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A B S T R A C T

Global warming is exposing plants to increased risks of drought-driven mortality. Recent advances suggest that 
hydraulic failure is a key process leading to plant death, and the identification of simple and reliable proxies of 
species-specific risk of irreversible hydraulic damage is urgently required. 

We assessed the predictive power of leaf water content and shrinkage for monitoring leaf hydraulic failure in 
two Mediterranean native species, Salvia ceratophylloides (Sc) and S. officinalis (So). 

The study species showed significant differences in relative water content (RWC) thresholds inducing loss of 
rehydration capacity, as well as leaf hydraulic conductance (KL) impairment. Sc turned out to be more resistant to 
drought than So. However, Sc and So showed different leaf saturated water content values, so that different RWC 
values actually corresponded to similar absolute leaf water content. Our findings suggest that absolute leaf water 
content and leaf water potential, but not RWC, are reliable parameters for predicting the risk of leaf hydraulic 
impairment of two Salvia species, and their potential risk of irreversible damage under severe drought. Moreover, 
the lack of any KL decline until the turgor loss point in Sc, coupled to consistent leaf shrinkage, rejects the hy
pothesis to use leaf shrinkage as a proxy to predict KL vulnerability, at least in species with high leaf capacitance. 
Robust linear correlations between KL decline and electrolyte leakage measurements suggested a role of mem
brane damage in driving leaf hydraulic collapse.   

1. Introduction

Water availability is a common limiting factor for terrestrial plants
growing in arid and semi-arid regions. However, global warming is ex
pected to expose plants of several different biomes to increased risk of 
die-off induced by anomalous drought and heat waves (i.e., Eamus et al., 
2013; Allen et al., 2015; Brodribb et al., 2019). In fact, increased air 
temperature and VPD are expected to exacerbate drought impacts at a 
global scale, even for biomes generally not water-limited (Allen et al., 
2010). The impacts of species-specific die-off on biodiversity and 
ecosystem services are potentially dramatic, and are predicted to worsen 
in the next future (Anderegg et al., 2013; IPCC 2019). 

Plant responses to drought are complex, and involve the coordina
tion of different and still not well understood physiological mechanisms. 
There is current consensus that plant hydraulics play a critical role in 
setting species-specific tolerance to drought (McDowell et al., 2019). In 
fact, hydraulic failure has been recognized as a major correlate of 

drought-driven plant death (Hartmann et al., 2013; Rowland et al., 
2015; Adams et al., 2017; Choat et al., 2018), and a loss of plant hy
draulic conductivity (PLC) of 90% is considered a point of no return 
leading to plant death (Urli et al., 2013; Trifilò et al., 2015; Hammond 
et al., 2019). However, a number of relevant questions on correlations 
between hydraulic traits and plant resistance/resilience to drought 
remain unresolved (Cardoso et al., 2020). Most importantly, 
easy-to-measure and reliable indicators of drought-driven mortality risk 
are still largely lacking (Anderegg et al., 2019; Sapes et al., 2019; Stocker 
et al., 2019). 

Recently, the relative water content (RWC) has been suggested as a 
simple indicator of plant mortality risk, due to its multiple correlations 
with plant hydraulics, stomatal aperture and carbon uptake (Martí
nez-Vilalta et al., 2019). Sapes et al. (2019) have reported good corre
lations between plant water content, loss of hydraulic conductivity and 
carbohydrate depletion in Pinus ponderosa samples. Stem RWC was 
useful for predicting loss of hydraulic conductivity in some tree species 
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(Rosner et al., 2019), but Mantova et al. (2021) pointed out that this 
might only apply to woody angiosperms, and not to conifers. 

In the present study, we investigated the robustness of leaf water 
content as a proxy for predicting the occurrence of hydraulic failure in 
two native Mediterranean species, Salvia ceratophylloides Ard. and Salvia 
officinalis L. Climate change is expected to be exacerbated in the Medi
terranean region where summer warming rates are apparently 20–40% 
higher than the global mean value (Mariotti et al., 2015; Lionello and 
Scarascia, 2018; Raymond et al., 2019). This, in turn, may affect typical 
biodiversity richness of the Mediterranean biome (i.e., Cowling et al., 
2015; Rundel et al., 2016; Buira et al., 2021), increasing the extinction 
risk of different endemic species (Sala et al., 2000; Underwood et al., 
2009; Cramer et al., 2018; Tramblay et al., 2020). On this view, checking 
possible indicators of hydraulic failure on native Mediterranean species 
is very relevant for improving the reliability of predictive models of 
Mediterranean vegetation responses to novel climate conditions. 

Our study has been focused on leaf hydraulic conductance (KL) as a 
major driver of plant hydraulics (Brodribb and Holbrook, 2004; Bro
dribb et al., 2005; Hochberg et al., 2017; Skelton et al., 2017; Scoffoni 
et al., 2016; Wang et al., 2018; Xiong and Nadal, 2020). Moreover, 
significant correlations have been reported between leaf hydraulic 
vulnerability and mean annual precipitation across diverse species’ as
semblages (Blackman et al., 2014; Nardini and Luglio, 2014), suggesting 
that leaf hydraulic safety plays a critical role in drought tolerance (Fang 
et al., 2020). Leaf hydraulic vulnerability to water stress has been 
originally attributed to the occurrence of xylem embolism, which was 
considered as the major cause of KL decline under drought (i.e., Nardini 
et al., 2003; Scoffoni et al., 2011; Johnson et al., 2012). However, recent 
findings have outlined the relevance of the outside-xylem pathways in 
controlling KL changes during dehydration (Trifilò et al., 2016, Scoffoni 
et al., 2017b; 2018), as well as post-drought recovery (Trifilò et al., 
2020). Some studies have documented a trade-off between leaf hy
draulic vulnerability and the leaf shrinkage that is typically observed 
during dehydration: higher shrinkage before the turgor loss point was 
reported for species with higher KL vulnerability (Scoffoni et al., 2014; 
Trifilò et al., 2016). These results suggest that cell shrinkage might drive 
the KL decline during mild dehydration by affecting the extra-xylem 
water transport pathway. This, in turn, may trigger stomatal closure 
and protect Kx from xylem embolism spread (Scoffoni et al., 2014, 
2017a; Trifilò et al., 2016, 2020). 

