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Abstract 

Increasing temperature and drought can result in leaf dehydration and defoliation even in 

drought-adapted tree species such as the Mediterranean evergreen Quercus ilex L. The stomatal 

regulation of leaf water potential plays a central role in avoiding this phenomenon and is 

constrained by a suite of leaf traits including hydraulic conductance and vulnerability, hydraulic 

capacitance, minimum conductance to water vapor, osmotic potential and cell wall elasticity. 

We investigated whether the plasticity in these traits may improve leaf tolerance to drought in 

two long-term rainfall exclusion experiments in Mediterranean forests. Osmotic adjustment was 

observed to lower the water potential at turgor loss in the rainfall-exclusion treatments, thus 

suggesting a stomatal closure at more negative water potentials and a more anisohydric 

behavior in drier conditions. Conversely, leaf hydraulic conductance and vulnerability did not 

exhibit any plasticity between treatments so the hydraulic safety margins were narrower in the 

rainfall-exclusion treatments. The sequence of leaf responses to seasonal drought and 

dehydration was conserved among treatments and sites but trees were more likely to suffer 

losses of turgor and hydraulic functioning in the rainfall-exclusion treatments. We conclude 

that leaf plasticity might help the trees to tolerate moderate drought but not to resist severe 

water stress. 
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Introduction 

Climate warming and shifts in rainfall patterns in many regions of the globe, and particularly 

in the Mediterranean, have led to increasingly frequent and severe drought episodes (IPCC, 

2013; Trenberth et al. 2014; Tramblay et al. 2020) and have triggered widespread tree mortality 

(Allen et al. 2010; Carnicer et al. 2011; Senf et al. 2020). In the last decade of research in plant 

ecophysiology, hydraulic failure, which is the loss of xylem hydraulic function due to embolism 

inhibiting vascular water transport, has been considered the main physiological mechanism 

involved in drought-induced tree dieback and mortality (McDowell et al. 2008; Adams et al. 

2017; Choat et al. 2018). Hydraulic traits are thus central for predicting tree ability to cope with 

rapid climate change and more severe drought events, and the phenotypic plasticity of these 

traits is crucial in allowing the trees to acclimate to increasing water limitation (Choat et al. 

2018). 

As xylem embolism develops because of excessive tension in the sap during drought-stress, the 

hydraulic safety margin, i.e. the difference between the minimum xylem water potential 

experienced by plants in the field and the water potential leading to hydraulic failure, has 

become a central concept for understanding tree vulnerability to drought (Choat et al. 2012; 

Delzon and Cochard 2014; Anderegg et al. 2016; Martin-StPaul et al. 2017). This hydraulic 

safety margin is governed, on one hand, by the xylem vulnerability to tension-induced 

embolism and, on the other hand, by the dynamic regulation of plant water potential, which 

mainly involves the leaf ability to balance gas exchange with hydraulic properties (Sperry 2000; 

Sperry et al. 2016). While the large inter-specific variations in xylem resistance to embolism 

explain most of the differences in hydraulic safety margins among species (Martin-StPaul et al. 

2017), intra-specific variations for this trait are generally small, and not clearly related to 

climate (Martinez-Vilalta et al. 2009; Lamy et al. 2014; Schuldt et al. 2016; Torres-Ruiz et al. 

2019). Moreover, plastic changes of the xylem vulnerability to embolism have not yet been 

observed in adult trees in response to experimentally increased drought intensity (e.g. Limousin 

et al. 2010a; Hudson et al. 2018). Conversely, hydraulic acclimation to drought is known to 

occur through reductions of the leaf area to sapwood area ratio, which, besides limiting tree 

water use, can limit the drop in plant water potential along the transpiration stream (Mencuccini 

and Grace 1995; Martinez-Vilalta et al. 2009; Martin-StPaul et al. 2013). The regulation of leaf 

water potential by stomata is also under the control of the leaf turgor pressure (Brodribb and 

Holbrook 2003; Rodriguez-Dominguez et al. 2016), which depends on the leaf osmotic 

potential and the cell wall elasticity, two traits known to plastically respond to drought (Bartlett 



et al. 2014; Nolan et al. 2017). Therefore, we hypothesize that any adjustment of the hydraulic 

safety margin in response to drought mostly arises on the side of the leaf water potential 

regulation. 

Leaf hydraulics may play a crucial role in this adjustment for three main reasons. First, because 

the leaves are the primary siege of plant gas-exchange, the stomata-bearing organs and the most 

distal part along the soil-plant hydraulic pathway. Leaves are thus the organs experiencing the 

most negative water potentials and the organs ultimately responsible for water potential 

regulation in the whole plant. Second, because in accordance with the vulnerability 

segmentation hypothesis, leaves would be more hydraulically vulnerable than other organs such 

as branches and stems, (Tyree and Ewers 1991; Zhu et al. 2016; Charrier et al. 2016; Scoffoni 

and Sack 2017). Consequently, the leaves are expected to be the first organs to exhibit signs of 

hydraulic failure during severe water stress, and may thereby act as a ‘safety-valve’ protecting 

the rest of the plant from excessively negative water potentials (Tyree et al. 1993; Wolfe et al. 

2016; Scoffoni and Sack 2017). Third, because leaf hydraulic conductance and vulnerability to 

hydraulic failure involve both xylem and outside-xylem pathways, which may each respond 

differently to water stress (Cochard et al. 2004; Trifilo et al. 2016; Scoffoni et al. 2017; Scoffoni 

and Sack 2017). The response to drought of leaf hydraulic functions is thus more difficult to 

predict than that of branches, but leaves are also more likely to respond plastically and acclimate 

to drought (Martorell et al. 2015). 

The leaf tolerance to drought entails a complex sequence of water potential thresholds leading 

to functional failure because stomatal closure, leaf wilting and loss of hydraulic conductivity 

all have different sensitivities to water stress (Bartlett et al. 2016; Trueba et al. 2019). While 

the coordination between the stomatal regulation of leaf water potential and the xylem 

vulnerability to hydraulic failure has been long described (Tyree and Sperry 1988, Jones and 

Sutherland 1991, Salleo et al. 2000; Cochard et al. 2002), the actual relationship between plant 

resistance to drought and stomatal behavior appears far more complicated to apprehend 

(Martinez-Vilalta and Garcia-Forner 2017; Martin-StPaul et al. 2017). Difficulties to link the 

leaf regulation of water potential with plant resistance to drought arise from the complexity of 

the physiological mechanisms by which stomata sense and regulate leaf water potential 

(Brodribb et al. 2017; Buckley 2019; Creek et al. 2020), the large diversity of stomatal 

regulation strategies that can exist among species (Klein 2014, Martinez-Vilalta et al. 2014), 

the magnitude of the minimum leaf conductance to water vapor that continues after stomatal 

closure (Duursma et al. 2018), and the need to preserve sufficient soil water reserves and plant 



water storage in order to survive long drought events (Blackman et al. 2016; Martin-StPaul et 

al. 2017). Therefore, the regulation of leaf water potential and hence the leaf tolerance to water 

stress can hypothetically acclimate to drought in several different ways. 

We investigated whether leaf water potential regulation and tolerance to drought can be affected 

by plastic adjustments in adult trees exposed to a long-term reduction in water availability. Two 

types of datasets were obtained from two long-term rainfall exclusion experiments set up in 

forest ecosystems: a multi-year dataset of predawn and midday leaf water potentials measured 

over a wide range of drought conditions, and a dataset of traits related to leaf hydraulics and 

water relations measured several years after the start of the experimental rainfall exclusions. 

We studied the widespread Mediterranean evergreen oak Quercus ilex L., a drought adapted 

sclerophyll species (Salleo and Lo Gullo 1990) characterized by a low xylem vulnerability to 

embolism (Lobo et al. 2018) that has nevertheless exhibited signs of drought-induced dieback 

in the last decades (Lloret et al. 2004; Gentilesca et al. 2017; Rodriguez-Calcerrada et al. 2017). 

