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Summary

� Mixing species with contrasting resource use strategies could reduce forest vulnerability to

extreme events. Yet, how species diversity affects seedling hydraulic responses to heat and

drought, including mortality risk, is largely unknown.
� Using open-top chambers, we assessed how, over several years, species interactions

(monocultures vs mixtures) modulate heat and drought impacts on the hydraulic traits of

juvenile European beech and pubescent oak. Using modeling, we estimated species interac-

tion effects on timing to drought-induced mortality and the underlying mechanisms driving

these impacts.
� We show that mixtures mitigate adverse heat and drought impacts for oak (less negative

leaf water potential, higher stomatal conductance, and delayed stomatal closure) but enhance

them for beech (lower water potential and stomatal conductance, narrower leaf safety mar-

gins, faster tree mortality). Potential underlying mechanisms include oak’s larger canopy and

higher transpiration, allowing for quicker exhaustion of soil water in mixtures.
� Our findings highlight that diversity has the potential to alter the effects of extreme events,

which would ensure that some species persist even if others remain sensitive. Among the

many processes driving diversity effects, differences in canopy size and transpiration asso-

ciated with the stomatal regulation strategy seem the primary mechanisms driving mortality

vulnerability in mixed seedling plantations.

Introduction

The worsening of drought events with rising air temperature alters
tree water relations and causes one of the most critical environmen-
tal stresses for forests. Hotter droughts can lead to severe hydraulic
impairments (e.g. Fontes et al., 2018; Klein et al., 2022) and more
rapid and widespread tree mortality (e.g. Anderegg et al., 2016;
McDowell et al., 2018; Hartmann et al., 2022). In this context,
finding mitigation strategies to lessen tree vulnerability to hot
droughts has become a critical research area in plant ecology. Inter-
actions between species have a strong potential to alleviate drought
impacts and forest die-off events (e.g. Anderegg et al., 2018; Gros-
siord, 2020). Yet, how diversity modulates the hydraulic responses
of trees to hotter droughts is largely misunderstood and not
accounted for in climate-vegetation models.

The interactions between functionally contrasting species can
lead to facilitation processes and complementarity for resources,

inducing higher water availability (e.g. Schwendenmann
et al., 2015; Jing et al., 2021) and a potential delay in the onset
of hydraulic dysfunctions during drought (Hajek et al., 2022).
Cohabiting tree species often exhibit distinct hydraulic strategies
to deal with drought, enabling such beneficial interactions (Gros-
siord, 2020). For instance, mixing juvenile trees can improve the
microclimate and diminish atmospheric drought impacts due to
a cooler, more humid atmosphere reducing the vapor pressure
deficit (VPD) (Wright et al., 2021; Watson et al., 2023). Many
studies in various plant communities from herbaceous to forests
have reported such facilitative processes (e.g. Wright et al., 2015;
Aguirre et al., 2021; Zhang et al., 2022). Similarly, complemen-
tarity between species may arise from a better sharing of below-
ground resources. In mixed beech and oak forests, beech (Fagus
sylvatica L.) rooting system is not as effective in exploring deep
soil layers as oak (Quercus spp.), suggesting that the two species
partition water resources by relying on different soil depths
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(Zapater et al., 2011). Similar processes could be expected for
these species at a younger development stage (Moreno
et al., 2023). Juvenile trees may further benefit from the presence
of adult ones because of enhanced shading and hydraulic redistri-
bution, improving forest regeneration (Warren et al., 2008;
Andivia et al., 2018). However, most studies conducted on juve-
nile trees focused on potted seedlings where root growth is extre-
mely limited, leading potentially to belowground competition
that outweigh facilitative processes (Prieto et al., 2011). Similarly,
species interactions can shift from beneficial to negative due to
spatial and temporal differences in resource availability (e.g. when
moving from mild to extreme droughts) (Haberstroh & Werner,
2022) or during stand development (e.g. De Groote et al., 2018).
During hotter droughts, moisture reductions may be too intense
for these complementarity mechanisms to overcome, and plasti-
city in functional traits during the plant development (e.g. shift
in water sources and/or canopy size) might affect the occurrence
of resource partitioning (Grossiord et al., 2018). A crucial start-
ing point for gaining process knowledge on how functional diver-
sity can lessen tree vulnerability to hotter droughts is to clarify
the impacts of species interactions on tree hydraulic responses to
extreme events.

Drought effects on tree hydraulics have been well-studied over
the past 50 yr, allowing us to gain a significant understanding of
the sequence of events leading to tree decline (Choat
et al., 2018). When exposed to decreasing soil moisture, leaf rela-
tive water content and Ψleaf decrease, leading to stomatal closure
to prevent water loss (Brodribb & Holbrook, 2003; Martin-
StPaul et al., 2017). As the drought intensifies, leaves lose their
turgor after reaching a specific threshold of Ψleaf (i.e. the leaf tur-
gor loss point, ΨTLP; Bartlett et al., 2012). Following stomatal
closure, water loss continues through the leaf cuticle and leaky
stomata (i.e. the minimum stomatal conductance, gmin; Duursma
et al., 2019), thereby contributing to progressive plant dehydra-
tion. Consequently, plants with larger canopies might be sub-
jected to earlier stomatal closure, higher global residual water loss
because of the stronger evaporative demand of the crown, but
also increased microclimate offset (Jucker et al., 2014;
L€uttschwager & Jochheim, 2020; Zhang et al., 2022). Once a
species-specific xylem water potential has been reached, embo-
lism will start occurring and progressively decrease the stem
hydraulic conductivity until reaching dangerous thresholds that
induce hydraulic failure (e.g. the water potential leading to 50%
loss of conductivity, P50) and, ultimately, tree mortality (Tyree
& Sperry, 1989; Cochard, 2006; Choat et al., 2018). Hydraulic
indicators using the ΨTLP have been widely used to provide
quantitative measures of a species’ capacity to tolerate drought
(Meinzer et al., 2009; Bartlett et al., 2012; Blackman, 2018). For
instance, the leaf safety margin (SMleaf) is the difference between
the ΨTLP (i.e. often used as a proxy for the Ψleaf at stomatal clo-
sure; Rodriguez-Dominguez et al., 2016) and the minimum leaf
water potential (Ψmin, reflecting the midday water potential).
Hence, SMleaf represents the range of Ψleaf a plant can experience
before stomatal closure (Fontes et al., 2018). Similarly, the differ-
ence between xylem P50 and ΨTLP, defined as the stomatal safety
margin (SMP50), determines the range of Ψleaf across which

plants control the risk of hydraulic failure through stomatal clo-
sure (Martin-StPaul et al., 2017). Trees usually operate with nar-
row safety margins, regardless of the climatic conditions in which
they occur (Choat et al., 2012). Still, sub-Mediterranean species
such as pubescent oak (Quercus pubescens Willd.) may present
wider safety margins than temperate species such as beech,
reflecting their higher drought tolerance (Fuchs et al., 2021). Pre-
vious work often considered these margins as relatively static (e.g.
Meinzer et al., 2009; Choat et al., 2012; but see Tomasella
et al., 2018). However, prolonged drought exposure has been
shown to reduced whole-tree leaf area (e.g. DeLucia et al., 2000;
Markesteijn & Poorter, 2009; Martin-Stpaul et al., 2013), gmin

(e.g. James et al., 2008; Duursma et al., 2019), and ΨTLP (e.g.
Bartlett et al., 2012; Limousin et al., 2022; Tordoni et al., 2022),
resulting in narrower SMleaf, and SMP50 to ensure the mainte-
nance of CO2 assimilation (Tyree & Sperry, 1988). Hence, long-
term drought acclimation of multiple leaf hydraulic traits can
reduce tree evaporative demand and delay the time to hydraulic
failure (THF) (e.g. Lemaire et al., 2021).

During hot droughts, elevated temperature increases the vapor
pressure deficit (VPD; Grossiord et al., 2020), exacerbating
hydraulic dysfunctions (e.g. Liu et al., 2020; Jagadish
et al., 2021). High VPD increases leaf-level transpiration, which
accelerates soil moisture reductions (Teskey et al., 2015). Higher
air temperature further instantaneously amplifies gmin (Riederer
& M€uller, 2008), which can increase hydraulic conductivity
losses (Sch€onbeck et al., 2022), especially if high temperature is
combined with low soil moisture (Cochard, 2021). Furthermore,
exposure to prolonged warming can produce larger and thinner
leaves (e.g. Hudson et al., 2011; Wu et al., 2020), lower the sto-
matal sensitivity to VPD (e.g. Ameye et al., 2012; Teskey
et al., 2015; Drake et al., 2018), decrease gmin (e.g. Duursma
et al., 2019; Sch€onbeck et al., 2022) and reduce ΨTLP (via osmor-
egulation, e.g. Loik & Harte, 1997; Tordoni et al., 2022),
thereby possibly limiting the adverse impacts of hotter droughts.
Moreover, high VPD decreases steady-state stomatal aperture
and gs (Buckley et al., 2011), which could also ease drought
impacts on hydraulic functions (Fontes et al., 2018). Overall, sig-
nificant uncertainties remain on how tree species deal with an
extended combination of high temperatures, VPD, and low soil
moisture (Brodribb et al., 2020). Nonetheless, whether interac-
tions between tree species with different hydraulic strategies and
long-term acclimation to these extreme conditions could slow
the events leading to tree mortality has never been addressed
experimentally.