In this view, a reliable indicator of the risk of leaf hydraulic damage 
like leaf shrinkage (Scoffoni et al., 2014; Trifilò et al., 2016) and/or RWC 
thresholds (Trueba et al., 2019) may actually well quantify the risk of 
leaf hydraulic failure. In accordance, John et al. (2018) reported 
species-specific RWC thresholds for loss of leaf rehydration capacity, as a 
possible indicator of dehydration tolerance. 

We compared the leaf hydraulic vulnerability to drought of two 
Salvia species to check if leaf water content and/or leaf shrinkage may be 
reliable proxies of incipient leaf hydraulic failure. We specifically tested 
the following hypotheses: 1) different Salvia species display similar 
critical RWC dehydration thresholds for leaf hydraulic failure; 2) leaf 
hydraulic failure leads to loss of leaf rehydration capacity; 3) leaf 
shrinkage before the turgor loss can be used as an early diagnostic tool to 
predict KL impairment. 

2. Materials and methods

2.1. Plant material and growth conditions 

Experiments have been performed on 8-month-old plants of 
S. ceratophylloides and S. officinalis. S. ceratophylloides (Sc) is a rare 
perennial herbaceous species, endemic in southern Italy (Crisafulli et al., 
2010). To the best of our knowledge, no data on hydraulics and water 
relations of this species are available in the literature. S. officinalis (So) is 
a Mediterranean-native perennial species, widely naturalized even 
outside its original habitat (Pignatti, 2002). Previous studies have 

analyzed some of the functional bases of drought tolerance of this spe
cies (Raimondo et al., 2015; Savi et al., 2016). 

In October 2019, seeds provided by the Botanical garden of the 
University of Messina were fully immersed in water for 24 h, and then 
planted in greenhouse trays. After emergence of at least two developing 
leaves, seedlings were transferred in 3.4 L pots filled with forest topsoil 
collected from Colli San Rizzo (Messina, Italy). Seedlings were grown in 
a greenhouse until the beginning of May 2020. The greenhouse received 
only natural light, with maximum daily values of photosynthetic photon 
flux density (PPFD) averaging 810 ± 260 μmol s− 1 m− 2, air temperature 
ranging from 21 ± 2 ◦C to 17 ± 2 ◦C (day/night), and air relative hu
midity of 55 ± 3%. During the growth period plants were regularly 
irrigated to field capacity on a daily basis. At the beginning of May, 15 
samples per species were transferred in a garden of the Department 
CHIBIOFARAM, University of Messina. All measurements were per
formed in June 2020. 

2.2. Pressure-volume (PV) curves and capacitance measurements 

Leaf water potential at the turgor loss point (Ψtlp), osmotic potential 
at full turgor (π0), bulk modulus of elasticity (ε) and leaf capacitance at 
full turgor were calculated based on leaf water potential isotherms 
measured at the beginning of June in well-watered plants. Leaves were 
collected from 5 different plants per species, and water potential iso
therms were obtained following the procedure described by Tyree and 
Hammel (1972). Ψtlp was estimated as the flex point of the relationship 
between 1/leaf water potential (ΨL) and the water loss; π0 was calcu
lated by the y-intercept of the linear region of this relationship; ε was 
calculated as: ΔPt/(ΔW/W) where ΔPt is the change of turgor pressure 
and ΔW/W is the relative change of the leaf water content. 

Leaf capacitance before (Cft) and at Ψtlp (Ctlp) was estimated by PV 
curves analysis as well as by the fast rehydration kinetic method (FRM, 
Nardini et al., 2012) because i) differences in leaf capacitance may be 
obtained between different techniques (Blackman and Brodribb, 2011; 
Trifilò et al., 2016) and ii) changes in capacitance value before and at the 
turgor loss point have been reported in some species (Trifilò et al., 
2016). On the basis of PV curves, leaf capacitance was calculated from 
the slope of the relationship between the water loss and ΨL before and 
after the turgor loss (i.e., Cft, PV and Ctlp, PV, respectively) and normalised 
by leaf area (AL). Leaf images were acquired with a scanner (HP Scanjet 
G4050, USA) and AL was measured with the software ImageJ (http://i 
magej.nih.gov/ij/). Dry weight (DW) was obtained after oven-drying 
leaves for 3 days at 70 ◦C. 

For the leaf rehydration kinetic method, twelve leaves per species 
were cut under water and rehydrated for at least 1 h. Leaves were then 
dehydrated on the bench to ΨL values corresponding to about 50% of 
species-specific Ψtlp (n = 6), or to Ψtlp (n = 6). More in detail, before 
estimating their initial ΨL, samples were wrapped in plastic film, 
weighed to record their initial weight (Wi) and inserted in the pressure 
chamber to estimate their water potential. Once the balance pressure 
was reached, the cut section of the petiole was covered with deionized 
water and the pressure inside the chamber was released at a rate of 
0.015 MPa s− 1 down to atmospheric value, thus allowing leaf rehydra
tion. At the end of pressure relaxation, the excess water was adsorbed 
with a filter paper and the leaf was left inside the chamber for 5 min at 
atmospheric pressure to allow equilibration of water content and ΨL. ΨL 
was measured again (i.e., final ΨL) and the leaf was weighed to obtain its 
final weight (Wf). Leaf capacitance in the turgor range (Cft,FRM) or to Ψtlp 
(Ctlp,FRM) was calculated as (Wf – W0)/(initial ΨL – final ΨL) and nor
malised by AL. 