We characterized the leaf water potential regulation across sites and rainfall treatments, and 

measured different leaf traits related to leaf gas exchange, turgor and hydration maintenance, 

and hydraulic functions. We investigated (1) whether the regulation of leaf water potential could 

change in response to drier climatic conditions, and (2) whether plasticity in leaf traits could 

change leaf stomatal tolerance and hydraulic resistance to water stress. Our results aim to 

provide novel information regarding how increased aridity conditions might affect leaf gas 

exchange, leaf area and drought-induced tree mortality under the expected climate change. 

  



Materials and Methods 

 

Experimental sites 

Table 1. Main characteristics of the two experimental sites used in the study 

 Puéchabon Font-Blanche 

Location 35 km north-west of Montpellier 
43°44’29’’N, 3°35’45’’E 
270 m above sea level 

20 km east of Marseille 
43°14’27’’N, 5°40’45’’E 
425 m above sea level 

Mean annual temperature (2008-2017) 13.8°C 14.0°C 

Mean annual precipitation (2008-2017) 965 mm 701 mm 

Soil description silty clay loam 
75 % - 90% rock fraction 
limestone bedrock 

silty clay loam 
50 % - 90% rock fraction 
limestone bedrock 

Dominant tree species holm oak (Quercus ilex L.) Aleppo pine (Pinus halepensis Mill.) 
holm oak (Quercus ilex L.) 

Tree height 5.5 m pine: 13.5 m 
oak: 6.5 m 

Basal area 27.4 m²/ha total: 37.3 m²/ha 
oak: 10.1 m²/ha 

Leaf area index (LAI) 2.2 2.9 
 

Rainfall exclusion PVC gutters hung below canopy 
-29 % of net precipitation 
140 m² plots 
exclusion since 2003 

PVC gutters hung below canopy 
-29 % of net precipitation 
625 m² plots 
exclusion since 2009 

References Limousin et al. (2009) Moreno et al. (2021) 

 

Leaf and branch material were collected in two forests in Southern France where the evergreen 

Quercus ilex L. is the dominant or co-dominant tree species and where partial rainfall exclusion 

experiments have been carried out for several years: the Puéchabon and Font-Blanche 

experimental sites. The Puéchabon site is a dense coppice strongly dominated by Q. ilex and 

located 35 km northwest of Montpellier (43°44’29’’ N; 3°35’46’’ E, 270 m a.s.l.; Limousin et 

al. 2009). The Font-Blanche site is a mixed Pinus halepensis – Q. ilex forest located 20 km east 

of Marseille (43°14’27’’N, 5°40’45’’E, 425 m a.s.l.; Moreno et al. 2021). The two sites are 

located 177 km away from each other but are remarkably similar regarding their edaphic, 

climatic and experimental set-up conditions (see Table 1 for a summary of the main 

characteristics of the sites). Their main difference is the presence of an upper canopy strata of 

Aleppo pine (P. halepensis) in Font-Blanche, which is absent in Puéchabon. The two sites have 



been set-up with similar partial rainfall exclusion systems by using PVC gutters hung at a height 

of 1.5 m to 2 m above ground, so as to cover one third of the plot area and exclude 

approximately 30% of the net precipitation. In the control plots, similar gutters have been 

installed upside-down to homogenize albedo and understorey microclimate. The experiments 

have been continuously operated since March 2003 in Puéchabon and January 2009 in Font-

Blanche, so trees had been exposed to 30% rainfall exclusion for 15 and 9 years, respectively, 

at the time of branch sampling (March 2018). 

 

Field measurements of leaf water potential, stomatal conductance and mesophyll 

conductance 

Predawn and midday leaf water potential (hereafter ΨPd and ΨMd, respectively) were measured 

regularly at the two sites since the start of the rainfall exclusion experiments. Depending on the 

site and on the year, measurements were carried out from three to twelve times a year between 

Spring and Autumn, with the aim of covering the range of water stress experienced by the trees 

in every particular year. In Puéchabon, data were available for 11 years and 92 dates (from 2003 

to 2009, in 2011, and from 2015 to 2017; Bykova et al. 2018); and in Font-Blanche, data were 

available for 9 years and 36 dates (from 2009 to 2017; Moreno et al. 2021). Four to six Q. ilex 

trees per treatment were sampled for water potential at each site. In Puéchabon, until 2011, two 

to three leaves per tree were sampled from a scaffold and immediately measured with a pressure 

chamber (PMS1000; PMS Instruments, Corvallis, OR, USA). Since 2015, small twigs were 

sampled, bagged in humid and air-tight plastic bags and stored in a dark cooler for less than 1.5 

hours until measured with the PMS chamber. In Font-Blanche, one small twig was sampled 

from each measured tree, bagged as in Puéchabon and kept in a dark cooler for less than 1.5 

hours until measured with a homemade Scholander-type pressure chamber. The comparability 

of the results between sites was verified by a comparison of the two methods (immediate 

measurements or bagging) performed during one campaign in Puéchabon in 2016, and an inter-

comparison of the pressure chambers in the lab in 2018. Both comparisons yielded non-

significant differences (data not shown). The same sampling was repeated at midday for ΨMd 

using samples from a well-lit part of the canopy. Using the large number of measurements 

available for each individual tree (>30 for every tree taking all years together), the relationships 

between ΨPd and ΨMd were characterized for each individual following Meinzer et al. (2016). 

We calculated the slope of the linear relationship between ΨMd and ΨPd, the minimum ΨMd 

when ΨPd is equal to zero (ΨMd @ ΨPd=0), the water potential at which predawn and midday 



water potentials become equal (ΨMd = ΨPd), and the ‘hydroscape’ which is the area of the 

triangle bounded by the 1:1 line and the relationship between ΨMd and ΨPd (see Meinzer et al. 

2016 for details about the variables and the calculation procedure). 

A three-day campaign of leaf gas-exchange measurements was also carried out at the 

Puéchabon site in November 2017, under well-watered conditions after autumn rainfall events, 

and thus after the end of the severe 2017 summer drought in the two treatments. Measurements 

were performed on leaves of the current-year cohort from the upper canopy on 6 trees per 

treatment and three leaves per tree. Two portable photosynthesis systems (Li-6400, Li-Cor Inc., 

Lincoln, NE, USA) equipped with a LI-6400-40 Leaf Chamber Fluorometer (Li-Cor Inc., 

Lincoln, NE, USA) were used to measure leaf stomatal conductance (gs), leaf photosynthesis 

and the photochemical efficiency of photosystem II (ΦPSII) after acclimating the leaf in the 

chamber for 20 min (see Limousin et al. 2010b for details about the protocol). Ambient CO2 

concentration was regulated at 400 µmol CO2 mol-1 air, the photosynthetic photon flux density 

(PPFD) was set at a saturating flux of 1500 µmol m-2 s-1 and the temperature was maintained 

between 14°C and 21°C (target at 20°C) depending on the hour and day. The leaf mesophyll 

conductance to CO2 (gm) was calculated as in Limousin et al. (2010b) by using the variable 

electron transport rate method proposed by Harley et al. (1992), the specific coefficients for 

holm oak proposed by Niinemets et al. (2005) for the relationship between the photosynthetic 

electron transport rate and the efficiency of the photosystem II, and the temperature correction 

coefficients proposed by Bernacchi et al. (2002). 

 

Pressure-volume curves 

Pressure-volume curves (PV curves) were determined on small leafy shoots collected on 6 trees 

per treatment and experimental site in March 2018. Selected shoots supported only the last 

cohort of leaves; i.e. leaves produced during the spring 2017 and that had already experienced 

the 2017 summer drought. Shoots were cut from the upper parts of the tree canopy, sealed in 

plastic bags and kept in a cooler for transport to the laboratory where they were stored for less 

than two days in a 5°C cold chamber prior to measurements. Shoot cut ends were then recut 

under water, and kept in distilled water overnight in a dark cold chamber to allow their 

progressive rehydration. 

PV curves were obtained using the free transpiration bench drying method (Hinckley et al. 