The main objective of this study was to investigate how species
interactions alter the hydraulic responses and timing to hydraulic
failure during hot droughts. We studied pubescent oak and Eur-
opean beech, two widely distributed and cohabiting European
tree species. Pubescent oak grows in warm sub-Mediterranean to
temperate regions and is more tolerant to drought and heat than
European beech, a temperate species growing in rather moist and
cool environments (Didion-Gency et al., 2022). We exposed oak
and beech seedlings planted in intra- or interspecific combina-
tions for 4 yr to chronic air warming and soil drought acting
alone or together in open-top chambers. We expected chronic
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drought to reduce gs and Ψleaf and to lead to the development of
smaller and thicker leaves with lower gmin and ΨTLP. These
responses should result in narrower SMleaf and SMP50 and faster
hydraulic failure compared with the control when subsequently
exposed to comparable drought conditions. We expected that
under multiyear heating, the trees could produce larger and thin-
ner leaves with less sensitive stomata, allowing higher gs and Ψleaf

but with lower gmin and ΨTLP, leading to narrower hydraulic
safety margins and faster onset of hydraulic failure compared
with the control. The combination of drought and heat should
exacerbate the effects observed under drought alone. The indivi-
dual tree response to climatic treatments should be amplified for
beech compared with oak, an already more drought tolerant spe-
cies. Besides, interspecific interactions are expected to mitigate
the degree of soil moisture or atmospheric drought stress
(through improved water resource partitioning and reduced
VPD), leading to lower adverse impacts of the climatic treat-
ments than intra-specific interactions.

Materials and Methods

Site description

The study was conducted at the model ecosystem facility Modoek
located at the Swiss Federal Research Institute WSL in Birmens-
dorf (47°2104800N, 8°2702300E, 545m above sea level). Sixteen hex-
agonal glass-walled open-top chambers of 6 m2, 3 m height, and
1.5 m deep were filled with a 1 m-deep layer of gravel for fast drai-
nage, covered with a fleece layer to avoid root proliferation past the
soil layer, and topped by a 50-cm layer of artificial acidic sandy for-
est soil (€Okohum, DE; pH 6.3) that allows fast drainage. A shallow
soil depth was selected to promote soil drying in the treatments
and promote aboveground growth more rapidly. Nevertheless, this
design also reduces the potential role of belowground complemen-
tarity in water uptake depth between species. The glass walls and
roofs reduced photosynthetic active radiation (PAR) inside the
chambers by c. 50% compared to the outside (but still reached up
to 1700 lmol m�2 s�1 PAR during sunny days). Each chamber
was divided into eight compartments (i.e. 0.75m2 each), irrigated
from April to November every 2 d and every 2 wk during winter
(Fig. 1c,d). Air temperature and humidity at 50 cm and 2m above
the ground were monitored inside each chamber every 10min
(Atmos 14; Meter Group Inc., Pullman, WA, USA). Soil tempera-
ture and moisture were measured in four compartments at 25 cm
depth every 10min (5TM Decagon Devices; Meter Group Inc.,
Pullman, WA, USA). In October 2018, 2-yr-old tree seedlings of
European beech (Fagus sylvatica L.) and pubescent oak (Quercus
pubescensWilld.) were planted in two species combinations: mono-
cultures (i.e. four trees of the same species) and mixtures (i.e. two
trees of each species). Each chamber included all the possible spe-
cies combinations. Grossiord et al. (2022) provide more details on
the experimental design.

In April 2019, we started applying four climatic treatments in
the chambers: (1) control (C), with ambient air temperature and
soil moisture maintained at field capacity (i.e. c. 10% considering
the sandy soil composition); (2) heating (H), where the air

temperature inside the chambers was maintained at c. 5°C above
the temperature of the control and soil moisture at field capacity;
(3) drought (D), where the soil moisture was reduced by c. 45%
relative to the control and ambient air temperature; and (4) hot
drought (HD), where both treatments were applied simulta-
neously (Fig. 1a,b). Our study aimed to understand the physiolo-
gical mechanisms under chronic warming and reduced soil
moisture rather than predict the response of trees to periodic
extreme events. The selected conditions have been chosen at our
facility to match a possible future shift in mean air temperature
leading also to constantly drier soils (Lyon et al., 2022). Each
combination of climatic treatment (n = 4 chambers), species
(n = 2), and species combinations (n = 2) was repeated six times.
One tree per species was randomly selected in each species com-
bination for repetitive measurements leading to 96 trees in total
(i.e. 48 per species). Leaf-level hydraulic traits were measured in
all trees once per year at the end of the growing season in Septem-
ber (i.e. before the first sign of senescence) for 3 yr from 2020
(i.e. 1 yr after the treatments started) to 2022.

Leaf-level stomatal conductance and water potential

We measured the leaf-level light-saturated stomatal conductance
(gs, mol m�2 s�1) on one leaf from the highest part of the crown
of each selected tree. Gas exchange measurements were
conducted between 9:00 h and 15:00 h (local time) using two LI-
6800 infrared gas exchange analyzers (LI-6800; Li-Cor Bios-
ciences, Lincoln, NE, USA). The relative humidity was set to
50% (to match the average daily environmental conditions inside
the chambers), the CO2 concentration to 400 ppm, the photo-
synthetic photon flux density (PPFD) to 1500 lmol m�2 s�1 (to
ensure saturating light conditions), and the air temperature inside
the cuvette to 20°C in the nonheated chambers and 25°C in the
heated ones (to fit the mean midday air temperature during
the measurements). On the same day as stomatal conductance
measurements, one leaf per tree was collected before sunrise
(Ψpredawn) and at midday (Ψmidday) to measure the leaf water
potential (MPa) with a Scholander-type pressure chamber
(M1505D; PMS Instruments, Albany, OR, USA).

Minimum conductance and specific leaf area

Minimum conductance (gmin, mmol m�2 s�1) was measured as
described in Sack et al. (2003). One leaf per individual was cut
before dawn when stomata were assumed to be still closed. The cut
petiole was immediately sealed with melted candle wax, and the leaf
area was scanned using a flatbed scanner (CanoScan LiDE 300;
Canon, Uxbridge, UK), followed by analysis with FIJI from IMAGEJ
(Schindelin et al., 2019). The leaves were stuck to a laboratory tape
run between two laboratory stands, standing in a small dark cli-
matic chamber with stable air temperature (22� 2°C) and humid-
ity (55� 12%). Every 15min, the leaves were taken from the
climatic chamber and stored in a closed black plastic bag while
waiting to be weighed using a high-precision scale (MS104; Mettler
Toledo, Bussigny). This procedure was repeated eight times. gmin

was obtained from the slope of the linear relationship between leaf
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mass and its drying time, corresponding to the cuticular transpira-
tion per mole fraction VPD, assuming the leaf’s internal air to be
fully saturated (Pearcy et al., 2000).

Five fully expanded mature leaves were collected for each tree
and scanned using a flatbed scanner (CanoScan LiDE 300;
Canon), followed by analysis with IMAGEJ to extract the mean
individual leaf area (LAleaf, cm

2). Then, the leaves were dried at
60°C for 24 h and weighed using a high precision scale (MS104;
Mettler Toledo) to calculate the specific leaf area (SLA, cm2 g�1).
In June 2022, we further estimated the whole-canopy leaf area
(LAtotal, cm

2) for modeling purposes (see below and Supporting
Information Notes S1).