2.3. Estimating the leaf relative water content and leaf rehydration 
capacity during dehydration 

To check the rehydration time and avoid artefacts induced by over- 
hydration phenomena, we measured the time course of rehydration in 
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both species during preliminary experiments. Ten leaves per species at 
different levels of dehydration were measured for their fresh weight 
(FW) and then rehydrated with petioles immersed in deionized water. 
Their weight was then measured each hour for 8 consecutive hours and 
24 h later. Samples were finally oven-dried to obtain DW. The saturated 
water content (SWC) was reached within 5–8 h in both species and no 
further significant increase in leaf water content was recorded (Fig. S1B, 
D). For this reason, the turgid weight (TW) of measured samples was 
recorded after 8–12 h of rehydration. 

Measurements of the relative leaf water content (RWC) and per
centage loss of leaf rehydration capacity (PLRC) during dehydration 
were performed on samples collected from well-watered plants. Shoots 
were cut under water, rehydrated for about 1 h to full turgor, and bench- 
dehydrated for time interval ranging from 5 min to 48 h. During the 
rehydration and following bench-dehydration, shoots were maintained 
in a black plastic bag with a piece of wet filter paper inside, for at least 
30 min in order to stop transpiration and favour the equilibration of 
water potential values across all leaves. At different dehydration levels, 
leaves were collected and their FW was immediately recorded. Leaves 
were then rehydrated for >8 h with their petiole immersed in a beaker 
containing deionized water, and finally oven-dried to obtain their DW. 
For each leaf, we calculated RWC as:  

RWC = 100*[(FW-DW)/DW]/SWC                                                         

and PLRC as:  

PLRC = 100*100-[(TW-DW)/ DW]/SWC                                                 

where SWC is the saturated water content (g g− 1) of leaves at ΨL < − 0.5 
MPa. RWC is frequently estimated as: (FW-DW)/(TW-DW). However, at 
species-specific water content values, cells lose their rehydration ability 
and this produces overestimation of RWC values. In accordance, when 
overcoming species-specific thresholds, we recorded discrepancies be
tween the values obtained applying the two different formulas (Sup
plementary Fig. 1A, C). 

In order to estimate possible relationships between RWC, PLRC, leaf 
water potential, cell membrane damage and leaf hydraulic conductance 
values during the dehydration, additional leaves adjacent to those 
measured for RWC and PLRC, were also collected during the bench- 
dehydration and used for experiments described below. 

Leaves measured for RWC were used also for estimating the leaf mass 
per unit area (LMA) (see below). 

2.4. Estimating leaf hydraulic conductance changes during dehydration 

Leaf hydraulic conductance (KL) was measured using the rehydration 
kinetic method (RKM) (Brodribb and Holbrook, 2003). Leaves were 
sampled at different dehydration levels from the same shoots used for 
estimating RWC and PLRC (see above). One leaf was sampled and used 
to estimate the initial water potential (Ψi). A second adjacent leaf was 
detached with the petiole immersed in 10 mM KCl solution filtered at 
0.2 μm, and left rehydrating for 30–90 s before measuring the final leaf 
water potential (Ψf). Leaf hydraulic conductance was then calculated as:  

KL = C*t− 1 * ln(Ψi/Ψf)                                                                          

where C is the leaf capacitance, t is the rehydration time. Because dif
ferences in leaf capacitance were recorded between PV and FRM 
methods (see above), we used values measured by the FRM because they 
more closely resemble the fast water exchange occurring during leaf 
transpiration, opposed to slow water release during bench dehydration 
(Blackman and Brodribb, 2011). All KL measurements were performed 
at normal laboratory irradiance (PPFD<10 μmol m− 2 s− 1) and normal
ised at 20 ◦C. 

2.5. Leaf hydraulic conductance response to irradiance 

Light-driven changes in KL have been recorded in different species (i. 
e., Scoffoni et al., 2008; Xiong et al., 2018), and in some cases can lead to 
changes in leaf hydraulic vulnerability (Guyot et al., 2012; Trifilò et al., 
2020). To check this possible effect in our study species, measurements 
of KL were performed at laboratory irradiance or after 30 min illumi
nation by a LED light source (Dya, APOLLO LED) providing a PPFD of 
1200 μmol m− 2 s− 1. Measurements were performed the evaporative flux 
method (EFM, Sack et al., 2002). Well-watered leaves (i.e., ΨL > − 0.5 
MPa) were cut under water and connected to rigid peek tubing con
nected to a beaker containing water. The beaker rested on a digital 
balance and flow readings were recorded at 30s intervals at atmospheric 
pressure. Leaves were maintained next to a fan to promote water loss 
and, to avoid leaf over-heating during measurements at high irradiance, 
a transparent plastic container filled with water was placed between the 
leaf surface and the lamp. 

Measurements were performed only in well-watered samples, and 
not repeated in dehydrating leaves because no KL changes were recorded 
in response to irradiance (see Results). 

2.6. Leaf cell membrane integrity 

Electrolyte leakage measurements were done to obtain insights into 
eventual cell membrane damage induced by leaf dehydration (Trifilò 
et al., 2020). Measurements were performed on leaf samples collected 
from bench-dehydrated shoots at different dehydration levels and 
already used to measure RWC, PLRC, ΨL and KL (see above). Leaf discs of 
about 0.5 cm2 were cut with a razor blade and inserted in a test tube 
containing 8 mL of distilled water. Samples were stirred for 30 min at 
room temperature and the initial electrical conductivity of the solution 
(ECi) was recorded by a conductivity meter (Cond 5, XS instruments, 
Italy). Samples were then subjected to three freeze-thaw cycles (i.e., T =
− 20 ◦C, +20 ◦C) to induce complete membrane disruption and pro
cessed as above to measure the final electrical conductivity of the so
lution (ECf). The relative electrolyte leakage (REL) was calculated as 
(ECi/ECf) *100. 