1980). Shoot water potential (Ψ) and weight (averaged before and after pressurization) were 



repeatedly measured 10 to 14 times over the course of the day (typically during 7h to 10h) while 

the shoot was allowed to dehydrate. Shoot water potential was measured using the PMS 

pressure chamber (PMS1000; PMS Instruments, Corvallis, OR, USA). The oversaturation of 

rehydrated samples, the so-called “plateau effect”, was corrected by extrapolating the fresh 

weight at full turgor from the regression of fresh weight against water potential before the turgor 

loss (Kubiske & Abrams 1990). Curves of -1/Ψ versus leaf water saturation deficit (1-RWC) 

were constructed and used to derive the PV curve parameters following Dreyer et al. (1990): 

the osmotic potential at full turgor (Π0), the water potential at the turgor loss point (Ψtlp), the 

relative water content at the turgor loss point (RWCtlp), and the fraction of apoplastic water (af). 

The mean modulus of elasticity (ε, MPa) was estimated as the slope of the regression between 

turgor and RWC on the initial portion of the PV curve before turgor loss, and multiplied by the 

fraction of symplastic water (Fsymp=1-af ; Bartlett et al. 2012). 

 

Leaf minimum conductance and mass per area 

The leaf minimum conductance to water vapor (gmin) was measured using the mass loss of the 

bench-drying shoots during the PV curve measurements. The temperature and relative humidity 

over the bench were measured every 5 min with an RH-T probe (HMP155A, Vaisala, Helsinki, 

Finland) positioned 10 cm above the samples, and used to calculate the vapor pressure deficit 

(VPD, kPa). The gmin was then calculated following Ewers & Oren (2000) by expressing the 

rate of water mass loss in mmol s-1, and then dividing it by the VPD and multiplying by the 

atmospheric pressure. The rate of water mass loss was calculated only for the linear portion of 

the drying curve beyond the turgor loss point to account only for the leaf transpiration rate 

during severe drought conditions inducing complete stomatal closure. The leaf minimum 

conductance obtained by this method thus represents both the cuticular conductance and the 

stomatal leakiness of the leaf (Duursma et al. 2018). 

After PV curve completion, the leaves were removed from the shoot and scanned on a 

transmission flatbed scanner (Epson Perfection V800, Seiko Epson, Nagano, Japan) to measure 

the leaf area with the ImageJ software (National Institutes of Health, Bethesda, MD, USA). 

Leaf area may have been slightly underestimated due to shrinkage in dehydrated leaves, but 

this effect is limited in species with high LMA values such as Q. ilex (Garnier et al. 2001) and 

was neglected in this study. The leaves and the shoot were then oven dried at 60°C for three 

days and weighted for their dry mass. The average leaf dry mass fraction of the PV curve shoots 



was 79.1 % ± 5.2 %, with no significant differences between sites or treatments (P=0.24 for the 

site difference, P=0.97 for the treatment difference), thus ensuring that PV curve parameters 

were not biased by an heterogeneity in shoot morphology. The dry mass of the sample was used 

to calculate the RWC of the PV curve shoots and the leaf dry matter content (LDMC, mg g-1) 

calculated as the ratio of dry mass to fresh mass. The one-side leaf area was used to calculate 

gmin per unit leaf area and the leaf mass per area (LMA, g m-2) as the leaf dry mass divided by 

the leaf area. 

 

Leaf hydraulic conductance and vulnerability curve 

In March 2018, when soil water content was replenished in either site and treatment, ca. 40 cm-

long branches comprising more than 4 growth units were collected from the upper canopy of 

several trees per treatment in each experimental site, depending on tree accessibility (6 trees in 

Puéchabon control treatment, 7 trees in Puéchabon rainfall exclusion treatment, 12 trees in 

Font-Blanche control treatment, and 6 trees in Font-Blanche rainfall exclusion treatment). The 

leafy branches were immediately sealed in moist and opaque plastic bags with the cut end 

immersed in water, and kept at 5°C in a cold chamber for 3 to 6 days before measurements. The 

leaf hydraulic conductance (Kleaf) was measured using the rehydration kinetics method whereby 

leaves are allowed to rehydrate while connected to a flow meter (Brodribb and Cochard 2009; 

Blackman and Brodribb 2011). Due to the small size of Q. ilex leaves and petioles, Kleaf was 

measured on short leafy shoots bearing several leaves. We assumed that the hydraulic resistance 

in the short water-filled vessels of the twig could be neglected compared to that of leaves, so 

the leafy-shoot hydraulic conductance expressed per unit leaf area was considered equivalent 

to the leaf hydraulic conductance (similarly to Brodribb and Cochard 2009; Blackman and 

Brodribb 2011, and Torres-Ruiz et al. 2015). Shoots from the most recent growth unit, i.e. 

shoots produced in spring 2017 and having experienced the 2017 summer drought, were 

debarked over approximately 1 cm, wrapped in Parafilm (Sigma-Aldrich Merck, Darmstadt, 

Germany) where the bark had been removed to prevent leaks, excised under water with a razor 

blade and immediately connected to a high resolution flowmeter (50 g h-1 max flow, 

Bronkhorst, Ruurlo, Netherland) while maintained in water to prevent transpiration. The flow 

rate was logged every 0.1 s until it decreased to approximately half of the maximum as shoot 

rehydrated. The initial Ψleaf prior to shoot rehydration was measured concomitantly on an 

adjacent shoot. Kleaf was calculated by using the Ohm’s law analogy where the pressure gradient 

across the shoot is equal to - Ψleaf: 



Kleaf = - Imax / (Ψleaf * LA)     (1) 

Kleaf is in mmol s-1 MPa-1 m-2; Imax is the instantaneous maximum flow rate into the shoot (mmol 

s-1); Ψleaf is the leaf water potential (MPa) and LA is the leaf area of the shoot (m2). 

Leaf hydraulic vulnerability curves were constructed using the bench drying method by which 

the large branches were allowed to dehydrate slowly in the lab over the course of one day. The 

Ψleaf was checked regularly on small leafy shoots while it was decreasing from a maximum 

between -0.40 MPa and -0.50 MPa, and several Kleaf measurements were performed on different 

shoots of the same branch at targeted Ψleaf values. As the number of Kleaf measurements that 

could be performed on one given branch was comprised between 3 and 5 depending on the 

branch size, the vulnerability curves were constructed by pooling all the measurements from 

each site and treatment combination. A Weibull function was fitted to the relationship between 

Kleaf and Ψleaf: 

Kleaf = Kleaf,max * exp (-Ψleaf / a)b     (2) 

Where Kleaf,max is the maximum leaf hydraulic conductance, and a and b are Weibull parameters 

used to calculate the Kleaf P12, Kleaf P50, and Kleaf P88, which are, respectively, the Ψleaf 

corresponding to a 12% loss, 50% loss or 88% loss of Kleaf. 

 

Leaf hydraulic capacitance 

The leaf hydraulic capacitance was measured using two independent and complementary 

methods: one based on the PV curves for measuring the bulk leaf capacitance (Cbulk) and the 

other one based on the rehydration kinetics (while they were connected to the flowmeter) for 

measuring the leaf capacitance of the leaf tissues directly exchanging water with the 

transpiration stream (Cdyn, Blackman and Brodribb 2011). 

Cbulk was measured for each individual from the slope of the relationship between leaf RWC 

and Ψ (ΔRWC/ΔΨ), normalized by the leaf area and water content at saturation (Brodribb and 

Holbrook 2003): 

Cbulk = ΔRWC/ΔΨ * Wsat/M * LMA * 1000    (3) 

where Cbulk is in mmol m-2 MPa-1, Wsat is the saturated mass of water per unit dry mass (g g-1), 

M is the molar mass of water (g mol-1), and LMA is the leaf dry mass per area (g m-2). Cbulk was 

obtained from the initial part of the PV curve before the turgor loss point. The bulk leaf 

capacitance was also measured after the turgor loss (Cbulk,,tlp), when it is no longer influenced 

by the elasticity of cell walls.  