Pressure–volume curves

Pressure–volume curves were determined using the bench-
dehydration method (Koide et al., 2000). One fully expanded
mature leaf per tree was cut the evening preceding the measure-
ment. The petiole was recut under water, and the leaf was stored
with the petiole submerged in water in the darkness for the night,

ensuring that full hydration was reached before the start of the
measurements the following morning. Leaf water potential and
weight were measured using a Scholander-type pressure bomb
(M1505D; PMS Instruments) and a high-precision scale
(MS104; Mettler Toledo). Different levels of water potential
were reached by letting the leaves dry progressively in an open
plastic bag on a lab bench. For oak, the procedure of measuring
water potential, weighing, and drying was repeated with increas-
ing drying time intervals (from 10 s to 1 h) until achieving water
potentials of c. �4MPa or until water potential reached a pla-
teau. For beech, the procedure was repeated continuously with-
out letting the leaves dry on the bench due to the rapid water loss
and the corresponding drop in leaf water potential. After the
measurements, the leaf was dried for 24 h at 60°C to determine
the dry mass. The pressure–volume curves were constructed by
plotting the reciprocal of the water potential vs the relative water
deficit. Leaf water potential at turgor loss point (ΨTLP, MPa), the
osmotic potential at full turgor (Ψo, MPa), modulus of elasticity
(e, MPa), and relative water content (RWC, %) were calculated
following Koide et al. (2000).

Fig. 1 Mean daily air temperature, vapor pressure deficit (VPD), and soil water content (SWC) (a) under control (blue), drought (gray), heating (orange),
and hot drought (red) conditions in the open-top chambers (n = 4 chambers per treatment). Dashed vertical lines indicate the measurement campaigns.
Aerial picture of the 16 open-top chambers with the four treatments (b), picture showing the side of the open-top chambers (c), and aerial picture from a
heated chamber including a central heating system and eight compartments with different European beech and pubescent oak combinations (d).
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We calculated the stomatal safety margin (SMP50, MPa) as the
difference between the ΨTLP and the water potential at 50% of
xylem conductivity loss (P50, MPa) (Martin-StPaul et al., 2017).
Because of the destructiveness of P50 measurements, we extracted
the P50 of each species from a database (Choat et al., 2012) with
a value of �3.2 and �3.3MPa for beech and oak, respectively.
Although we acknowledge that using the same P50 values for all
trees does not account for the potential acclimation of this trait
to the climatic treatments, previous work has shown limited P50
plasticity to drought in our species (e.g. Matzner et al., 2001;
Torres-Ruiz et al., 2013). However, Tomasella et al. (2018)
observed a decrease of up to 0.4MPa for beech under repetitive
drought. Hence, care must be taken with result interpretation.
We further calculated the leaf safety margin (SMleaf, MPa) for
each tree and year as the difference between Ψmidday (proxy of
Ψmin) and ΨTLP (Fontes et al., 2018).

Timing to hydraulic failure and mechanisms of species
interactions

The soil–plant hydraulic model SurEau (Martin-StPaul et al.,
2017; Cochard et al., 2021; Ruffault et al., 2022) was applied
to understand the impact of species interactions and trait plasti-
city to the different treatments on the overall plant perfor-
mances. In brief, SurEau simulates water fluxes and water
potential through a plant hydraulic scheme including different
symplasmic and apoplasmic resistances. The model computes
leaf stomatal and cuticular transpiration as the product between
leaf-to-air VPD and stomatal and cuticular conductance. Then,
stomatal and cuticular fluxes are used to compute the water
potential in the different plant compartments (the symplasm
and the apoplasm of leaves, stems, and roots), while accounting
for (1) the symplasmic capacitance, (2) water released by cavita-
tion, and (3) the potential hydraulic conductance losses due to
xylem embolism (if any). The soil water potential (Ψsoil) and
the soil hydraulic conductance are also computed from soil
water content at each time step using water retention curves. A
peculiarity of the SurEau model is the explicit representation of
what occurs beyond the point of stomatal closure, under
extreme water stress, when gmin leads to plant dehydration and
hydraulic failure (i.e. 100% conductivity loss). The model can
be parameterized with ecophysiological traits measured empiri-
cally and can be run using different environmental conditions
and species composition to estimate their overall effect on plant
performances (time with open stomata or time until total
hydraulic failure). Here, we used the detailed version coded in
C (Cochard et al., 2021) which works at a time step of 0.01 s
and was adapted to allow two individuals to compete for the
same stock of water (Moreno et al., 2023). In this case, the
model allows two trees to absorb water in the same soil volume.
Technically, two codes corresponding to two trees with their
own set of traits were run in parallel, withdrawing the water
from the same volume.

We aimed to test the effect of trait plasticity in the different
treatments (due to species interactions and climatic treatments)
on the risk of hydraulic failure at the seedling stage. The model

was parameterized with species-specific plant traits in each treat-
ment for the year 2022 (due to LAtotal missing in previous years).
We used key measured plant traits that are known to influence
the time to hydraulic failure (Ruffault et al., 2022) and that were
affected by the treatments. These traits include soft traits: (1)
height and diameter of the main stem (used to compute the
wood volume and area, and thus, the water storage in the plant
and bark), which influence gmin, (2) LAtotal (Notes S1), which
influences tree transpiration, and (3) LAleaf, which influences the
boundary layer conductance. In addition, we included hard
traits: (4) gmin and the maximum stomatal conductance, which
defines tree transpiration, and (5) the pressure volume curve
parameters, which influence the symplasm capacitance and are
used to compute turgor-mediated stomatal closure (Martin-
StPaul et al., 2017) (see later Table S4 for a detailed description
of the parameters). P50 was assumed constant at the species level
in agreement with the low plasticity previously found for this
trait (Matzner et al., 2001; Torres-Ruiz et al., 2013). However, it
is important to acknowledge that P50 acclimation to drought was
also reported in adult beech trees (Tomasella et al., 2018), which
could alter the simulated responses in the model. To assess the
impact of P50 acclimation on our results, four scenarios were
run: (1) no acclimation of P50 to D and HD in both species (i.e.
�3.2 and �3.3MPa for beech and oak, respectively in all treat-
ments), (2) acclimation of P50 to D and HD in all species (i.e.
�3.6 and �3.7 MPa for beech and oak, respectively; only for
the D and HD treatments), (3) acclimation of P50 to D and HD
only for beech, and (4) acclimation of P50 to D and HD only for
oak. Acclimation was estimated to be maximum 0.4 MPa based
on published observations for F. sylvatica (Tomasella
et al., 2018). In all treatments, the root area was assumed pro-
portional to the leaf area. The model was run for the different
trait combinations with constant atmospheric conditions (air
temperature at 20°C, 0.7 kPa VPD, and PPFD at
500 lmol m�2 s�1) and an initial soil water content at satura-
tion. Hence, the model does not account for potential mitigating
impacts of the microclimate in mixtures. Then, the model was
run until the plants reach total hydraulic failure (100% embo-
lism in branches). Two integrative metrics of plant performance
during drought were estimated: (1) the time to stomatal closure
(TSC), which indicates the time over which the plant can be pro-
ductive, and (2) the time to hydraulic failure (THF), which indi-
cates the survival time during drought. First, we compared
monocultures and mixtures (i.e. the trees in mixtures share the
same water pool) accounting for the measured trait plasticity (i.e.
in soft and hard traits). Then, to isolate the influence of soft
traits (related to tree size and leaf area) from hard traits, we per-
formed the same test with soft traits set constant on the mono-
cultures only to simplify the simulations.

Statistical analysis

All analyses were performed using the R v.4.2.2 statistical soft-
ware (R Development Core Team, Vienna, Austria, 2022). The
effects of the climatic treatments and species combinations on
Ψpredawn, Ψmidday, gs, gmin, ΨTLP, SLA, LAleaf, SMleaf, and SMP50
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were determined through linear mixed-effects models for each
species using the package LMER. The interactive effects of heating
(yes/no), drought (yes/no), and species combination (monocul-
tures/mixtures) were used as fixed effects. The year in which the
measurements were done (i.e. 2020, 2021, and 2022) and
the individual open-top chambers were treated as random effects
as no significant differences were found between them. The
effects of climatic treatments and species combinations on TSC
and THF were determined through a simple linear model for
each species. To reveal significant differences between treatments
for each measurement, post hoc analyses were performed with a
Tukey’s HSD test, with FDR correction for multiple testing. Lin-
ear and non-linear regressions were used to test the relationships
between gs, Ψpredawn, gmin, SLA, SMleaf, SMP50, soil water con-
tent, and VPD. The significance of these relationships and the
differences between species combinations were revealed using
ANOVA. Before performing each model, the homogeneity of
variances and the normality of residuals were assessed, and data
were log-transformed if necessary.