2.7. Minimum cuticular conductance 

Minimum leaf conductance to water vapor (gmin) was measured in 6 
leaves per species, by measuring the minimum transpiration rate divided 
by mole fraction vapor pressure deficit and two times the mean pro
jected leaf area (John et al., 2018). In detail, leaves were first hydrated 
for >8 h. After recording their turgid weight and leaf area, they were 
suspended by their petioles over a fan for at least 2 h to induce stomatal 
closure. During this dehydration time leaves were weighed at 15 min 
intervals and, finally, the leaf area was measured again and leaves were 
oven-dried for 3 days at 70 ◦C to obtain DW. Room temperature and 
relative humidity were recorded at 30 s intervals using a thermohygr
ometer (Velleman, Gavere, Belgium). 

2.8. Structural traits 

Samples measured for RWC were used also for estimating the leaf 
mass per unit area (LMA) calculated as DW/AL. Leaf shrinkage during 
progressive dehydration (Scoffoni et al., 2014; Trifilò et al., 2016) was 
measured on 15 leaves per species. Shoots were cut under water and left 
rehydrating for about 1 h. Fully turgid leaves were collected and 
immediately measured for their FW, AL and leaf thickness (TL, estimated 
by averaging values recorded in the bottom, middle, and top thirds of 
the leaf with a digital calliper, accuracy ± 0.01 mm). Leaf volume (V) 
was estimated as: TL × AL. Samples were then fixed by their petiole to a 
bar opposite to a fan to favour dehydration and repeatedly measured for 
the above parameters at different ΨL values until turgor loss point was 
reached. They were finally oven-dried, and the above parameters were 
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measured again. The leaf water potential at different levels of dehy
dration was measured on leaf samples (different from those used to 
measure leaf shrinkage) randomly placed next to leaves used for 
shrinkage measurements. Two leaves for each level of dehydration were 
randomly selected to estimate leaf water potential (ΨL) with a pressure 
chamber (3005 Plant Water Status Console, Soilmoisture Equipment 
Corp., Goleta, CA, USA). 

Samples measured for leaf shrinkage traits were used also to estimate 
leaf succulence and leaf density as:  

Leaf succulence = SWC/AL                                                                     

Leaf density = LMA/TL                                                                          

2.9. Statistical analysis 

To test possible differences among Sc and So in leaf structural traits, 
water storage traits, and data obtained by PV analysis and shrinkage 
traits, a t-test (α = 0.05) was performed after checking for normality 
assumption. To test the differences among species (Sc and So) and the 
effects of cell turgor (i.e., before and to turgor loss point) on leaf 
capacitance as well as the effects of irradiance (low versus high irradi
ance) as measured by the EFM a two-way ANOVA test was performed. 
For statistically significant tests (p < 0.05), a Tukey’s post hoc test using 
Holm-Sidak p-values correction was carried out to perform pairwise 
comparisons. Simple linear regressions were used to determine the re
lationships between REL to RWC, REL to ΨL, PLRC to REL, KL to REL and 
REL to water content for each species independently. Lines were fitted 
for leaves with REL >15% for Sc and >18% for So (i.e., REL values 
recorded in well watered samples). All previous analyses were run using 

SigmaStat 2.0 (SPSS, Inc.,Chicago, IL, USA) statistics package. The 
relationship between RWC and ΨL, PLRC and ΨL, and between PLRC and 
RWC in each species were assessed using “fitplc” package for R software 
(R Core Team, 2020). Specifically, a sigmoidal model was fitted and Ψ 
values and associated 95% confidence intervals (C.I.s) corresponding to 
RWC equal to 50% (PRWC50), PLRC equal to 10% and 50% (RWCPLRC10 
and RWCPLRC50, respectively) and RWC values and associated 95% C.I.s 
corresponding to PLRC values of 10 and 50% (RWCPLRC10 and 
RWCPLRC50, respectively) were calculated. Using the same framework, 
we calculated Ψ and RWC values and associated 95% C.I.s correspond
ing to 10%, 50% and 88% loss of KL in each species (P10, P50, P88, 
RWCKL10, RWCKL50, RWCKL88, respectively) as well as PLRC and asso
ciated 95% C.I.s corresponding to 10% and 50% loss of KL in each spe
cies (i.e., PLRCKL10 and PLRCK50L). At last, leaf water content values and 
associated 95% C.I.s corresponding to PLRC of 10% and 50% and to loss 
of KL of 10, 50% and 88% were also calculated. Differences of each of the 
abovementioned parameters between Sc and So were considered as 
statistically significant when the 95% C.I.s did not overlap. 

3. Results 

Compared to S. ceratophylloides, S. officinalis had higher values of leaf 
surface area (17 versus 10 cm2), leaf volume (1.2 versus 0.6 cm3), leaf 
thickness (0.8 versus 0.6 mm), LMA (80 versus 56 g m− 2) and leaf 
density (0.13 versus 0.07 g cm− 3) (Table 1). By contrast, Sc showed 
significantly higher leaf succulence (35 versus 25 mg cm− 2), SWC (5.2 
versus 3.4 g g− 1) and gmin (8.3 ± 0.5 versus 3.2 ± 0.8 mmol m− 2 s-1) 
than So. 