Cdyn was calculated by assuming that the rehydration kinetics of leaves is equivalent to the 

charging of a capacitor through a resistor (Brodribb and Holbrook 2003). The high frequency 

of flowrate measurements during leaf rehydration were fitted with an analogy of the electric 

law: 

I(t) = Imax * exp (-t / τ)    (4) 

where I(t) is the instantaneous flow rate at any given time, Imax is the maximum flow rate as 

used in Eq. (1), t is the time in second since the moment when Imax had been reached, and τ is 

the time constant of the circuit in second. The time constant τ is equal to the resistance (= 1/Kleaf) 

multiplied by the capacitance, so Cdyn could be calculated for each rehydrated shoot as: 

Cdyn = τ * Kleaf     (5) 

 

Statistical analyses 

For all the traits measured at the individual tree level, differences among experimental sites and 

treatments were tested with a two-way ANOVA. The normality distribution of data was verified 

with the Shapiro test and the homoscedasticity with the Bartlett test, and data were log-

transformed to meet these criteria when needed. Weibull hydraulic vulnerability curves were 

fitted for each site and treatment with the nls function in R, and the 95% confidence intervals 

for their estimates of Kleaf P12, Kleaf P50, and Kleaf P88 were obtained by bootstrapping with the 

‘fitplc’ R package (Duursma and Choat, 2017). Correlations among traits measured on each 

individual tree (n=26 trees for traits measured in the laboratory on PV curve samples, and n=17 

trees for ‘hydroscape’ traits or n=12 trees for gas-exchange traits measured in the field) were 

tested with Pearson’s correlation coefficients and a Principal Component Analysis (PCA) after 

pooling all sites and treatments to increase the statistical power. All the analyses were 

performed using the R software (version 3.4.3, R Core Team 2017). 

  



Results 

 

Leaf water potential in the field 

The two forest sites experience a typical Mediterranean climate with warm and dry summers 

and a large inter-annual variation in summer precipitation (Fig. 1; Fig. S1). The minimum ΨPd 

experienced annually by the trees in control conditions was observed to correlate positively 

with summer precipitation in Puéchabon (R²=0.49, P=0.017) and negatively with summer 

temperature in Font-Blanche (R²=0.62, P=0.012). The rainfall exclusion experiments resulted 

in more negative ΨPd values at the peak of drought in the two experimental sites (Fig. 1; Fig. 

S1). In Puéchabon, treatment differences in annual minimum ΨPd were significant in 9 years 

over 11, and in the last three years before leaf sampling. In Font-Blanche, treatment differences 

in annual minimum ΨPd were significant in 4 years over 9, and in 2 years over the last 3 before 

leaf sampling. In 2017, the year when the sampled leaves were produced, the climate in spring 

and summer was remarkably similar between the two sites (Fig. 1c; Table S1). In spite of a 

wetter spring than in Font-Blanche, Puéchabon experienced significantly lower ΨPd in 2017, 

with values as low as -5.03 MPa and -5.89 MPa in the control and rainfall exclusion treatments, 

respectively. Font-Blanche experienced the most severe water stress in 2016, with annual 

minimum ΨPd values reaching -3.96 MPa and -4.37 MPa in the control and rainfall exclusion 

treatments, respectively. 

The trajectories of ΨMd with soil drying and decreasing ΨPd differed slightly among sites and 

rainfall exclusion treatments (Fig. S2; Table 2). Differences were mainly observed between 

sites, with a smaller ‘hydroscape’ area, a steeper slope of the relationship between ΨMd and ΨPd 

and a less negative ΨMd when ΨPd=0, in Font-Blanche than in Puéchabon. These site differences 

might be due to a lower VPD experienced by the Q. ilex trees in Font-Blanche where they grow 

in the shade of an upper canopy of pines. Conversely, the radiation and VPD experienced by 

the sunlit leaves in the upper canopy can be considered equivalent between treatments within 

each site, because reductions of transpiration imposed by the rainfall exclusion probably have 

a negligible impact on atmospheric VPD in such small scale experimental plots. Therefore, 

treatment differences in hydroscape were likely influenced by stomatal regulation and leaf 

hydraulic traits rather than by micro-climatic effects. Trees in the rainfall exclusion treatments 

had significantly steeper slopes of the regressions between ΨMd and ΨPd (Table 2). The 

‘hydroscape’ areas, the Ψ at which ΨMd = ΨPd, and the minimum ΨMd when ΨPd=0 remained 



statistically similar between treatments, but there was a tendency for more negative Ψ at which 

ΨMd = ΨPd and less negative ΨMd when ΨPd=0 in the rainfall exclusion treatments. No interaction 

between site and the response to rainfall exclusion was detected. 

 

 

Fig. 1. Annual minimum values of predawn water potential (ΨPd) measured in the control and 
rainfall exclusion treatments of the experiments of Puéchabon (a) and Font-Blanche (b) from 
the set-up of the experiments until 2017. Asterisks indicate significant differences between 
treatments at ** P<0.01; * P<0.05; ns non-significant. The panel (c) shows the inter-annual 
variations of precipitation and temperature during the summer months of June-July-August in 
the two forest sites. 

 



Table 2. Metrics of the leaf water potential trajectories during soil drying derived from the 
relationships between ΨPd and ΨMd measured in the field: the slope of the relationship between 
ΨMd and ΨPd, the threshold at which ΨMd = ΨPd, the minimum ΨMd when ΨPd=0, and the area 
of the hydroscape. Values presented are the mean (±SE) per site and treatment, and the P-values 
of the ANOVA testing for Site and Treatment effects. Significant effects are in bold type with 
significance levels: * P<0.05; ** P<0.01; *** P<0.001. 

    Slope ΨMd vs. ΨPd ΨMd = ΨPd thres. ΨMd @ ΨPd =0 Hydroscape 

    (MPa Mpa-1) (MPa) (MPa) (MPa2) 

Puéchabon 
Control 0.552  (±0.017) -4.20  (±0.19) -2.43  (±0.12) 5.10  (±0.32) 

Rainfall excl. 0.570  (±0.020) -4.31  (±0.18) -2.31  (±0.09) 4.97  (±0.22) 

Font-Blanche 
Control 0.588  (±0.005) -4.02  (±0.13) -2.00  (±0.05) 4.02  (±0.18) 

Rainfall excl. 0.654  (±0.016) -4.49  (±0.24) -1.87  (±0.04) 4.18  (±0.15) 

P-value 

Site <0.001   *** 0.978 <0.001   *** <0.001   *** 
Treatment 0.011     * 0.146 0.145 0.925 
Site:Treatment 0.134 0.393 0.948 0.541 

 

Table 3. Pressure-volume curve parameters per site and treatment: the osmotic potential at full 
turgor (Π0), the water potential at the turgor loss point (Ψtlp), the relative water content at the 
turgor loss point (RWCtlp), the mean modulus of elasticity (ε), and the apoplastic fraction (af). 
Values presented are the mean (±SE) per site and treatment, and the P-values of the ANOVA 
testing for Site and Treatment effects. Significant effects are in bold type with significance 
levels: * P<0.05; ** P<0.01; *** P<0.001. 

    Π0 (MPa) Ψtlp (MPa) RWCtlp (%) ε (MPa) af (%) 

Puéchabon 
Control -2.81 (±0.09) -3.67 (±0.07) 86.8 (±1.6) 8.84   (±0.79) 44.2  (±2.9) 

Rainfall excl. -3.08 (±0.17) -4.12 (±0.15) 84.4 (±2.5) 10.27 (±1.19) 38.4  (±2.8) 

Font-Blanche 
Control -2.52 (±0.12) -3.65 (±0.17) 82.3 (±1.6) 7.08   (±0.51) 42.8  (±4.1) 

Rainfall excl. -3.14 (±0.24) -4.14 (±0.31) 83.7 (±2.2) 10.16 (±1.00) 31.0  (±5.7) 

P-value 
Site 0.43 0.88 0.27 0.33 0.32 
Treatment 0.015   * 0.022   * 0.75 0.038   * 0.039   * 
Site:Treat. 0.30 0.93 0.39 0.30 0.45 

 

Shoot pressure-volume traits 

The effect of the rainfall exclusion treatments on the pressure-volume (PV) traits was 

significant and similar in the two sites (no site × treatment interaction; Table 3). Trees growing 

in the rainfall exclusion treatments exhibited more negative osmotic potential at full turgor (Π0) 

and more negative water potential at the turgor loss point (Ψtlp). The average treatment 

difference was approximately 0.45 MPa for both Π0 and Ψtlp. The difference of approximately 

1.00 MPa between Π0 and Ψtlp remained constant independently of treatment. The mean 

modulus of elasticity (ε) and apoplastic fraction (af) also responded significantly to the 

treatments with larger values of ε and smaller values of af in the rainfall exclusion (Table 3). 