Results

Species interaction effects on leaf hydraulic traits under
heating and drought

Drought (D and HD) significantly reduced predawn leaf water
potential (Ψpredawn) and light-saturated stomatal conductance (gs)
for both species and reduced midday leaf water potential
(Ψmidday) for oak (Fig. 2; Table S1). For both species, heat (H)
significantly reduced Ψpredawn but had no significant impact on
Ψmidday and gs. Indeed, while we found a significant increase of gs
with soil moisture for both species, we found a positive relation-
ship with VPD only for beech, suggesting a lower sensitivity to
atmospheric drought in oak (Fig. S1). For beech, species interac-
tions modulated the responses of Ψmidday to D and HD, with an
increase in Ψmidday in monocultures whereas no change was
observed in mixtures (Fig. S2; Tables S1, S2). On the contrary,
for oak, lower reduction in Ψmidday and gs were found in mono-
cultures compared with mixtures under D and HD (Fig. S2;
Tables S1, S3).

We found a significant reduction of the minimal stomatal con-
ductance (gmin), the mean leaf area (LAleaf), and the specific leaf
area (SLA) under D and HD for both species. By contrast, no
effect of heat was observed on these traits (Fig. 2; Table S1).
When mixed, both species had significantly lower LAleaf and SLA
(for beech only), independently of the climatic treatment. We
did not find a significant impact of species interactions on gmin

(Fig. 2; Table S1).
We observed a significant increase in the water potential at the

turgor loss point (ΨTLP) under D and HD for both species, inde-
pendently of species combinations (Fig. 2; Table S1). Under D
and HD, the stomatal safety margin (SMP50) significantly
increased only for beech, and the leaf safety margin (SMleaf)
decreased in both species. No significant impact of H and species
combinations on ΨTLP, SMleaf, or SMP50 was detected (Fig. S3;
Table S1).

Impact of species interactions on the relationships between
hydraulic traits

With decreasing Ψpredawn, gs exponentially decreased for both
species (Fig. 3). While no modulating effect of the species combi-
nation was observed on this relationship for beech, oak exhibited
a steeper relationship (i.e. earlier stomatal closure) in monocul-
tures compared with mixtures (Fig. 3).

With increasing gmin, gs significantly increased, and SLA
decreased for both species, independently of the species combina-
tion (Fig. 4).

We found a significant negative correlation between SMP50

and SMleaf for both species (Fig. 5). The species combination
affected this relationship for beech (P = 0.01) with a steeper
decrease (i.e. narrower SMleaf for the same SMP50) in mixtures
than monocultures (Fig. 5).

Timing to hydraulic failure and mechanisms of species
interactions

During a simulated drying cycle and under standardized climatic
conditions, the time to stomatal closure (TSC) was consistently very
close to hydraulic failure (THF) across all climatic treatments and
for both species (6-d difference on average for beech and oak). Time
to hydraulic failure was significantly longer under D and HD than
the control for oak and beech in monocultures (+31 d and +321 d
on average for oak and beech, respectively; Fig. 6). With the inclu-
sion of P50 acclimation in the model, THF slightly varied from
+1 d in the monoculture to�2 d in the mixture on average for both
species in D and HD, suggesting that potential acclimation of P50
to drought is negligible in the THF simulation (Fig. S4). Moreover,
the inclusion of soft traits in the simulation increased THF by 35%
and 89% on average for the monoculture of oak and beech, respec-
tively, in HD (Fig. S5), suggesting that THF was mainly explained
by the smaller LAtotal (Fig. S6) rather than the lower gmin, and
higher ΨTLP (Fig. 2) in the D and HD treatments compared with
the control for both species. Interspecific interactions significantly
reduced THF for beech in the D and HD treatments (by 84% and
95%, respectively), leading to similar values as oak. For oak, THF
in mixtures was not significantly affected by species interactions in
all climatic treatments (Fig. 6).

Discussion

The broad screening of leaf hydraulic traits conducted in this
study over multiple years allows us to shed light on how species
interactions affect the events leading to drought-induced tree
decline. As widely observed in temperate forests (e.g. Arend
et al., 2013; Bolte et al., 2016), drought and heat increased
hydraulic stress by altering multiple water-related traits, starting
with decreasing the leaf water potential at predawn (Ψpredawn) for
both species (Fig. 2). However, we found more negative Ψpredawn

for beech than oak, independently of the species combination
(Fig. 3), suggesting that beech experienced stronger soil moisture
limitation under the same climate manipulation. A lower toler-
ance to high VPD (e.g. Sch€onbeck et al., 2022) as highlighted by
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European beech Pubescent oak
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Fig. 2 Leaf water potential at predawn (Ψpredawn) and midday (Ψmidday), light-saturated stomatal conductance (gs), minimal stomatal conductance (gmin),
mean individual leaf area (LAleaf), specific leaf area (SLA), and water potential at turgor loss point (ΨTLP) for all years (i.e. 2020, 2021, 2022, mean� SE,
n = 18 trees) for European beech and pubescent oak in control (C, blue), drought (D, gray), heating (H, orange), and hot drought conditions (HD, red) in
monocultures (empty circles) and mixtures (full circles). The letters indicate significant differences between climatic treatments and species combinations.
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European beech
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Fig. 3 Relationships between the light-
saturated stomatal conductance (gs) and the
leaf water potential at predawn (Ψpredawn) for
European beech and pubescent oak in
control (blue), drought (gray), heating
(orange), and hot drought conditions (red) in
monocultures (empty circles) and mixtures
(full circles). Lines (�CI 95%) represent
exponential relationships, with dotted and
solid lines standing for significant ones, using
non-linear regressions followed by ANOVA,
within a given species combination or across
all species combinations, respectively. R2 and
P-value are given in the upper left corner,
when significant.
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and mixtures (plain circles). Lines represent linear regressions (�CI 95%) with solid lines standing for significant relationships across all species combina-
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the significant reduction in stomatal conductance (gs) with
increasing VPD (Fig. S1), associated with a lower drought resis-
tance (e.g. Klein, 2014; Meyer et al., 2020) could explain this
response. With decreasing Ψpredawn, both species similarly
reduced gs to limit water loss. Still, the mixture delayed stomatal
closure for oak, allowing a higher gs and less negative leaf water
potential at midday (Ψmidday) (Figs 2, 3). By contrast, for beech,
the significant interaction between drought and species combina-
tion (Table S1) indicates a larger reduction in Ψmidday in mixtures
than monocultures in response to D and HD, and hence, exacer-
bated soil moisture stress (Fig. S2). These findings point to mix-
tures diminishing or enhancing water stress for oak and beech,
respectively, potentially due to the more efficient water uptake

and use of oak compared with beech. Alternatively, an improved
microclimate in mixtures could benefit oak seedlings through
reduced VPD (Aguirre et al., 2021; Wright et al., 2021),
although, we found no indication of lower gs sensitivity to VPD
in this species (Fig. S1). Additional microclimate measurements
would be needed to confirm this mechanism. Moreover, as pre-
viously observed (Bussotti et al., 1995; Grossoni et al., 1998;
Cavender-Bares et al., 2007; Watson et al., 2023), both species
reduced their minimum stomatal conductance (gmin), individual
and whole-tree leaf area (LAleaf and LAtotal) (Fig. S5), and specific
leaf area (SLA) under D and HD, thereby showing a long-term
acclimation strategy to limit water loss. However, a more sub-
stantial reduction in LAleaf (for both species) and increasing SLA
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Fig. 5 Relationships between the stomatal
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control (blue), drought (gray), heating
(orange), and hot drought conditions (red) in
monocultures (empty circles) and mixtures
(full circles). Lines represent linear regressions
(�CI 95%) with dotted and solid lines
standing for significant relationships using
ANOVA, within a given species combination
or across all species combinations,
respectively. R2 and P-value are given on the
upper right corner, when significant. The
captions in the upper right corners represent
the mean SMleaf for each climatic treatment
and species combination for all years (i.e.
2020, 2021, 2022, mean� SE, n = 18 trees).
The stars indicate significant difference with
the control, using linear mixed-effects
models followed by a Tukey type post-hoc
test (*, 0.05 ≥ P > 0.01; **, 0.01 ≥ P > 0.001;
***, P ≥ 0.001).
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(for beech only) under D and HD was found in mixtures com-
pared to monocultures, indicating smaller and thinner leaves
(Fig. 2; Table S1). These findings contradict LAleaf reductions in
monocultures vs mixtures observed in grasslands (Watson
et al., 2023), which could be related to differences between
grasses and trees or the relative young age of our seedlings. Never-
theless, these anatomical adjustments were insufficient for beech
to overcome the higher competitiveness of oak.