Leaf capacitance values before and after turgor loss, as obtained by 
PV curve analysis (i.e. Cft, PV and Ctlp, PV), were substantially higher than 

Table 1 
Mean values ± SD of leaf structural traits, water storage traits, PV traits and leaf shrinkage traits as measured in S. ceratophylloides and S. officinalis plants. Number of 
replicas (n) are specified and P values are reported. Different letters indicate statistically significant leaf capacitance values through a two-way Anova analysis (S: 
species, M: method, SxM: Species x Method). AL: leaf area, VL: leaf volume; TL: leaf thickness; LMA: leaf mass area; SWC: leaf saturated water content; Cft, FRKM and Ctlp, 

FRM: leaf capacitance at full turgor and at turgor loss point, respectively, estimated by fast rehydration kinetic method; Cft, PV and Ctlp, PV: leaf capacitance at full turgor 
and at turgor loss point, respectively, estimated by PV curve analysis; gmin: minimum cuticular conductance; Ψtlp: leaf water potential at turgor loss point; πo: osmotic 
potential at full turgor; εmax: bulk modulus of elasticity; RWCtlp: relative water content at turgor loss point; PLTtlp and PLTdry: percentage loss of leaf thickness at turgor 
loss point and of a dry leaf, respectively; PLAtlp and PLAdry: percentage loss of leaf area at turgor loss point and of a dry leaf, respectively; PLVtlp and PLVdry: percentage 
loss of leaf volume at turgor loss point and of a dry leaf, respectively.   

S. ceratophylloides S. officinalis P value  

Leaf structural traits  
AL, cm2 (n = 50) 9.3 ± 4.9 17.0 ± 7.4 <0.001 
VL, cm3 (n = 15) 0.58 ± 0.19 1.22 + 0.33 <0.001 
TL, mm (n = 15) 0.58 ± 0.08 0.79 ± 0.07 <0.001 
LMA, g m− 2 (n = 50) 55.6 ± 14.2 79.5 ± 16.5 <0.001 
Leaf density, g cm− 3 (n = 15) 0.07 ± 0.01 0.13 ± 0.02 <0.001  

Water storage traits  
Leaf succulence, mg cm− 2 (n = 15) 35.3 ± 7.9 25.2 ± 5.7 <0.001 
SWC, g g− 1 (n = 7) 5.2 ± 0.6 3.4 ± 0.3 <0.001 
Cft, FRM 0.216 ± 0.093a 0.215 ± 0.080a S:0.012 
mmol m− 2MPa− 1 (n = 6)   M: <0.001 
Ctlp, FRM 0.667 ± 0.166 b 0.383 ± 0.078c SxM: 0.012 
Cft, PV 2.049 ± 0.564a 1.033 ± 381.2a S:<0.001 
mmol m− 2MPa− 1 (n = 5)   M: <0.001 
Ctlp, PV 9.941 ± 1.865b 3.984 ± 1.643c SxM: <0.001 
gmin, mmol m− 2s− 1(n = 5) 8.3 ± 0.5 3.2 ± 0.8 <0.001  

PV traits (n = 5)  
Ψtlp (MPa) 1.48 ± 0.04 1.87 ± 0.14 0.02 
π0 (MPa) 1.19 ± 0.03 1.52 ± 0.16 0.008 
εmax (MPa) 17.20 ± 3.8 27.8 ± 1.6 <0.01 
RWCtlp(%) 74.5 ± 6.9 74.70 ± 5.4 0.975  

Shrinkage traits (n = 15)  
PTLtlp, % 21.65 ± 9.39 10.64 ± 4.56 <0.001 
PLAtlp, % 6.89 ± 2.65 6.43 ± 2.56 0.777 
PLVtlp, % 21.5 ± 11.5 14.07 ± 5.7 0.005 
PTLdry, % 50.20 ± 7.10 26.11 ± 7.18 <0.001 
PLAdry, % 48.54 ± 5.98 45.21 ± 4.33 0.054 
PLVdry, % 74.67 ± 7.98 60.86 ± 5.52 <0.001  
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values obtained by the fast rehydration kinetic method (i.e. Cft,FRM Ctlp, 

FRM, Table 1). Nevertheless, the two techniques showed a similar trend, 
in that leaf capacitance was similar in the two species, independent on 
the method (i.e., about 0.22 mol m− 2s− 1 MPa− 1 by FRM and about 1.5 
mol m− 2s− 1 MPa− 1 by PV curve analysis). An increase in leaf capaci
tance was recorded at the turgor loss point in both species and by both 
methods (Table 1). It can be noted that at the turgor loss point, Sc 
showed values of leaf capacitance about 2 times higher than So (i.e., 
0.67 versus 0.38 mol m− 2 MPa− 1 by FRM and 9.9 versus 4 mol m− 2 

MPa− 1 by PV analysis, respectively). 
So showed significantly lower Ψtlp (− 1.9 versus − 1.5 MPa) and πo 

(− 1.5 versus − 1.2 MPa), and higher εmax (28 versus 17 MPa) compared 
to Sc, but similar RWCtlp values were recorded in the two species. 

At turgor loss point and in dry leaf samples, the percentage loss of 

leaf thickness and leaf volume were significantly higher in Sc compared 
to So (Table 1), while no significant difference in percentage loss of leaf 
area (PLA) value was recorded. 

The two study species showed an increase in PLRC and relative 
electrolyte leakage (REL) in response to dehydration (i.e., at more 
negative ΨL and lower RWC values, Fig. 1). However, the RWC values 
inducing 10% loss of rehydration capacity (i.e., RWCPLRC10), taken as a 
proxy of critical dehydration threshold (John et al., 2018), were 
different in the two species. In fact, RWCPLRC10 was about 55% in 
S. ceratophylloides and about 70% in S. officinalis (Fig. 1B, H, Supple
mentary Table 1). Moreover, differences were recorded also in terms of 
RWC values inducing 50% loss of rehydration capability (RWCPLRC50). 
This parameter was about 17% in Sc and 27% in So (Fig. 1B, H, Sup
plementary Table S1). Differences in ΨL values inducing 10% and 50% 
loss of rehydration capacity were recorded in Sc and So too (Fig. 1C, I, 
Supplementary Table S1). The increase in PLRC during dehydration was 
likely induced by increasing cell membrane damage, as positive corre
lations between PLRC and REL were recorded in both species (Fig. 1F, 
N). It can be noted that an increase in REL in response to dehydration 
occurred at similar ΨL values (about − 1.3 MPa, Fig. 1E, M) but at 
different relative water content (i.e., RWC ~ 70% and 85% in in Sc and 
So, respectively, Fig. 1D, L). 