Conversely, the relative water content at the turgor loss point (RWCtlp) did not change between 



treatments and remained around 84%. No differences between sites were detected for any of 

the PV variables. 

 

Fig. 2. Leaf vulnerability curves showing the relationship between Kleaf and Ψleaf for each site 
and treatment. Points represent the individual measurements and the curves are the fitted 
Weibull functions per treatment and site. The P50 and maximum Kleaf with their confidence 
intervals are shown at the top and on the right of the panel, respectively. 

 

Leaf hydraulic conductance and vulnerability curve 

The maximum leaf hydraulic conductance in well-hydrated branches (Kleaf,max) was around 2.63 

(±0.13) mmol m-2 s-1 MPa-1 and did not differ significantly between either sites or treatments 

(P>0.35). Kleaf exhibited a significant decline with decreasing Ψleaf, with the Weibull function 

parameters being highly significant in every site and treatment (Fig. 2). The Kleaf P50 was 

significantly more negative in Puéchabon (-5.44 MPa ± 0.39) than in Font-Blanche (-4.41 MPa 

± 0.19; P=0.027 for the site difference) but did not differ significantly between treatments 

(P=0.35 for the treatment difference). The Kleaf P12, which bounds the range of Ψleaf in which 

there is no significant losses in Kleaf, did not differ significantly among sites and treatments and 

was on average -3.22 MPa ± 0.59. The Kleaf P88 did not differ significantly among sites and 

treatments either, and was on average -6.40 MPa ± 0.62. Kleaf and its relationship to water 

potential were thus similar among rainfall exclusion treatments in the two sites, with the rainfall 

exclusion treatments exhibiting slightly less negative values of Kleaf P12, Kleaf P50 and Kleaf P88, 



although differences were not statistically significant owing to the large variability of Kleaf 

among samples. 

 

Fig. 3. Leaf hydraulic capacitance measured by rehydration (Cdyn) against Ψleaf for each site and 
treatment. The mean (±SE) of the bulk leaf capacitances calculated from the pressure-volume 
curves before (Cbulk, left side) and after the turgor loss (Cbulk,tlp, right side) are also shown with 
larger symbols and treatments arbitrary placed along the X-axis. The vertical dashed line 
indicates the apparent breakpoint in the Cdyn against Ψleaf relationship around -4.5 MPa. 

 

Leaf mass per area, dry matter content and hydraulic capacitance 

The LMA and LDMC did not change significantly with the rainfall exclusion treatments but 

exhibited slight differences among sites with a lower LDMC in Font-Blanche than in Puéchabon 

and a site × treatment interaction for LMA (Table S2). The bulk leaf capacitance (Cbulk) and 

bulk leaf capacitance after the turgor loss point (Cbulk,tlp) did not differ significantly among 

treatments or sites (Table S2, Fig. 3). The bulk leaf capacitance was around twice larger after 

the turgor loss point (Cbulk,tlp) than before (Cbulk). The hydraulic capacitance measured by the 

rehydration technique (Cdyn) exhibited a two-phase relationship with Ψleaf (Fig. 3). Cdyn 

increased significantly with decreasing Ψleaf until around -4.5 MPa (P < 0.001), and then 

decreased abruptly to very small values over the range of Ψleaf that causes a severe reduction of 

Kleaf. Values of Cdyn were generally lower than Cbulk, although they reached a similar range of 

variation at Ψleaf around -4.0 MPa (Fig. 3). No statistical difference in Cdyn was detected among 

sites and treatments (Table S2). 

 



Table 4. Leaf gas-exchange conductance: minimum conductance to water vapor (gmin), stomatal 
conductance to water vapor (gs) and mesophyll conductance to CO2 (gm) measured under well-
watered conditions. Values presented are the mean (±SE) per site and treatment, and the P-
values of the ANOVA testing for Site and Treatment effects, or the Student’s t-test for 
Treatment effect when measurements were only available in one site. Significant effects are in 
bold type with significance levels: * P<0.05; ** P<0.01; *** P<0.001. 

    gmin gs gm 

    (mmol m-2 s-1) (mmol m-2 s-1) (mmol CO2 m-2 s-1) 

Puéchabon 
Control 3.84  (±0.20) 106.1  (±9.5) 117.6  (±16.9) 

Rainfall excl. 3.86  (±0.33) 68.6  (±7.7) 75.5  (±6.7) 

Font-Blanche 
Control 3.05  (±0.08)   
Rainfall excl. 3.85  (±0.41)     

P-value 

Site 0.194     

Treatment 0.213 0.017  * 0.058 

Site:Treatment 0.210     

 

Leaf minimum, stomatal and mesophyll conductance 

The average leaf minimum conductance to water vapor (gmin) was between 3 and 4 mmol m-2 

s-1 and did not differ significantly between sites or treatments (Table 4). Conversely, the 

stomatal conductance to water vapor (gs) measured in Puéchabon in autumn 2017, a few months 

before the leaf sampling and after drought relief by the autumn rain (86 mm over the preceding 

month in the control treatment), was significantly lower in the rainfall exclusion treatment than 

in the control (P=0.017, Table 4). The mesophyll conductance to CO2 (gm) measured 

concomitantly exhibited a similar response to rainfall exclusion than gs, although the difference 

between treatments was only marginally significant (P=0.058). 

 

Correlations among traits 

Coordination among traits was observed, on the one hand, among the traits derived from the 

PV-curves and, on the other hand, among the traits derived from water potential measurements, 

but surprisingly these two groups were not related to each other or to gas-exchange traits (Table 

5; Fig. S3). Coordination among the PV-curve traits revealed that Ψtlp was strongly correlated 

with both Π0 and af but not with ε. RWCtlp was correlated with both ε and af but not with Π0. 

Consequently, Ψtlp was more negative in leaves with a more negative osmotic potential Π0 or 

with a smaller fraction of apoplastic water (lower af), and RWCtlp was higher in leaves with 

more rigid cell walls (larger ε) or less water in the symplasm (larger af). 



Leaf capacitance before and after turgor loss, Cbulk and Cbulk,tlp, were not correlated and were 

related differently to the other leaf traits. Leaves with a higher LDMC had a lower capacitance 

before turgor loss (Cbulk) and kept a larger RWCtlp. The leaf capacitance after turgor loss (Cbulk,tlp) 

was larger in leaves with a larger LMA and a larger fraction of symplastic water (smaller af). 

Traits derived from the relationship between ΨPd and ΨMd also exhibited some coordination 

(Table 5; Fig. S3). Trees with a more anisohydric behavior (steeper slope) had generally a more 

negative threshold at which predawn and midday water potential become equal (ΨMd = ΨPd) but 

also a less negative ΨMd when ΨPd is equal to zero (ΨMd @ ΨPd=0). The hydroscape area was 

mainly driven by ΨMd@ΨPd=0 and was larger in leaves with a high LDMC. 

Remarkably, we observed no correlation between any of the PV-curve traits and the gas-

exchange traits or the hydroscape traits (Table 5; Fig. S3), so we could not identify any 

relationship at the tree scale between the leaf water potential trajectories observed in the field 

and the water relations derived from the PV curves. The LMA was a very poor predictor of leaf 

water relations as it was only related to Cbulk,tlp. Finally, we observed a positive correlation 

between gs and the threshold at which predawn and midday water potential become equal (ΨMd 

= ΨPd), so that trees with a higher gs under well-watered conditions tended to stop transpiring 

earlier during drought, and conversely. 