These morphological shifts probably lead to a higher sensitivity
to drought and heat in beech in mixtures compared to monocul-
tures. These findings are corroborated by the steeper response of
stomatal safety margins (SMP50) to leaf safety margins (SMleaf) in
beech mixtures (Fig. 5). However, SMP50 calculations were based
on a constant P50, which excludes potential acclimation of this
trait to the treatments. Yet, previous study reported lower P50
under drought in beech (Tomasella et al., 2018) and if similar
acclimation would occur in our study, SMP50 could increase
further under drought (Fig. S7), leading to an even steeper rela-
tionship. Future work would be needed to determine how accli-
mation of P50 could alter this threshold in our study.
Nevertheless, the observed trade-off highlights that beech in mix-
tures close their stomates earlier to extend the point of critical
hydraulic failure. However, by reducing SMleaf, beech also limits
carbon uptake that could deplete carbohydrate reserves, especially
under hot droughts (Grossiord et al., 2022), and minimize alloca-
tion of carbon resources belowground (e.g. Hagedorn
et al., 2016). Numerous studies observed a decrease of ΨTLP

under experimental drought (e.g. Serrano et al., 2005; Deligoz &
Gur, 2015; Binks et al., 2016), extending the water potential
range over which the leaf can remain turgid and functional.
However, contrary to previously reported, ΨTLP increased under
drought for both species in our experiment (Fig. 2), resulting in
earlier stomatal closure as the soil progressively dries out. One
potential explanation for higher ΨTLP could be that the smaller
and thinner leaves and possible depletion of carbohydrates under
prolonged hot drought may prevent osmoregulation processes
from taking place (Sevanto et al., 2014). In addition, as suggested
by Juenger & Verslues (2022), increasing ΨTLP could lead to
slower soil water depletion, which could prove favorable under
prolonged drought where water conservation and increased water
use efficiency would be more valuable. From our knowledge, few
works have monitored ΨTLP under chronic drought over multiple
years (e.g. Tomasella et al., 2018; Hesse et al., 2023). Hence, our
current understanding of ΨTLP acclimation remains limited and
would need to be addressed more extensively in future studies.

An earlier stomatal closure (TSC) for beech under chronic
drought when mixed with oak due to higher ΨTLP (Fig. 5) could
reflect a more conservative strategy to delay hydraulic dysfunc-
tions in mixtures. However, this acclimation response did not sig-
nificantly broaden hydraulic safety margins and appeared
insufficient to delay hydraulic failure. Indeed, we found earlier
hydraulic failure (THF) for beech mixtures compared with
monocultures by up to 95% under hot droughts with a standar-
dized drying cycle and regardless of the potential acclimation of
P50 (Figs 6, S4). Time to hydraulic failure was primarily driven
by the total leaf area of the tree (Figs S5, S6), especially for oak

that exhausted water resources more rapidly in mixtures. Conse-
quently, oak’s onset of hydraulic failure was not impacted by the
presence of beech, whereas beech extensively shortened its TSC
and THF due to increasing competition with oak compared with
monocultures. Several studies highlighted the role of canopy size
in drought-induced mortality with lower leaf area reducing water
loss and local water stress (e.g. Greenwood et al., 2017; Anderegg
et al., 2019; Rosas et al., 2019; Trugman et al., 2019). In our
study, tree leaf area played a stronger role for THF than treat-
ment acclimation in leaf hydraulic traits (i.e. gmin and ΨTLP) for
both species. For example, this led to delayed mortality in beech
compared with oak in monocultures under drought conditions
(Fig. 6). However, when mixed with oak, the lower evaporative
demand in beech due to wider SMleaf supports higher gs in oak
without decreasing soil moisture availability (as shown by the
higher Ψmidday). As observed here, previous work highlighted that
mixtures often do not benefit the most vulnerable species to
drought (i.e. beech) because the stronger competitors (i.e. oak)
can exhaust water resources more rapidly or efficiently (e.g. For-
rester et al., 2016; Didion-Gency et al., 2021). Here, we show
that this mechanism would also increase the probability of
drought-induced mortality for less competitive species. However,
it is important to consider that our model simulations did not
include facilitative effects associated with microclimate ameliora-
tion (i.e. the simulations were run under similar climate in mix-
tures and monocultures), a process that would be particularly
important in natural ecosystems (Wright et al., 2015; Aguirre
et al., 2021). Hence, future work should further investigate how
VPD may change within the different species combinations and
how it could modify the THF in natural systems.

Overall, our results on tree seedlings are consistent with pre-
vious work that showed a higher growth resilience of oak in nat-
ural mixed stands with beech (e.g. Jourdan et al., 2020). Our
model simulations further suggest that lower drought stress in
oak could be driven by belowground competition reduction
because of the lesser ability of beech to rapidly take up water
resources (i.e. smaller leaf area and gs in mixtures). However, our
experiment was conducted on trees at an early development stage
(i.e. 6 yr old), and interactions between trees could take multiple
years to establish (Domisch et al., 2015). Indeed, potential above-
ground facilitation processes as microclimate feedbacks could be
more dominant in mature forests (Zhang et al., 2022). Studies in
old-growth forests have also reported lower gs sensitivity to soil
moisture and competitive dominance of beech when mixed with
oak (Jonard et al., 2011; Jacobs et al., 2022), suggesting that the
initial detrimental interaction observed here at the seedling stage
could become beneficial as trees grow older. Moreover, although
reduced drought stress in mixtures could be due to water parti-
tioning by the deeper roots in mature stands (Fr€uchtenicht
et al., 2018), it is very unlikely that it occurred in our study as the
trees were restricted to a 50-cm soil depth. Instead, belowground
competition for water may have been predominant in our study.
Work in more diverse forests using experimental drought or tem-
perature manipulation would be needed to unravel how interac-
tion processes may shift with tree ontogeny and tree diversity in
natural conditions.
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Conclusions

Our results show for the first time that species interactions affect
the sequence of events leading to tree seedling decline and the risk
of drought-induced mortality. Chronic and prolonged (i.e.
> 4 yr) hot and dry conditions led to tighter stomatal control
(lower Ψpredawn, lower gs, and higher turgor loss), smaller leaf
area, and shorter leaf safety margins in juvenile beech. Similarly,
oak acclimated to hot and dry conditions mainly by reducing leaf
area and shortening the time to stomatal closure. Nevertheless,
these physiological adjustments to chronic heat and drought
proved insignificant compared to differences in canopy size and
transpiration rates between species during a fatal drought.
Indeed, larger canopies and more rapid exhaustion of soil moist-
ure for oak increased the simulated mortality risk of beech.
Hence, this work highlights that leaf area (individual and total)
and water use as proxy of plant functional strategy are important
drivers of tree competitiveness and species mortality risk in mixed
forests. Overall, this study pointed out the greater sensitivity of
beech seedlings to projected climate scenarios mainly when
mixed with more competitive species such as oak, while oak seed-
lings seemed to be more resilient to these scenarios in mixtures.

Acknowledgements

EM, JD, MD-G, and CG were supported by the Swiss National
Science Foundation (310030_204697) and the Sandoz Family
Foundation. We thank Jonas Gisler for help with the site installa-
tion and maintenance, and Alex Tunas for support with the field
measurements. AV thanks Generalitat Valenciana for the grant
CIBEST 2021/005 and INERTIA project (PID2019-
111332RB-C22). CEAM is funded by Generalitat Valenciana.

Competing interests

None declared.

Author contributions

EM and CG conceived and designed the study. EM, JD, MD-G,
LM, AV, and CG collected the data. HC and NM-S conducted
the model simulations. EM analyzed the data and led the writing
of the manuscript. EM, JD, MD-G, LM, AV, FV, HC, NM-S,
and CG critically contributed to the manuscript and gave final
approval for publication.

ORCID

Herv�e Cochard https://orcid.org/0000-0002-2727-7072
Janisse Deluigi https://orcid.org/0000-0002-6547-4085
Margaux Didion-Gency https://orcid.org/0000-0001-8967-
3655
Charlotte Grossiord https://orcid.org/0000-0002-9113-3671
Nicolas Martin-StPaul https://orcid.org/0000-0001-7574-
0108
Eug�enie Mas https://orcid.org/0009-0008-1615-7738

Luna Morcillo https://orcid.org/0000-0002-8589-4300
Fernando Valladares https://orcid.org/0000-0002-5374-4682
Alberto Vilagrosa https://orcid.org/0000-0002-1432-1214

Data availability

Data used in this manuscript will be available from the Dryad
Digital Repository, doi: 10.5061/dryad.1ns1rn918.

References

Aguirre BA, Hsieh B, Watson SJ, Wright AJ. 2021. The experimental

manipulation of atmospheric drought: teasing out the role of microclimate in

biodiversity experiments. Journal of Ecology 109: 1986–1999.
Ameye M, Wertin TM, Bauweraerts I, McGuire MA, Teskey RO, Steppe K.

2012. The effect of induced heat waves on Pinus taeda and Quercus rubra
seedlings in ambient and elevated CO2 atmospheres. New Phytologist 196: 448–
461.