Irradiance did not affect KL in the two species (Table 2). Sc and So 
showed a similar leaf hydraulic vulnerability in response to dehydration 
if ΨL values were taken into account (Fig. 2A, E, Supplementary 
Table 1). In fact, similar water potential value inducing 50% and 88% 
loss of KL was recorded in the two Salvia species (i.e., P50 ~ − 2.0 MPa, 

Fig. 1. Decline of relative water content RWC (A, G), percentage loss of leaf rehydration capacity PLRC (C, I) and relative electrolyte leakage REL (E, M) with 
decreasing leaf water potential (ΨL); decline of PLRC (B, H) and REL (D, L) with decreasing RWC; relationships between PLRC and REL (F, N) as measured in 
S. ceratophylloides (green circles) and S. officinalis (blue circles). Best fitted regression curves are designed by dark line. White symbols indicate data not included in 
the regression. Fitted regression are as follows: A): RWC = 94.83/(1 + exp(-(ΨL-1.91)/-0.43)); B): PLRC = 80.6/(1 + exp(-(RWC-24.99)/-13)); C) PLRC =
3.5–4.43*ΨL-2.37* ΨL

2+4.4* ΨL
3; D) REL = 66.1–0.75*RWC; E) REL = − 20.8 + 26.1 * ΨL; F) PLRC: = − 6.3 + 1.05*REL; G) RWC = 101.2/(1 + exp(-(ΨL -2.58)/- 

0.83)); H) PLRC = 83.57/(1 + exp(-(RWC-33.14)/-15.1)); I) PLRC = − 1.3 + 4.81* ΨL -3.95* ΨL
2+2.1* ΨL

3; L) REL = 60.9–0.49*RWC; M) REL = 5.6 + 11.4*ΨL; N) 
PLRC = − 22.45 + 1.38*REL. r2 and P value of each regression are reported. Dotted lines indicate the leaf water potential at turgor loss point (Ψtlp). Arrows in B), C), 
H), I) indicate the PLRC thresholds. Long dashed lines in B) and H) indicate the RWC value inducing 50% PLRC (RWCPLRC50). Long dashed lines in C) and I) indicate 
the ΨL value inducing 50% PLRC (PPLRC50). Short dashed lines in F) and N) indicate the 1:1 relationship. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of this article.) 

Table 2 
Mean values ± SD (n = 5) of leaf hydraulic conductance (KL) as measured in the 
two Salvia species at low and high irradiance (LI and HI, respectively) by the 
evaporative flux method (EFM). P values as result of a two-way ANOVA by 
species (S), and irradiance (I) are given.   

S. ceratophylloides 
KL (mmol m-1s-1MPa-1) 

S. officinalis 
KL (mmol m-1s-1MPa-1) 

P value 

LI HI LI HI     

S: 0.045 
EFM 21.7 ± 2.8 20.9 ± 6.1 17.9 ± 1.9 16.9 ± 2.3 I: 0.871    

SxM: 0.987  
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P88 ~ − 3.2 MPa, Fig. 2A, E, Supplementary Table 1). By contrast, values 
of RWC inducing 50% and 88% loss of KL (i.e., RWCKL50 and RWCKL50, 
respectively) were different. In particular, RWCKL50 was about 35% for 
S. ceratophylloides and 65% for S. officinalis and RWCKL88 was about 15% 
for S. ceratophylloides and 40% for S. officinalis (Fig. 2B, F, Supplemen
tary Table 1). A 50% loss of KL was recorded at different PLRC values 
(PLRCKL50). The PLRCKL50 was about 30% in Sc and 10% in So (Fig. 2C, 
G, Supplementary Table 1). Moreover, a tight correlation between KL 
and REL was recorded in both species (Fig. 2D, H). 

The study species showed different leaf saturated water content, i.e., 
5.2 ± 0.6 g g− 1 in Sc versus 3.4 ± 0.3 g g− 1 in So (Table 1). This dif
ference led to leaf hydraulic impairment occurring at different RWC but 
at similar absolute water content values (Fig. 3). Indeed, the increase in 

REL occurred at a leaf water content of about 2.9 g g− 1 and, even more 
surprisingly, the most commonly used hydraulic conductance loss 
thresholds (i.e., 10%, 50% and 88% loss of KL) were recorded at the 
same water content in Sc versus So (i.e., about 2.9 g g− 1, 1.8 g g− 1 and 
1.3 g g− 1, respectively, Fig. 3, Supplementary Table 1). 

4. Discussion 

Our data reveal that similar leaf water content thresholds induce 
similar leaf hydraulic impairment in two Salvia species, suggesting that 
leaf water content (but not RWC) might be a useful warning proxy for 
leaf hydraulic failure. Indeed, in contrast to our working hypothesis, Sc 
and So showed different RWC thresholds for leaf hydraulic failure, but 

Fig. 2. Decline of leaf hydraulic conductance (KL) as 
a function of the leaf water potential ΨL (A, E), and 
the relative water content (B, F); relationships be
tween KL and percentage loss of leaf rehydration 
capacity PLRC (C, G) and relative electrolyte leakage 
REL (D, H) as measured in S. ceratophylloides (green 
circles) and S. officinalis (blue circles). Best fitted 
regression curve is designed by dark line. White 
symbols indicate values not included in the regres
sion. Fitted regression are as follows: A) KL = 9.24/ 
[1 + (ΨL/2.09)5.29]; B) KL = 8.5/(1 + exp(-(RWC- 
29.4)/11.9)); C) KL = 9.05*exp(-0.02*PLRC); D) KL 
= 9.04–0.11*REL; E) KL = 10.6/[1 + (ΨL/1.88)4.98]; 
F) KL = 13.6/(1 + exp(-(RWC-74.6)/16.3)); G) KL =