 

Sequence of leaf responses to dehydration 

The sequence of leaf responses to progressively decreasing Ψleaf followed the order 

‘ΨMd@ΨPd=0’ > ‘Kleaf P12’ ≥ ‘Ψtlp’ > ‘ΨMd=ΨPd’ > ‘Kleaf P50’ > ‘Kleaf P88’, in the control 

treatment (Fig. 4). This order was generally conserved among treatments and among sites, 

although the significance of the differences between traits varied (Fig. 4; Fig. S4). This 

sequence shows that under non water-limited conditions, the stomatal regulation maintains ΨMd 

above the thresholds for the loss of Kleaf (Kleaf P12) or the loss of turgor (Ψtlp). When drought 

occurs and Ψleaf decreases further, we found Kleaf P12 and Ψtlp to occur almost concomitantly, 

although with a non-significant tendency for less negative Kleaf P12 than Ψtlp. The leaf water 

potential at which ΨMd=ΨPd in the field was more negative than the measured Ψtlp. Finally, the 

severe losses of Kleaf (Kleaf P50 and Kleaf P88) were the last consequences of decreasing Ψleaf.  

 



 

Fig. 4. Sequence of leaf water potential values for the different traits describing leaf tolerance 
to drought in the control and rainfall exclusion treatments of the two experimental sites. 
ΨMd@ΨPd=0 is the minimum ΨMd when ΨPd is equal to zero, Kleaf P12 is the Ψleaf threshold for 
Kleaf loss, Ψtlp is the water potential at the turgor loss point, ΨMd=ΨPd is the water potential at 
which predawn and midday water potential become equal, Kleaf P50 is the Ψleaf value inducing a 
50% loss of Kleaf, and Kleaf P88 corresponds to the Ψleaf value inducing an 88% loss of Kleaf. Error 
bars are standard error, * and ‘ns’ on the right side of the figure indicate for each trait whether 
the difference between the control and the rainfall exclusion treatments was significant at 
P<0.05. Different upper case letters indicate significant differences between traits of the 
sequence in the control treatment, and different lower case letters indicate significant 
differences between traits of the sequence in the rainfall exclusion treatment. Median and 
absolute minimum values of ΨPd recorded in the field during drought (Ψleaf med. , Ψleaf min) are 
also indicated by dashed lines for the control treatment, and by dotted lines for the rainfall 
exclusion treatment. 

 

The differences between ΨMd@ΨPd=0 and Kleaf P12 or Ψtlp were larger, on average, in the rainfall 

exclusion than in the control treatments (ΨMd@ΨPd=0 minus Kleaf P12: 1.14 ± 0.42 MPa vs. 1.53 

± 0.49 MPa for the control and rainfall exclusion treatments, respectively; ΨMd@ΨPd=0 minus 

Ψtlp: 1.44 ± 0.12 MPa vs. 2.06 ± 0.17 MPa for the control and rainfall exclusion treatment, 

respectively; Fig. 4) indicating that, under well-watered conditions, the trees from the rainfall 

exclusion treatments kept a larger margin before possibly losing some Kleaf or cell turgor. 

However, some differences between traits along the sequence tended to be reduced and less 

significant in the rainfall exclusion treatments due to both more negative Ψtlp and less negative 

Kleaf P50. As a consequence, the events of Kleaf P12, Ψtlp, ΨMd=ΨPd and Kleaf P50 all tended to 

occur within a narrower range of Ψleaf in the rainfall exclusion treatment (Fig. 4). The difference 

between ΨMd=ΨPd and Kleaf P50 was reduced in the rainfall exclusion treatment (0.91 ± 0.28 



MPa vs. 0.27 ± 0.29 MPa for the control and rainfall exclusion treatment, respectively) so the 

trees growing in drier conditions kept a narrower margin between the cessation of transpiration 

under severe water stress and the loss of leaf hydraulic function. The minimum Ψleaf measured 

in the rainfall exclusion treatments have exceeded the trees Kleaf P50 at least once since the start 

of the experiments in both Puéchabon and Font-Blanche, but this has never been the case yet in 

the control treatments (Fig. 4; Fig. S4). The median yearly minimum Ψleaf measured in the field 

show that the trees from the rainfall exclusion treatments exceed the Kleaf P12 at least every other 

year, while they do not reach this threshold as often in the control treatments. Thresholds Ψtlp 

and ΨMd=ΨPd were slightly more negative than the median ΨPd in every site and treatment, 

except in the rainfall exclusion treatment in Puéchabon (Fig. S4).  



Table 5. Pearson correlation matrix among the different traits measured in each tree for all sites and treatments pooled together (n=26 trees for 

traits measured in the laboratory on PV curve samples, and n=17 trees for ‘hydroscape’ traits or n=12 trees for gas-exchange traits measured in 

the field). The name of the variables are the same as in the other tables. Significant effects are in bold type with significance levels: * P<0.05; ** 

P<0.01; *** P<0.001. 

  Ψtlp Π0 ε af RWCtlp Cbulk Cbulk,tlp LMA LDMC Sl. ΨMd 
vs. ΨPd 

ΨMd = ΨPd 
thres. 

ΨMd @ 
ΨPd =0 

Hydrosc. gs gm 

Π0 0.77 ***               
ε -0.29 -0.76 ***             
af 0.79 *** 0.63 *** -0.29             
RWCtlp 0.47 * -0.17 0.49 * 0.51 **            
Cbulk -0.10 0.47 * -0.61 ** -0.22 -0.84 ***          
Cbulk,tlp -0.35 -0.55 ** 0.59 ** -0.53 ** 0.08 -0.11          
LMA -0.21 -0.23 0.17 -0.05 0.03 0.06 0.51 **         
LDMC -0.06 -0.36 0.26 0.16 0.48 * -0.52 ** -0.12 0.21        
Slope ΨMd vs. ΨPd -0.45 -0.35 0.18 -0.36 -0.05 -0.04 0.44 -0.01 -0.18       
ΨMd = ΨPd thres. 0.22 0.08 -0.16 0.04 -0.14 0.20 -0.26 -0.03 -0.27 -0.65 **      
ΨMd @    ΨPd =0 -0.33 -0.26 0.18 -0.36 -0.08 0.10 0.46 -0.13 -0.43 0.88 *** -0.40     
Hydroscape 0.15 0.19 -0.06 0.34 0.20 -0.26 -0.28 0.16 0.65 ** -0.42 -0.33 -0.72 **    
gs 0.36 0.54 -0.41 -0.07 -0.41 0.36 -0.42 -0.37 -0.21 -0.53 0.66 * -0.18 -0.35   
gm 0.27 0.49 -0.45 0.01 -0.38 0.39 -0.28 -0.54 * -0.38 -0.03 0.19 0.32 -0.41 0.68 *  
gmin -0.35 -0.23 0.22 -0.19 -0.19 0.18 -0.12 0.18 0.18 -0.27 0.28 -0.21 0.06 -0.02 -0.23 

 

 



Discussion 

 

Leaf hydraulic traits do not acclimate to long-term increased aridity 

The two rainfall exclusion experiments implemented in Puéchabon and Font-Blanche were 

efficient in increasing recurrently the water stress experienced by the trees (Fig. 1), but none of 

them resulted in significant changes of the leaf hydraulic vulnerability to water stress between 

the control and rainfall exclusion treatments (Fig. 2). Such an absence of plastic response to 

experimentally increased drought seems to confirm for the leaf hydraulics what was previously 

observed in similar experiments for branch hydraulic plasticity (Limousin et al. 2010; Hudson 

et al. 2018). Although plastic adjustments of the hydraulic vulnerability to water stress would 

be a powerful mean of acclimation to drought, there has yet been limited evidence for it in tree 

species. Some authors have observed a plastic response towards a lower xylem hydraulic 

vulnerability in experimentally water stressed trees, but this finding was generally restricted to 

seedlings and to particular species or ecotypes (Ladjal et al. 2005; Beikircher and Mayr 2009; 

Awad et al. 2010; Fichot et al. 2010; Corcuerra et al. 2011). Conversely, studies using 

reciprocal transplants have observed a limited plasticity of the branch hydraulic vulnerability, 

and unexpectedly more vulnerable xylem in the drier sites (Wortemann et al. 2011; Lamy et al. 

2014). 