Anderegg WRL, Anderegg LDL, Kerr KL, Trugman AT. 2019.Widespread

drought-induced tree mortality at dry range edges indicates that climate stress

exceeds species’ compensating mechanisms. Global Change Biology 25: 3793–
3802.

Anderegg WRL, Klein T, Bartlett M, Sack L, Pellegrini AFA, Choat B, Jansen

S. 2016.Meta-analysis reveals that hydraulic traits explain cross-species

patterns of drought-induced tree mortality across the globe. Proceedings of the
National Academy of Sciences, USA 113: 5024–5029.

Anderegg WRL, Konings AG, Trugman AT, Yu K, Bowling DR, Gabbitas R,

Karp DS, Pacala S, Sperry JS, Sulman BN et al. 2018.Hydraulic diversity of

forests regulates ecosystem resilience during drought. Nature 561: 538–541.
Andivia E, Madrigal-Gonz�alez J, Villar-Salvador P, Zavala MA. 2018. Do adult

trees increase conspecific juvenile resilience to recurrent droughts? Implications

for forest regeneration. Ecosphere 9: e02282.
Arend M, Brem A, Kuster TM, G€unthardt-Goerg MS. 2013. Seasonal

photosynthetic responses of European oaks to drought and elevated daytime

temperature. Plant Biology 15: 169–176.
Bartlett MK, Scoffoni C, Sack L. 2012. The determinants of leaf turgor loss

point and prediction of drought tolerance of species and biomes: a global meta-

analysis. Ecology Letters 15: 393–405.
Binks O, Meir P, Rowland L, da Costa ACL, Vasconcelos SS, de Oliveira AAR,

Ferreira L, Christoffersen B, Nardini A, Mencuccini M. 2016. Plasticity in

leaf-level water relations of tropical rainforest trees in response to experimental

drought. New Phytologist 211: 477–488.
Blackman CJ. 2018. Leaf turgor loss as a predictor of plant drought response

strategies. Tree Physiology 38: 655–657.
Bolte A, Czajkowski T, Cocozza C, Tognetti R, De Miguel M, P�sidov�a E,

Ditmarov�a L, Dinca L, Delzon S, Cochard H et al. 2016.Desiccation and

mortality dynamics in seedlings of different European beech (Fagus sylvatica L.)
populations under extreme drought conditions. Frontiers in Plant Science 7: 1–12.

Brodribb TJ, Holbrook NM. 2003. Stomatal closure during leaf dehydration,

correlation with other leaf physiological traits. Plant Physiology 132: 2166–2173.
Brodribb TJ, Powers J, Cochard H, Choat B. 2020.Hanging by a thread?

Forests and drought. Science 368: 261–266.
Buckley TN, Sack L, Gilbert ME. 2011. The role of bundle sheath extensions and

life form in stomatal responses to leaf water status. Plant Physiology 156: 962–973.
Bussotti F, Bottacci A, Bartolesi A, Grossoni P, Tani C. 1995.Morpho-anatomical

alterations in leaves collected from beech trees (Fagus sylvatica L.) in conditions of
natural water stress. Environmental and Experimental Botany 35: 201–213.

Cavender-Bares J, Sack L, Savage J. 2007. Atmospheric and soil drought reduce

nocturnal conductance in live oaks. Tree Physiology 27: 611–620.
Choat B, Brodribb TJ, Brodersen CR, Duursma RA, L�opez R, Medlyn BE.

2018. Triggers of tree mortality under drought. Nature 558: 531–539.
Choat B, Jansen S, Brodribb TJ, Cochard H, Delzon S, Bhaskar R, Bucci SJ,

Feild TS, Gleason SM, Hacke UG et al. 2012. Global convergence in the

vulnerability of forests to drought. Nature 491: 752–755.
Cochard H. 2006. Cavitation in trees. Comptes Rendus Physique 7: 1018–1026.

� 2023 The Authors

New Phytologist� 2023 New Phytologist Foundation

New Phytologist (2024) 241: 1021–1034
www.newphytologist.com

New
Phytologist Research 1031

 14698137, 2024, 3, D
ow

nloaded from
 https://nph.onlinelibrary.w

iley.com
/doi/10.1111/nph.19358 by U

niversitat B
ern, W

iley O
nline L

ibrary on [11/09/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://orcid.org/0000-0002-2727-7072
https://orcid.org/0000-0002-2727-7072
https://orcid.org/0000-0002-2727-7072
https://orcid.org/0000-0002-6547-4085
https://orcid.org/0000-0002-6547-4085
https://orcid.org/0000-0002-6547-4085
https://orcid.org/0000-0001-8967-3655
https://orcid.org/0000-0001-8967-3655
https://orcid.org/0000-0001-8967-3655
https://orcid.org/0000-0002-9113-3671
https://orcid.org/0000-0002-9113-3671
https://orcid.org/0000-0002-9113-3671
https://orcid.org/0000-0001-7574-0108
https://orcid.org/0000-0001-7574-0108
https://orcid.org/0000-0001-7574-0108
https://orcid.org/0009-0008-1615-7738
https://orcid.org/0009-0008-1615-7738
https://orcid.org/0009-0008-1615-7738
https://orcid.org/0000-0002-8589-4300
https://orcid.org/0000-0002-8589-4300
https://orcid.org/0000-0002-8589-4300
https://orcid.org/0000-0002-5374-4682
https://orcid.org/0000-0002-5374-4682
https://orcid.org/0000-0002-5374-4682
https://orcid.org/0000-0002-1432-1214
https://orcid.org/0000-0002-1432-1214
https://orcid.org/0000-0002-1432-1214
https://doi.org/10.5061/dryad.1ns1rn918


Cochard H. 2021. A new mechanism for tree mortality due to drought and

heatwaves. Peer Community Journal 1: e36.
Cochard H, Pimont F, Ruffault J, Martin-StPaul N. 2021. SurEau: a

mechanistic model of plant water relations under extreme drought. Annals of
Forest Science 78: 55.

De Groote SRE, Vanhellemont M, Baeten L, Van den Bulcke J, Martel A, Bonte

D, Lens L, Verheyen K. 2018. Competition, tree age and size drive the

productivity of mixed forests of pedunculate oak, beech and red oak. Forest
Ecology and Management 430: 609–617.

Deligoz A, Gur M. 2015.Morphological, physiological and biochemical

responses to drought stress of Stone pine (Pinus pinea L.) seedlings. Acta
Physiologiae Plantarum 37: 1–8.

DeLucia EH, Maherali H, Carey EV. 2000. Climate-driven changes in biomass

allocation in pines. Global Change Biology 6: 587–593.
Didion-Gency M, Bachofen C, Buchmann N, Gessler A, Morin X, Vicente E,

Vollenweider P, Grossiord C. 2021. Interactive effects of tree species mixture

and climate on foliar and woody trait variation in a widely distributed

deciduous tree. Functional Ecology 35: 2397–2408.
Didion-Gency M, Gessler A, Buchmann N, Gisler J, Schaub M, Grossiord C.

2022. Impact of warmer and drier conditions on tree photosynthetic properties

and the role of species interactions. New Phytologist 236: 547–560.
Domisch T, Fin�er L, Dawud SM, Vesterdal L, Raulund-Rasmussen K. 2015.

Does species richness affect fine root biomass and production in young forest

plantations? Oecologia 177: 581–594.
Drake JE, Tjoelker MG, V�arhammar A, Medlyn BE, Reich PB, Leigh A,

Pfautsch S, Blackman CJ, L�opez R, Aspinwall MJ et al. 2018. Trees tolerate
an extreme heatwave via sustained transpirational cooling and increased leaf

thermal tolerance. Global Change Biology 24: 2390–2402.
Duursma RA, Blackman CJ, Lop�ez R, Martin-StPaul NK, Cochard H, Medlyn

BE. 2019.On the minimum leaf conductance: its role in models of plant water

use, and ecological and environmental controls. New Phytologist 221: 693–705.
Fontes CG, Dawson TE, Jardine K, McDowell N, Gimenez BO, Anderegg L,

Negr�on-Ju�arez R, Higuchi N, Fine PVA, Ara�ujo AC et al. 2018.Dry and hot:

the hydraulic consequences of a climate change–type drought for Amazonian trees.

Philosophical Transactions of the Royal Society B: Biological Sciences 373: 20180209.
Forrester DI, Bonal D, Dawud S, Gessler A, Granier A, Pollastrini M,

Grossiord C. 2016. Drought responses by individual tree species are not often

correlated with tree species diversity in European forests. Journal of Applied
Ecology 53: 1725–1734.

Fr€uchtenicht E, Neumann L, Klein N, Bonal D, Br€uggemann W. 2018.