9.77*exp(-0.06*PLRC); H) KL = 12.05–0.21*REL. r2 

and P value of each regression are reported. Dotted 
lines indicate the leaf water potential at turgor loss 
point (Ψtlp). Arrows in A), B), E), F) indicate KL 
thresholds. Long dashed lines in A) and E) indicate 
the ΨL value inducing 50% loss of KL (P50), in B) and 
F) indicate the RWC value inducing 50% loss of KL 
(RWCKL50) and in C) and G) indicate the PLRC value 
inducing 50% loss of KL (PLRCKL50). (For interpre
tation of the references to colour in this figure 
legend, the reader is referred to the Web version of 
this article.)   
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similar leaf water content values leading to leaf hydraulic decline during 
dehydration and cell membrane damage. Moreover, the lack of any KL 
decline until the turgor loss point in Sc, despite consistent leaf shrinkage, 
provide new insights into the relations between leaf shrinkage and leaf 
hydraulic vulnerability. In fact, this result and the tight and linear cor
relation between KL impairment and REL as recorded in Sc and So, 
strongly suggest that KL decline is driven by leaf cell membrane dam
ages, regardless of the amount of leaf shrinkage. Thus, leaf shrinkage 
alone does not always predict Kox impairment, as previous studies had 
suggested (Trifilò et al., 2016; Scoffoni et al., 2017a). In this view, cell 
membrane damage, but not leaf shrinkage, may offer a more useful tool 
for monitoring the risk of KL decline under drought. 

4.1. Leaf water storage and its relationships with leaf hydraulic 
vulnerability 

Sc and So showed different water-use strategies, as indicated by 

significantly different leaf water relation parameters. In Sc, the rela
tively low modulus of elasticity, coupled to high SWC and leaf capaci
tance, allowed maintaining relatively high cell water content during the 
first steps of dehydration with respect to So. This behaviour apparently 
delayed leaf hydraulic impairment caused by turgor loss. After the 
turgor loss point, the increase in leaf capacitance recorded in Sc 
increased the water loss per unit change in water potential, thus 
inducing a more rapid drop in RWC compared to So. Water relations of 
So have been described in previous studies, highlighting the drought 
tolerance strategy of the species (Raimondo et al., 2015; Savi et al., 
2016). Lower Ψtlp and πo values, and higher bulk εmax of So compared to 
Sc, would confirm such a drought tolerance strategy (Bartlett et al., 
2012; Tombesi et al., 2014). It should be noted that higher cell wall 
rigidity causes sharper drop of ΨL per unit water loss (i.e., Tyree and 
Hammel, 1972; Bartlett et al., 2012), leading to higher RWCtlp (Salleo, 
1983). However, likely because of similar values of leaf capacitance 
before the turgor loss and about 0.4 MPa lower Ψtlp as recorded in So 

Fig. 3. Relationships between water content (W) 
and percentage loss of leaf rehydration capacity, 
PLRC (A, D), relative electrolyte leakage, REL (B, E) 
and leaf hydraulic conductance KL (C, F) as 
measured in S. ceratophylloides (green circles) and 
S. officinalis (blue circles). Best fitted regression 
curve is designed by dark line. White symbols indi
cate not included in the regression. Fitted regression 
are as follows: A) PLRC = 68.3/(1 + exp(-(W-2.04)/- 
0.41)); B) REL = 78.9–21.4*W; C) KL = 8.8/(1 + exp 
(-(W-1.8)/0.5)); D) PLRC = 74.3/(1 + exp(-(W- 
1.22)/-0.38)); E) REL = 65.3–16.2*W; F) KL = 10.5/ 
(1 + exp(-(W-1.9)/0.34)). r2 and P value of each 
regression are reported. Arrows in A) and D) indicate 
PLRC thresholds. Long dashed lines in A) and D) 
indicate the water content inducing 50% loss of 
PLRC value (WPLRC50), in C) and F) indicate the 
water content value inducing 10% (WKL10), 50% 
(WKL50) and 88 (WKL88) loss of KL. (For interpretation 
of the references to colour in this figure legend, the 
reader is referred to the Web version of this article.)   
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versus Sc, the RWCtlp was similar in the two species. These contrasting 
water use strategies are consistent with recorded differences in terms of 
leaf succulence, which was higher in Sc compared to So. Moreover, 
differences between the two species were recorded in terms of leaf 
capacitance at the turgor loss point: it was two-fold higher in Sc than in 
So. Succulence syndrome is common for species living in semi-arid 
habitats, where the occurrence of dry periods is balanced by rain 
events and water inputs from fog or dew that can supplement the low 
precipitations (Ogburn and Edwards, 2010; Griffiths and Males, 2017). 
High water storage allows plants to maintain relatively stable leaf water 
potential and water content despite fluctuations of transpiration rate 
and water supply (Sack and Tyree, 2005). Thus, succulence allows 
avoiding drought damage at the cellular level and maintaining, as long 
as possible, metabolic activity (Eggli and Nyffeler, 2009; Ogburn and 
Edwards, 2010; Griffiths and Males, 2017; Males, 2017). However, no 
sharp distinction exists between succulent and non-succulent species 
and, for this reason, succulence is considered as a “continuous” trait 
(Ogburn and Edwards, 2010; Griffiths and Males, 2017). This was also 
the case for the two Salvia species, with So showing a moderate succu
lence syndrome as well. In fact, So showed lower cuticular transpiration 
and higher VL and TL than Sc, and similarly high values of leaf capaci
tance before the turgor loss were recorded in Sc and So (Pivovaroff et al., 
2014). Moreover, large parenchymatic cells without chloroplasts were 
observed around veins of the two study species (data not shown). These 
cells, observed also in other Salvia species (i.e., Kahraman et al., 2010; 
Erbano et al., 2012; Bercu et al., 2012), can exhibit high water retention 
efficiency and might be involved in water storage (Muries et al., 2019). 