Leaves are expected to exhibit a greater potential for hydraulic plasticity than branches, because 

Kleaf involves both a xylem pathway in the leaf veins and an outside-xylem pathway in the 

mesophyll (Cochard et al. 2004; Scoffoni and Sack 2017). The Kleaf decrease with water stress 

may be driven by xylem embolism (Brodribb et al. 2016), but also by leaf and cell shrinkage 

following dehydration (Scoffoni et al. 2014), decreased aquaporin activity (Kim and Steudle 

2007, Shatil-Cohen et al. 2011), or a combination of all the above (Trifilo et al. 2016; Scoffoni 

and Sack 2017). A seasonal acclimation of Kleaf has been observed in grapevines with 

decreasing Kleaf P50 while drought progresses (Martorell et al. 2015; Sorek et al. 2020). 

Martorell et al. (2015) hypothesized that such a drought acclimation was related to seasonal 

osmotic adjustments that maintain cell turgor and prevent leaf shrinkage thereby favoring 

hydraulic conductance in the outside-xylem pathway and aquaporin activity. More recent 

evidence suggests, however, that the seasonal plasticity of Kleaf P50 in grapevines is mostly 

related to xylem anatomical changes occurring through leaf ontogeny and maturation and is 



little influenced by drought intensity (Sorek et al. 2020), a phenomenon that has also been 

described for stem hydraulic vulnerability in this particular species (Charrier et al. 2018). 

Here we performed our measurements in an evergreen species, on 1-year old leaves that had 

endured a severe drought stress the preceding summer, several months before sampling (Fig. 

1). Significant changes in Kleaf,max and Kleaf P50 were thus to be expected between treatments and 

sites according to several alternative hypotheses: (hyp. 1) Kleaf would have acclimated to 

seasonal drought in proportion to treatment differences in Ψtlp, similarly to what is observed in 

grapevines (Martorell et al. 2015; Sorek et al. 2020); (hyp. 2) drought induced embolism in the 

leaf xylem would vary with the minimum Ψleaf experienced the previous summer, and would 

either lower Kleaf,max and Kleaf P50 in the rainfall exclusion treatments (Cochard et al. 2013), or 

alternatively would increase Kleaf P50 due to cavitation fatigue (Hacke et al. 2001); (hyp. 3) 

partial leaf drying and shedding observed in Puéchabon in 2017 as a consequence of the extreme 

water stress (Martin-StPaul et al. 2020) would have selected the most hydraulically resistant 

leaves in this site. 

The Kleaf P50 measured in our study, with values between -4.41 MPa and -5.44 MPa, was more 

negative than values already reported in Q. ilex (Kleaf P50 = -3.5 MPa in Nardini et al. 2012) or 

in other oak species (range of Kleaf P50 between -2.0 MPa and -3.5 MPa in evergreen and 

deciduous oaks measured in: Brodribb and Holbrook 2003; Scoffoni et al. 2011; Johnson et al. 

2012; Nardini et al. 2012; Trifilo et al. 2016; Scoffoni et al. 2017). Kleaf,max was also lower than 

values previously reported in these studies where they generally range between 4 and 11 mmol 

m-2 s-1 MPa-1 in oak species. Besides confirming that Kleaf is particularly drought resistant in Q. 

ilex (Nardini et al. 2012; Nardini and Luglio 2014), this result is coherent with the fact that our 

measurements were performed on old and drought-hardened leaves. Interestingly, the leaves 

were nonetheless more vulnerable to drought than branch xylem. We find a difference of more 

than 1 MPa between Kleaf P50 and the stem xylem P50 reported in the literature for Q. ilex, with 

Kleaf P50 being more in the range of stem P12 (Lobo et al. 2018; Sergent et al. 2020). This 

supports the vulnerability segmentation hypothesis according to which leaves may act as a 

‘safety-valve’ protecting the branches from xylem embolism during severe water stress (Tyree 

and Ewers 1991; Zhu et al. 2016; Scoffoni and Sack 2017), and is in accordance with 

observations of widespread leaf browning and shedding in Puéchabon during the severe 2016 

and 2017 droughts while branch mortality remained very limited (Martin-StPaul et al. 2020). 

In our study, intra-specific variability in leaf hydraulic traits was only detected between sites 

for Kleaf P50, which was more negative in Puéchabon where the lowest ΨPd were measured (Fig. 



1; Fig. 2). Nevertheless, the absence of treatment effect on Kleaf,max and Kleaf P50 (Fig. 2) 

contradicts the three hypotheses mentioned above, because differences between sites may have 

a genetic origin or be driven by plastic responses to other environmental factors than drought. 

Rejecting hyp. 1 suggests that, in Q. ilex, the drought acclimation of Kleaf P50 is more limited 

than the plasticity of other leaf and plant traits, especially those derived from PV curves. 

Rejecting hyp. 2 suggests that losses of Kleaf during the severe water stress in 2017 were mostly 

reversible. This interpretation is consistent with reports that the outside-xylem component 

drives most of the Kleaf vulnerability in other drought resistant oak species such as Q. rubra 

(deciduous, Trifilo et al. 2016) and Q. agrifolia (evergreen, Scoffoni et al. 2017), and with 

reports that xylem vulnerability to cavitation in Q. ilex is more negative than leaf water 

potentials observed in 2017 (between -6.30 and -7.16 MPa for xylem P50 in branches, Sergent 

et al. 2020; -6.40 MPa for xylem P50 in leaves, Moreno et al. in prep). However, Kleaf 

measurements before drought exposure would have been necessary to verify the absence of 

permanent Kleaf losses. Finally, rejecting hyp. 3 suggests a limited variability of Kleaf P50 within 

individuals, at least among the top-canopy sun-exposed leaves. Investigating the seasonal 

variations in leaf hydraulics during drought progression would now be necessary to better 

understand the roles of hydraulic plasticity and leaf aging in drought acclimation. 

 

Leaf drought tolerance acclimates through osmotic adjustments 

Contrary to hydraulic traits, PV-derived traits Ψtlp, Π0, ε and af all exhibited a significant 

plasticity in response to experimental rainfall manipulation (Table 3). Trees growing in the 

rainfall exclusion treatments had a more negative Ψtlp than trees in the control treatments, 

thereby allowing the leaves to maintain cell turgor under drier soil conditions. This plastic 

adjustment is a common and expected drought response, particularly in anisohydric (Meinzer 

et al. 2014) and Mediterranean species (Bartlett et al. 2014) such as Q. ilex. The average 0.47 

MPa difference in Ψtlp between treatments was very similar to the mean seasonal plasticity in 

turgor loss point evidenced in a meta-analysis of 283 species (0.44 MPa; Bartlett et al. 2014). 

The Ψtlp response to rainfall exclusion was driven by osmotic adjustment, as evidenced by the 

strong correlation between Ψtlp and Π0 (Table 5) and by the comparable magnitude of change 

between treatments for Π0 (0.45 MPa) and for Ψtlp (0.47 MPa; Table 3). This finding is 

consistent with strong empirical and theoretical evidence that changes in Ψtlp within and across 

species are mainly driven by changes in Π0 rather than ε (Lenz et al. 2006; Bartlett et al. 2012). 



Leaf acclimation to drought through osmotic adjustment arises from the accumulation of solutes 

such as sugars, amino-acids and ions in the cells that lower Π0 during periods of drought 

(Morgan 1984). Osmotic adjustment is energetically costly because these solutes become 

unavailable for growth and metabolism (Bartlett et al. 2014; Salmon et al. 2015). On the other 

hand, growth and metabolism are also down-regulated during drought (Rodriguez-Calcerrada 

et al. 2011; Lempereur et al. 2015), which reduces the sink of sugars and amino-acids and thus 

the cost of osmotic adjustment. Although some studies have reported that osmotic adjustment 

may be rapidly reversed upon leaf rehydration (Davis and Mooney 1986; Thomas and Gausling 

2000), others have shown that leaves can maintain more negative Π0 and Ψtlp for long periods 

of time after the return of wetter conditions (Hsiao et al. 1976). This is particularly the case in 

Q. ilex which presents significantly more negative Π0 and Ψtlp in drought-hardened 1-year old 

leaves than in newly emerged leaves before their first exposure to drought (Dreyer et al. 1990). 