Response of Quercus robur and two potential climate change winners—Quercus
pubescens and Quercus ilex – to two years summer drought in a semi-controlled

competition study: I – Tree water status. Environmental and Experimental
Botany 152: 107–117.

Fuchs S, Leuschner C, Mathias Link R, Schuldt B. 2021.Hydraulic variability of

three temperate broadleaf tree species along a water availability gradient in

central Europe. New Phytologist 231: 1387–1400.
Greenwood S, Ruiz-Benito P, Mart�ınez-Vilalta J, Lloret F, Kitzberger T, Allen

CD, Fensham R, Laughlin DC, Kattge J, B€onisch G et al. 2017. Tree
mortality across biomes is promoted by drought intensity, lower wood density

and higher specific leaf area. Ecology Letters 20: 539–553.
Grossiord C. 2020.Having the right neighbors: how tree species diversity

modulates drought impacts on forests. New Phytologist 228: 42–49.
Grossiord C, Bachofen C, Gisler J, Mas E, Vitasse Y, Didion-Gency M. 2022.

Warming may extend tree growing seasons and compensate for reduced carbon

uptake during dry periods. Journal of Ecology 110: 1575–1589.
Grossiord C, Buckley TN, Cernusak LA, Novick KA, Poulter B, Siegwolf

RTW, Sperry JS, McDowell NG. 2020. Plant responses to rising vapor

pressure deficit. New Phytologist 226: 1550–1566.
Grossiord C, Sevanto S, Bonal D, Borrego I, Dawson TE, Ryan M, Wang W,

McDowell NG. 2018. Prolonged warming and drought modify belowground

interactions for water among coexisting plants. Tree Physiology 39: 55–63.
Grossoni P, Bussotti F, Tani C, Gravano E, Santarelli S, Bottacci A. 1998.

Morpho-anatomical alterations in leaves of Fagus syl vatica L. and Quercus ilex
L. in different environmental stress condition. Chemosphere 36: 919–924.

Haberstroh S, Werner C. 2022. The role of species interactions for forest

resilience to drought. Plant Biology 24: 1098–1107.

Hagedorn F, Joseph J, Peter M, Luster J, Pritsch K, Geppert U, Kerner R,

Molinier V, Egli S, Schaub M et al. 2016. Recovery of trees from drought

depends on belowground sink control. Nature Plants 2: 16111.
Hajek P, Link RM, Nock CA, Bauhus J, Gebauer T, Gessler A, Kovach K,

Messier C, Paquette A, Saurer M et al. 2022.Mutually inclusive mechanisms

of drought-induced tree mortality. Global Change Biology 28: 3365–3378.
Hartmann H, Bastos A, Das AJ, Esquivel-Muelbert A, Hammond WM,

Mart�ınez-Vilalta J, Mcdowell NG, Powers JS, Pugh TAM, Ruthrof KX et al.
2022. Climate change risks to global forest health: emergence of unexpected

events of elevated tree mortality worldwide. Annual Review of Plant Biology 73:
673–702.

Hesse BD, Gebhardt T, Hafner BD, Hikino K, Reitsam A, Gigl M, Dawid C,

H€aberle KH, Grams TEE. 2023. Physiological recovery of tree water relations

upon drought release – response of mature beech and spruce after five years of

recurrent summer drought. Tree Physiology 43: 522–538.
Hudson JMG, Henry GHR, Cornwell WK. 2011. Taller and larger: shifts in

Arctic tundra leaf traits after 16 years of experimental warming. Global Change
Biology 17: 1013–1021.

Jacobs K, Jonard M, Muys B, Ponette Q. 2022. Shifts in dominance and

complementarity between sessile oak and beech along ecological gradients.

Journal of Ecology 110: 2404–2417.
Jagadish SVK, Way DA, Sharkey TD. 2021. Plant heat stress: concepts directing

future research. Plant, Cell & Environment 44: 1992–2005.
James ATA, Lawn RJB, Cooper MC. 2008. Genotypic variation for drought

stress response traits in soybean. I. Variation in soybean and wild Glycine spp.
for epidermal conductance, osmotic potential, and relative water content.

Australian Journal of Agricultural Research 59: 656–669.
Jing X, Muys B, Bruelheide H, Desie E, H€attenschwiler S, Jactel H, Jaroszewicz

B, Kardol P, Ratcliffe S, Scherer-Lorenzen M et al. 2021. Above- and below-
ground complementarity rather than selection drive tree diversity–productivity
relationships in European forests. Functional Ecology 35: 1756–1767.

Jonard F, Andr�e F, Ponette Q, Vincke C, Jonard M. 2011. Sap flux density and

stomatal conductance of European beech and common oak trees in pure

and mixed stands during the summer drought of 2003. Journal of Hydrology
409: 371–381.

Jourdan M, Kunstler G, Morin X. 2020.How neighbourhood interactions

control the temporal stability and resilience to drought of trees in mountain

forests. Journal of Ecology 108: 666–677.
Jucker T, Bouriaud O, Avacaritei D, Coomes DA. 2014. Stabilizing effects of

diversity on aboveground wood production in forest ecosystems: linking

patterns and processes. Ecology Letters 17: 1560–1569.
Juenger TE, Verslues PE. 2022. Time for a drought experiment: do you know

your plants’ water status? Plant Cell 35: 1–14.
Klein T. 2014. The variability of stomatal sensitivity to leaf water potential across

tree species indicates a continuum between isohydric and anisohydric

behaviours. Functional Ecology 28: 1313–1320.
Klein T, Torres-Ruiz JM, Albers JJ. 2022. Conifer desiccation in the 2021

NW heatwave confirms the role of hydraulic damage. Tree Physiology 42:

722–726.
Koide RT, Robichaux RH, Morse SR, Smith CM. 2000. Plant water status,

hydraulic resistance and capacitance. In: Plant physiological ecology: field methods
and instrumentation. Dordrecht, the Netherlands: Springer, 161–183.

Lemaire C, Blackman CJ, Cochard H, Menezes-Silva PE, Torres-Ruiz JM,

Herbette S. 2021. Acclimation of hydraulic and morphological traits to water

deficit delays hydraulic failure during simulated drought in poplar. Tree
Physiology 41: 2008–2021.

Limousin JM, Roussel A, Rodr�ıguez-Calcerrada J, Torres-Ruiz JM, Moreno M,

Garcia de Jalon L, Ourcival JM, Simioni G, Cochard H, Martin-StPaul N.

2022. Drought acclimation of Quercus ilex leaves improves tolerance to

moderate drought but not resistance to severe water stress. Plant, Cell &
Environment 45: 1967–1984.

Liu Y, Kumar M, Katul GG, Feng X, Konings AG. 2020. Plant hydraulics

accentuates the effect of atmospheric moisture stress on transpiration. Nature
Climate Change 10: 691–695.

Loik ME, Harte J. 1997. Changes in water relations for leaves exposed to a

climate-warming manipulation in the Rocky Mountains of Colorado.

Environmental and Experimental Botany 37: 115–123.

New Phytologist (2024) 241: 1021–1034
www.newphytologist.com

� 2023 The Authors

New Phytologist� 2023 New Phytologist Foundation

Research

New
Phytologist1032

 14698137, 2024, 3, D
ow

nloaded from
 https://nph.onlinelibrary.w

iley.com
/doi/10.1111/nph.19358 by U

niversitat B
ern, W

iley O
nline L

ibrary on [11/09/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



L€uttschwager D, Jochheim H. 2020. Drought primarily reduces canopy

transpiration of exposed beech trees and decreases the share of water uptake

from deeper soil layers. Forests 11: 537.
Lyon C, Saupe EE, Smith CJ, Hill DJ, Beckerman AP, Stringer LC, Marchant

R, McKay J, Burke A, O’Higgins P et al. 2022. Climate change research and

action must look beyond 2100. Global Change Biology 28: 349–361.
Markesteijn L, Poorter L. 2009. Seedling root morphology and biomass

allocation of 62 tropical tree species in relation to drought- and shade-

tolerance. Journal of Ecology 97: 311–325.
Martin-StPaul N, Delzon S, Cochard H. 2017. Plant resistance to drought

depends on timely stomatal closure. Ecology Letters 20: 1437–1447.
Martin-Stpaul NK, Limousin JM, Vogt-Schilb H, Rodr�ıguez-Calcerrada J,

Rambal S, Longepierre D, Misson L. 2013. The temporal response to drought

in a Mediterranean evergreen tree: comparing a regional precipitation gradient

and a throughfall exclusion experiment. Global Change Biology 19: 2413–2426.
Matzner SL, Rice KJ, Richards JH. 2001. Intra-specific variation in xylem

cavitation in interior live oak (Quercus wislizenii A. DC.). Journal of
Experimental Botany 52: 783–789.