Different hydraulic behaviour between the two species emerged also 
in terms of KL responses to dehydration. In Sc, KL decline only occurred 
after the turgor loss point and at RWC values as low as about 65%. 
Similarly, an increase in PLRC was recorded at ΨL < Ψtlp and at RWC of 
about 55%. By contrast, in So the KL decline started before the turgor loss 
point (i.e., P10 occurred at ΨL < − 1.3 MPa) and at RWC of about 90%. 
Moreover, loss of rehydration ability occurred at ΨL ~Ψtlp and at RWC 
values as high as about 70%, already. Hence, different RWC thresholds 
were indicative of leaf hydraulic decline in Sc versus So. Surprisingly, 
thresholds of leaf hydraulic vulnerability corresponded to very similar 
absolute leaf water content in Sc and So. In fact, due to different leaf 
SWC in the two species, 10%, 50% and 88% loss of KL occurred at 
different leaf water potential and RWC, but at similar absolute water 
content. Water content values approaching 3 g g− 1 (corresponding to 
RWC values of about 60% in Sc and 85% in So) triggered leaf membrane 
damage in both species, strongly affecting KL (see also comments 
below). In summary, higher SWC and succulence allowed Sc to maintain 
sufficiently high water content to delay hydraulic impairment under 
water deprivation and down to turgor loss point. Moreover, the critical 
leaf water content of 3 g g− 1 induced a rapid increase in membrane and 
hydraulic damage (as recorded in terms of PLRC, REL and KL) also in this 
species, as observed for So. 

It can be noted that not only absolute leaf water content but also ΨL 
resulted a useful proxy to monitor the risk of hydraulic impairment. ΨL 
values of about − 2 MPa induced 50% loss of KL as well as ΨL values of 
about − 1.3 MPa caused initial increase in leaf cell membrane damages. 
Actually, leaf water content and ΨL changes during dehydration provide 
different indicators of leaf hydraulic impairment during dehydration. 
Water content changes likely better convey the loss in cell volume and 
then cell membranes damage. Thus, it can better explain damages at cell 
level. By contrast, because ΨL thresholds vary enormously among spe
cies (Bartlett et al., 2012; Trueba et al., 2019) it may be particularly 
useful for monitoring drought-induced mortality at intra-specific (Sapes 
and Sala, 2020) or, as in the present study, at interspecific level. 

4.2. Role of the extra-xylem pathway, and of cell membrane integrity, in 
governing KL decline during dehydration 

Leaf hydraulic conductance depends on the features of both xylem 

(Kx) and extra-xylem (Kox) water pathways. During dehydration, the 
xylem pathway can be compromised by xylem embolism events that, in 
turn, are triggered when species-specific water potential values are 
surpassed (i.e., Sack and Scoffoni, 2013; Petruzzellis et al., 2020). Kox 
decline is putatively caused by different mechanisms related to alter
ations in cell turgor and in cell membrane permeability and/or integrity, 
loss in cell-to-cell connectivity and changes in the leaf evaporation sites 
(Buckley, 2015). Indeed, our data confirm that turgor loss point is a 
critical threshold for leaf hydraulic impairment of the two Salvia species 
(Bartlett et al., 2012; Scoffoni et al., 2014; Trueba et al., 2019). In fact, it 
represented the threshold of leaf hydraulic decline for Sc and the value 
at which 50% loss of hydraulic conductance was recorded in So. 

Higher shrinkage was recorded in Sc compared to So, i.e., in the 
species with lower εmax and higher Ψtlp. However, in Sc no KL (and likely 
Kox) decline occurred until Ψtlp, despite ongoing leaf shrinkage, sug
gesting that leaf shrinkage per se does not always affect Kox. This result is 
in contrast with some previous studies reporting relationships between 
leaf shrinkage and drought tolerance traits (as Ψtlp, π0, ε and LMA) and 
suggesting that leaf shrinkage may drive leaf hydraulic decline during 
mild dehydration (Scoffoni et al., 2014). Despite leaf shrinkage, mem
brane integrity was preserved down to water potential approaching Ψtlp, 
i.e., at ΨL causing already about 10% and 50% loss of KL in Sc and So, 
respectively. These results suggest that leaf shrinkage, at least during the 
first steps of dehydration, did not cause any loss in membrane integrity, 
although it might have affected membrane water permeability, espe
cially where a parallel Kox decline was recorded. Only above 
species-specific thresholds, severe cell shrinkage would cause mem
brane damage leading to hydraulic decline. Thus, even relevant leaf 
shrinkage, as long as membrane integrity is maintained, would not cause 
irreversible leaf hydraulic dysfunction (Scoffoni et al., 2014; Trifilò 
et al., 2020). 

4.3. Conclusion 

Our study shows that absolute leaf water content, but not RWC, is a 
reliable proxy of species-specific risk of irreversible hydraulic damage. 
In fact, despite the robust correlations between RWC and leaf membrane 
damage, KL and PLRC as recorded in Sc as well as in So, no statistically 
similar RWC threshold inducing leaf hydraulic impairment was recorded 
in Sc and So. By contrast, similar leaf absolute water content values 
induced similar leaf hydraulic damages. Future investigations on a 
higher number of species and, mainly, on the effects of the leaf water 
content on whole plant fitness are needed to confirm our findings. 

The loss in membrane integrity that occurred independently on the 
amount of leaf shrinkage had a key role in driving KL decline, likely 
causing Kox failure. Moreover, the recorded cell membrane drought 
resistance thresholds for hydraulic impairment suggest that changes in 
leaf cell vitality (easily measurable via electrolyte leakage tests) may be 
a very useful tool for monitoring the risk of irreversible leaf hydraulic 
failure. By contrast, leaf shrinkage may be a poor indicator of 
dehydration-induced damage, especially when species with significant 
succulence syndromes are considered. 
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