27 Page 26 of 33

Abies nordmanniana Arbutus unedo Buxus sempervirens Cedrus atlantica
100 4
R?=0.48,p=0.003 R?=0.026,p=0.55 e |R*=013,p=019
” @
751R?=0.17,p®0.004 . [R?*=0.001,p=0.8 ° ® | R?=0.011,p=053

g & 900 - ® -

®

) o0 e sg
® oo » o ® ® o
(] = =
! Q@ o R?=0003,p=084 [g o o o
2=0.51, p<0.001

Cupressus macrocarpa llex aquifolium Juniperus thurifera Pinus halepensis
~ 100 -

‘Tm R?=0.046,p=0.43 ® & R?=0.47 ,p=0.005 R?=0.012,p=0.69
o 51R?=0.021,p=0.35 R?=0.038, p=0.21 R?=0.13,p=0.014
€ ° o® o
N’

50 4 e)

3 o § -

2 25-B 30. ,Q&i o LR o
- (] @

8 o ¢ R2=0.14,p=0.15 ° ®
14 R*=0.16, p =0.005
Pinus pinaster Pinus sylvestris Quercus ilex Tetraclinis articulata
100 1 o
R?=0.015,p=0.68 R?=0.076,p=0.32 R?*=0.41,p=0.007 R?=0.23,p=0.058
751 R2<o_oo1<p=ob95 R?=0.018,p=0.39 R2:9.032,p:0.26 R?=0.039,p=0.19
o @ "
50 - - o%.
) ® 9 5

8 o B
MESEL 5
8

0 -

- o
o~3 i

-100 -75 -50 -25 0.0-100 -7.5 -50 -25 0.0-100 -7.56 -50 -25 0.0-100 -7.5 -50 -2.5 0.0
Predawn Water Potential (MPa)
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areas) depict significant relationships. Coefficients of determination and p values are included for each light treatment



Trueba et al. Annals of Forest Science (2024) 81:27

Midday Water Potential (MPa)

Abies nordmanniana

Arbutus unedo

Buxus sempervirens

Page 27 of 33

Cedrus atlantica

4 4 4
=-0.663 + 0.905 x =-0.886 +0.914 x =-0.882+0.892 x ,‘ =-0.709 + 0.876 x
24 R?=0.97 R?=0.98 £ R%=0.96 & R?*=0.92 .
41 4 ; . 60 d @ ,@o”. o ® ﬁo
V O ‘ 5
6 [ ) . J‘O ® @ :)/ )
P 1 4
-8+ y p ’ p~ ] P 7
g 7
1046® o ! & &
Cupressus macrocarpa llex aquifolium Juniperus thurifera Pinus halepensis
o 4 4 4 /
01 y=-0.468+0.924 x y=-0.507 + 0.941 XA y=-0.347 +1.09 x =-0.835+0.814 x
24 R?=0.98 R?=0.98 - R?=0.94 R?=0.85
7
4 - O.. 'OO éf‘, 74 v
~ 7ag® © @
-6 %O P 2 ’ % / ’
7 2
81 4 , 20 _of
4 e 7
-104@ ® K4 s
Pinus pinaster Pinus sylvestris Quercus ilex Tetraclinis articulata
d ’ /. v ’
0 y=-0.532+0.918 x y=-0.387 +1.08 x y=-11+0.91x y=-0.941+0934x
24 R*=0.86 R®=0.85 R*=0.98 , R*=0.99
Q 7’ @ ’
-4 4 o @ y gQ , ,‘)(D /;o
7 4 7 /~ 7
-6 ’ 4 ’ 7 / o
ya e 7@
-8 7z 7z Ve ©
7 4 7 Z e # /é
1049 L 8 L g £
10 8 6 4 2 0-10 8 6 4 -2 0-10 -8 6 -4 -2 0-10 8 6 -4 2 0

Predawn Water Potential (MPa)
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entire dehydration experiment, and different colors denote light-exposed (blue) and shaded (red) treatments. Solid regression lines and 95%
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from linear regressions along with coefficients of determination for each species are provided
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Light-exposed (blue) and shaded (red) individuals of each species under severe drought stress (harvest 5) are shown, as well as their corresponding
controls (watered individuals). Boxes and bars show the median, quartiles, and extreme values. Dots are individual data points. Letters indicate
significant differences in biomass allocation across treatments
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Fig. 20 Plant mortality as a function of time under drought conditions of 12 species following two different light irradiance treatments. Light-exposed
(blue) and shaded (red) individuals of each species are distinguished. Curves are logistic regressions fitted for each light treatment. Model parameters

and outputs are provided in Appendix Table 5
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Fig. 21 Time at 50% and 80% mortality as a function of P, the water potential inducing 50% of loss in hydraulic conductivity. Dots represent
species, different colors correspond to the light (blue) and shade (red) treatments before the drought experiment. We observe a lack of relationship
between hydraulic failure and mortality time in both relationships presented in panel a (r=-0.02; P=0.93) and b (r=0.05; P=0.83). A similar lack

of relationships was observed when considering irradiance treatments independently (not shown)
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