McDowell N, Allen CD, Anderson-Teixeira K, Brando P, Brienen R, Chambers

J, Christoffersen B, Davies S, Doughty C, Duque A et al. 2018. Drivers and

mechanisms of tree mortality in moist tropical forests. New Phytologist 219:
851–869.

Meinzer FC, Johnson DM, Lachenbruch B, McCulloh KA, Woodruff DR.

2009. Xylem hydraulic safety margins in woody plants: coordination of

stomatal control of xylem tension with hydraulic capacitance. Functional
Ecology 23: 922–930.

Meyer BF, Buras A, Rammig A, Zang CS. 2020.Higher susceptibility of beech

to drought in comparison to oak. Dendrochronologia 64: 125780.
Moreno M, Simioni G, Cochard H, Doussan C, Guillemot J, Decarsin R,

Fernandez P, Dupuy JP, Trueba S, Pimont F et al. 2023. Functional diversity
reduces the risk of hydraulic failure in tree mixtures through hydraulic

disconnection. bioRxiv. doi: 10.1101/2023.06.09.544345.
Pearcy RW, Schulze E-D, Zimmermann R. 2000.Measurement of transpiration

and leaf conductance. In: Pearcy RW, Ehleringer JR, Mooney HA, Rundel P,

eds. Plant physiological ecology: field methods and instrumentation. Dordrecht, the

Netherlands: Kluwer Academic, 137–160.
Prieto I, Padilla FM, Armas C, Pugnaire FI. 2011. The role of hydraulic lift on

seedling establishment under a nurse plant species in a semi-arid environment.

Perspectives in Plant Ecology, Evolution and Systematics 13: 181–187.
Riederer M, M€uller C, eds. 2008. Annual plant reviews volume 23: Biology of the
plant cuticle. Oxford, UK: Blackwell.

Rodriguez-Dominguez CM, Buckley TN, Egea G, de Cires A, Hernandez-

Santana V, Martorell S, Diaz-Espejo A. 2016.Most stomatal closure in woody

species under moderate drought can be explained by stomatal responses to leaf

turgor. Plant, Cell & Environment 39: 2014–2026.
Rosas T, Mencuccini M, Barba J, Cochard H, Saura-Mas S, Mart�ınez-Vilalta J.

2019. Adjustments and coordination of hydraulic, leaf and stem traits along a

water availability gradient. New Phytologist 223: 632–646.
Ruffault J, Pimont F, Cochard H, Dupuy JL, Martin-Stpaul N. 2022. SUREAU-

ECOS v.2.0: a trait-based plant hydraulics model for simulations of plant water

status and drought-induced mortality at the ecosystem level. Geoscientific Model
Development 15: 5593–5626.

Sack L, Cowan PD, Jaikumar N, Holbrook NM. 2003. The ‘hydrology’ of

leaves: co-ordination of structure and function in temperate woody species.

Plant, Cell & Environment 26: 1343–1356.
Schindelin J, Arganda-carreras I, Frise E, Kaynig V, Longair M, Pietzsch T,

Preibisch S, Rueden C, Saalfeld S, Schmid B et al. 2019. FIJI: an open-source

platform for biological-image analysis. Nature Methods 9: 676–682.
Sch€onbeck LC, Schuler P, Lehmann MM, Mas E, Mekarni L, Pivovaroff AL,

Turberg P, Grossiord C. 2022. Increasing temperature and vapour pressure

deficit lead to hydraulic damages in the absence of soil drought. Plant, Cell &
Environment 45: 3275–3289.

Schwendenmann L, Pendall E, Sanchez-Bragado R, Kunert N, H€olscher D. 2015.

Tree water uptake in a tropical plantation varying in tree diversity: interspecific

differences, seasonal shifts and complementarity. Ecohydrology 8: 1–12.
Serrano L, Pe~nuelas J, Ogaya R, Sav�e R. 2005. Tissue-water relations of

two co-occurring evergreen Mediterranean species in response to seasonal

and experimental drought conditions. Journal of Plant Research 118: 263–
269.

Sevanto S, Mcdowell NG, Dickman LT, Pangle R, Pockman WT. 2014.How

do trees die? A test of the hydraulic failure and carbon starvation hypotheses.

Plant, Cell & Environment 37: 153–161.
Teskey R, Wertin T, Bauweraerts I, Ameye M, McGuire MA, Steppe K. 2015.

Responses of tree species to heat waves and extreme heat events. Plant, Cell &
Environment 38: 1699–1712.

Tomasella M, Beikircher B, H€aberle KH, Hesse B, Kallenbach C, Matyssek R,

Mayr S. 2018. Acclimation of branch and leaf hydraulics in adult Fagus
sylvatica and Picea abies in a forest through-fall exclusion experiment. Tree
Physiology 38: 198–211.

Tordoni E, Petruzzellis F, Di Bonaventura A, Pavanetto N, Tomasella M,

Nardini A, Boscutti F, Martini F, Bacaro G. 2022. Projections of leaf turgor

loss point shifts under future climate change scenarios. Global Change Biology
28: 6640–6652.

Torres-Ruiz JM, Diaz-Espejo A, Morales-Sillero A, Mart�ın-Palomo MJ, Mayr S,

Beikircher B, Fern�andez JE. 2013. Shoot hydraulic characteristics, plant water
status and stomatal response in olive trees under different soil water conditions.

Plant and Soil 373: 77–87.
Trugman AT, Anderegg LDL, Wolfe BT, Birami B, Ruehr NK, Detto M,

Bartlett MK, Anderegg WRL. 2019. Climate and plant trait strategies

determine tree carbon allocation to leaves and mediate future forest

productivity. Global Change Biology 25: 3395–3405.
Tyree MT, Sperry JS. 1988. Do woody plants operate near the point of

catastrophic xylem dysfunction caused by dynamic water stress? Plant Physiology
88: 574–580.

Tyree MT, Sperry JS. 1989. Vulnerability of xylem to cavitation and

embolism. Annual Review of Plant Physiology and Plant Molecular Biology
40: 19–36.

Warren JM, Brooks JR, Meinzer FC, Eberhart JL. 2008.Hydraulic

redistribution of water from Pinus ponderosa trees to seedlings: evidence for an
ectomycorrhizal pathway. New Phytologist 178: 382–394.

Watson SJ, Aguirre BA, Wright AJ. 2023. Soil versus atmospheric drought: a test

case of plant functional trait responses. Ecology 104: 1–15.
Wright A, Schnitzer SA, Reich PB. 2015. Daily environmental conditions

determine the competition-facilitation balance for plant water status. Journal of
Ecology 103: 648–656.

Wright AJ, Barry KE, Lortie CJ, Callaway RM. 2021. Biodiversity and

ecosystem functioning: have our experiments and indices been underestimating

the role of facilitation? Journal of Ecology 109: 1962–1968.
Wu T, Tissue DT, Li X, Liu S, Chu G, Zhou G, Li Y, Zheng M, Meng Z, Liu J.

2020. Long-term effects of 7-year warming experiment in the field on leaf

hydraulic and economic traits of subtropical tree species. Global Change Biology
26: 7144–7157.

Zapater M, Hossann C, Br�eda N, Br�echet C, Bonal D, Granier A. 2011.

Evidence of hydraulic lift in a young beech and oak mixed forest using 18O soil

water labelling. Trees – Structure and Function 25: 885–894.
Zhang S, Landuyt D, Verheyen K, De Frenne P. 2022. Tree species mixing can

amplify microclimate offsets in young forest plantations. Journal of Applied
Ecology 59: 1428–1439.

Supporting Information

Additional Supporting Information may be found online in the
Supporting Information section at the end of the article.

Fig. S1 Relationship between the light-saturated stomatal con-
ductance and soil water content and vapor pressure deficit for
beech and oak.

Fig. S2 Mean leaf water potential at midday and light-saturated
stomatal conductance in drought vs nondrought treatments for
each species combination.

� 2023 The Authors

New Phytologist� 2023 New Phytologist Foundation

New Phytologist (2024) 241: 1021–1034
www.newphytologist.com

New
Phytologist Research 1033

 14698137, 2024, 3, D
ow

nloaded from
 https://nph.onlinelibrary.w

iley.com
/doi/10.1111/nph.19358 by U

niversitat B
ern, W

iley O
nline L

ibrary on [11/09/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1101/2023.06.09.544345
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mated to D and HD.
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on beech and oak.

Table S2 Mean beech leaf hydraulic traits per treatment
and year.

Table S3Mean oak leaf hydraulic traits per treatment and year.

Table S4 Pubescent oak and European beech hard and soft traits
per treatment per year.
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