This drought legacy explains why rainfall exclusion effects on Π0 and Ψtlp were maintained in 

spring 2018, in a period when experimental rainfall exclusion had no impact on tree Ψpd. Leaf 

osmotic adjustment thus appears as a powerful mechanism to cope with water stress but also to 

acclimate to repeated drought cycles in species where lower Π0 can be sustained through time 

(Bartlett et al. 2014). 

Although ε and af also exhibited a significant treatment response in our study (Table 3), these 

two traits could not contribute to lower Ψtlp in the rainfall exclusion treatment because their 

variation was in the opposite direction than that driving a causal decrease of Ψtlp according to 

the PV curve theory (Bartlett et al. 2012). Mechanistically, a higher ε and a lower af should 

drive less negative Ψtlp, contrary to what we observed here. Hence, plastic adjustments of ε and 

af in response to the rainfall exclusion should rather be interpreted for their effects on RWCtlp 

and leaf capacitance because a coordinated reduction of Π0 and increase of ε allows to lower 

Ψtlp while maintaining a constant RWCtlp. This coordinated response, known as the ‘cell water 

conservation hypothesis’ (Cheung et al. 1975; Bartlett et al. 2012), prevents the dangerous cell 

dehydration and shrinkage that could otherwise arise from lowering the Ψtlp. As a matter of fact, 

RWCtlp was the only invariable PV curve trait in our results (Table 3), which highlights the 

importance of conserving cell water while osmotically acclimating to drought. Likewise, higher 

ε and lower af were correlated with an increase in Cbulk,tlp (Table 5, Bartlett et al. 2012). This 

plastic response contributes to the ability to survive water shortage because Cbulk,tlp determines 

the leaf water storage available after turgor loss and stomatal closure, and thus the leaf survival 

time before complete desiccation (Sack et al. 2003). However, in spite of significant treatment 



effects on af and ε, the observed increase in Cbulk,tlp in the rainfall exclusion treatments was not 

large enough to be significant (Table S2). Moreover, because we did not observe any change in 

gmin between treatments (Table 4), we only have indirect indication that acclimation to drought 

in the rainfall exclusion treatments allows the leaves to withstand longer drought periods before 

desiccation. 

 

Acclimation of drought tolerance is associated with narrower safety margins 

The plastic responses of the Ψ thresholds for leaf functional decline during drought did not 

modify their sequence between treatments and sites (Fig. 4; Fig. S4). Our results mostly 

confirmed earlier conclusions obtained in meta-analysis or species comparison, with a notable 

exception being the rank of Kleaf P50 which was more negative than Ψtlp and the water potential 

at complete stomatal closure (assessed by ΨMd=ΨPd), contrary to what is generally reported in 

other species (Bartlett et al. 2016; Trueba et al. 2019). This difference is likely explained by 

the evergreen phenology of Q. ilex, as evergreen leaves must avoid hydraulic dysfunction in 

order to remain functional for several years (Bartlett et al. 2016). This result, and the fact that 

ΨMd@ΨPd=0 was significantly less negative than Kleaf P12, indicate that the loss of leaf hydraulic 

conductance, whether inside or outside the xylem, does not occur routinely in Q. ilex leaves and 

is avoided by stomatal regulation under well-watered to moderately water stressed conditions 

(Creek et al. 2020).  

Our study is the first to investigate experimentally the impact of plasticity on this sequence of 

drought tolerance thresholds. Ψtlp exhibited a significant plasticity in response to the 

experimental treatments, and non-significant changes toward more negative Ψ values were 

observed for Kleaf P12 and ΨMd=ΨPd, and toward less negative Ψ values for ΨMd@ΨPd=0, Kleaf 

P50 and Kleaf P80 (Fig. 4). The consequence of plasticity was thus a small contraction of the 

safety margins because Kleaf P12, Ψtlp, ΨMd=ΨPd and Kleaf P50 all occurred within a narrower 

range of Ψleaf in the rainfall exclusion treatment than in the control. Our results thus support the 

view of Martin-StPaul et al. (2017) that drought acclimation increases the risk of hydraulic 

failure, because a more negative Ψtlp in drought-acclimated leaves promotes latter stomatal 

closure during drought (Brodribb and Holbrook 2003; Martin-StPaul et al. 2017). The leaf 

water potential at complete stomatal closure under field conditions should, however, be more 

accurately quantified by ΨMd=ΨPd than by Ψtlp (Meinzer et al. 2016). Although, Ψtlp and 

stomatal closure generally match in interspecific studies (Meinzer et al. 2016; Martin-StPaul et 



al. 2017), results in our control treatments confirm the observation by Bartlett et al. (2016) that 

Ψleaf at complete stomatal closure in the field (here ΨMd=ΨPd) can be significantly more negative 

than Ψtlp (Fig. 4). This difference may be explained either by a larger seasonal plasticity in Ψtlp 

than what we quantified here with our treatment comparison, or by the fact that guard cells 

controlling stomatal aperture are partly isolated from the bulk leaf turgor (Buckley 2019). In 

any case, considering either ΨMd=ΨPd or Ψtlp as thresholds for stomatal closure confirms that 

leaf safety margins before hydraulic failure were smaller in the rainfall exclusion than in the 

control treatments. 

The trajectories of ΨMd regulation exhibited a limited plasticity between treatments, which 

points out nevertheless to a more anisohydric behavior in the rainfall exclusion treatments 

(steeper Slope ΨMd vs. ΨPd; Table 2). Moreover, anisohydry was associated with more negative 

ΨMd=ΨPd and less negative ΨMd@ΨPd=0 (Table 2). A more anisohydric regulation of ΨMd has 

thus two consequences: first, complete stomatal closure tends to occur later under drought, 

which reduces the safety margin before hydraulic failure; second, a larger difference is 

maintained between ΨMd and Kleaf P12 or Ψtlp under well-watered conditions. This smaller 

diurnal drop in ΨMd under well-watered conditions in the rainfall exclusion treatments is 

consistent with observations that more negative Π0 is generally correlated with lower maximum 

stomatal conductance (Henry et al. 2019; Bartlett and Sinclair 2020). It is also consistent with 

previous observations that tree hydraulic architecture has acclimated through a reduced leaf 

area per sapwood area in the rainfall exclusion treatments, which, in turn, reduces the tree 

transpiration and water potential gradient from the soil to the leaves (Limousin et al. 2010a; 

Martin-StPaul et al. 2013; Moreno et al. 2021). 

These results collectively suggest an acclimation of leaf gas-exchange regulation in the rainfall 

exclusion treatments, which involves both a more negative Ψleaf threshold for stomatal closure 

under drought but also a lower transpiration and Ψleaf drop under well-watered conditions. This 

pattern of drought acclimation is further suggested by the positive correlation observed between 

gs and ΨMd=ΨPd (Table 5). This means that trees with a latter stomatal closure during drought 

also exhibit a lower maximum transpiration in well-watered periods, and conversely, a 

phenomenon previously described in conifer species exposed to a long-term rainfall exclusion 

experiment (Limousin et al. 2013). By delaying the stomatal closure and the turgor loss during 

drought progression, leaf acclimation to drought would thus benefit tree functioning mostly in 

periods of moderate water stress. This is consistent with an earlier observation that increased 

stem hydraulic capacitance in the rainfall exclusion treatment in Puéchabon contributed to 



carbon gain during well-hydrated periods, rather than to prevent losses of hydraulic 

conductance during severe water stress (Salomon et al. 2020). From a gas-exchange 

perspective, these responses to rainfall exclusion allow the maintenance of a positive leaf 

carbon balance for longer periods and the maximization of the water use efficiency (Holloway-

Phillips and Brodribb 2011; Limousin et al. 2013). Perhaps more importantly in the evergreen 

Q. ilex, drought acclimation may also maintain the turgor necessary for growth during longer 

periods of time (Lempereur et al. 2015), and the source of photo-assimilates necessary to the 

initiation of future organs in buds and the accumulation of reserves in seeds, two processes that 

occur during the water limited summer (Bykova et al. 2018; Le Roncé et al. 2020). Such an 

increased tolerance to moderate drought seems however to be a risky behavior in case of severe 

drought as it does not increase the leaf resistance to severe water stress. 
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