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Abstract

Drought stress can impair leaf hydraulic conductance (Kleaf), but the relative contribution of changes in the efficiency 
of the vein xylem water pathway and in the mesophyll route outside the xylem in driving the decline of Kleaf is still 
debated. We report direct measurements of dehydration-induced changes in the hydraulic resistance (R=1/K) of 
whole leaf (Rleaf), as well as of the leaf xylem (Rx) and extra-vascular pathways (Rox) in four Angiosperm species. Rleaf, 
Rx, and Rox were measured using the vacuum chamber method (VCM). Rleaf values during progressive leaf dehydration 
were also validated with measurements performed using the rehydration kinetic method (RKM). We analysed corre-
lations between changes in Rx or Rox and Rleaf, as well as between morpho-anatomical traits (including dehydration-
induced leaf shrinkage), vulnerability to embolism, and leaf water relation parameters. Measurements revealed that 
the relative contribution of vascular and extra-vascular hydraulic properties in driving Kleaf decline during dehydration 
is species-specific. Whilst in two study species the progressive impairment of both vascular and extra-vascular path-
ways contributed to leaf hydraulic vulnerability, in the other two species the vascular pathway remained substantially 
unaltered during leaf dehydration, and Kleaf decline was apparently caused only by changes in the hydraulic properties 
of the extra-vascular compartment.

Key words: Drought, leaf extra-vascular conductance, leaf hydraulic conductance, leaf vein conductance, leaf vulnerability, 
shrinkage, vulnerability segmentation.

Introduction

Plant survival and productivity are assured by CO2 uptake 
through stomata and photosynthetic carbon fixation. Both 
processes mainly occur at the leaf level, and are critically 
dependent on plant water status, and specifically on leaf 
water balance. In fact, any reduction in leaf water supply with 
respect to evaporative demand may induce stomatal closure 
and reduction of photosynthetic rates (Sperry, 2000).

Leaves represent the terminal part of the soil–plant–atmos-
phere continuum. The water potential difference between leaf 
and atmosphere drives water loss by evaporative processes, 
and ultimately generates the driving force for water uptake at 
the root level and long-distance transport through stems and 
up to the leaf evaporation sites. Hence, the efficiency of the 
water transport through the plant (hydraulic conductance, 
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Kplant) is a key parameter affecting plant photosynthesis and 
productivity (Santiago et  al., 2004; Brodribb et  al., 2005). 
Plant hydraulic resistance (Rplant=1/Kplant) is strongly influ-
enced by leaf hydraulic properties, and in fact leaf hydraulic 
resistance (Rleaf=1/Kleaf) contributes 30% or more of Rplant, 
thus representing a major bottleneck of the plant hydraulic 
system (Sack and Holbrook, 2006).

Leaf hydraulics are complex, as two major pathways and 
associated resistances co-limit water transport in this organ, 
i.e. the vein xylem system (Rx) and the mesophyll route out-
side the xylem (Rox) (Buckley et al., 2015). Water enters the 
petiole and moves through veins up to bundle sheath cells 
(Nardini et al., 2010). At the bundle sheath level, water exits 
the xylem and travels to mesophyll cells along different routes 
comprising symplastic, apoplastic, and gas phase pathways 
(Buckley, 2015). The hydraulic resistances of the vascular and 
extra-vascular pathways are generally reported to be of the 
same order of magnitude (Nardini et al., 2005; Sack et al., 
2005), although some studies have suggested dominance of 
the extra-vascular resistance over the vascular one (Cochard 
et al., 2004; Gascò et al., 2004).

The leaf vascular resistance is governed by vein xylem 
traits such as conduit lumen, vein length per unit area, hierar-
chy, tapering, and topology (Sack and Scoffoni, 2013; Xiong 
et al., 2015). Hence, short-to-mid-term changes in Rx within 
a plant may arise in response to mechanical damage (Nardini 
and Salleo, 2003; Sack et al., 2008) or as a consequence of 
drought-induced xylem embolism (Nardini et  al., 2001; 
Trifilò et al., 2003b; Johnson et al., 2009a). By contrast, the 
extra-vascular component is a micro-hydraulic system more 
complex and dynamic than the vascular one. Rox depends 
on structural traits such as shape and size of mesophyll cells 
(Buckley et al., 2015), but can be modulated by changes in 
expression/activity of aquaporins in response to light, water 
stress, and other environmental factors (Heinen et al., 2009; 
Voicu et al., 2009; Miniussi et al., 2015), and even by changes 
in the efficiency of the gas phase pathway (Buckley et  al., 
2015). For example, high temperature gradients within the 
leaves have been reported to increase vapor phase transport 
(Rockwell et al., 2014; Buckley, 2015).

Several studies have shown that drought stress can lead 
to important reductions of Kleaf (Brodribb and Holbrook, 
2006; Scoffoni et  al., 2012) with consequent impacts on 
gas exchange and photosynthesis (Lo Gullo et  al., 2003). 
However, the mechanistic link between Kleaf drop and associ-
ated changes in Rx and Rox is still a matter of debate. Drought 
stress causes a reduction of leaf water potential and xylem 
pressure, thus potentially leading to vein xylem embolism and 
increased Rx. The occurrence of xylem embolism events in 
leaf veins has been recorded via acoustic methods (Kikuta 
et  al., 1997; Nardini et  al., 2001), hydraulic measurements 
(Nardini et al., 2008; Charra-Vaskou et al., 2012), and direct 
visualization of vein blockage (Salleo et al., 2003; Brodribb 
et  al., 2016; Ryu et  al., 2016). On the other hand, the role 
of changes in Rox in determining the drop of Kleaf upon leaf 
dehydration is much less understood, despite recent research 
efforts in this direction. As an example, Charra-Vaskou 
et al. (2012) reported that drought-induced decline of needle 

hydraulic conductance in Pinus pinaster was mostly due to 
changes in the hydraulic properties of the extra-vascular tis-
sues. Across different Angiosperm species, leaf hydraulic vul-
nerability, expressed as the leaf water potential inducing 50% 
loss of Kleaf (P50) is generally correlated to leaf water potential 
at the turgor loss point (Ψtlp) (Blackman et al., 2010; Nardini 
et al., 2012a; Nardini and Luglio, 2014). While such a cor-
relation might simply reflect the co-ordination of functional 
traits conferring drought resistance at the apoplastic and 
symplastic levels, recent experimental evidence suggests that 
the link between P50 and Ψtlp might also have a mechanistic 
basis. Indeed, Martorell et al. (2015) have reported that P50 of 
grapevine leaves changes on a seasonal basis in parallel with 
changes in Ψtlp, suggesting that osmotic adjustment mediates 
the plasticity of leaf hydraulic vulnerability. Decreased Ψtlp 
during drought periods would assure maintenance of cell tur-
gor, thus preventing cell shrinkage and consequent impacts 
on Rox. Alternatively, changes in cell turgor might medi-
ate aquaporin activity (Kim and Steudle, 2007), again with 
effects on extra-vascular hydraulic properties. This scenario is 
also supported by recent studies (Scoffoni et al., 2014) report-
ing striking correlations of drought-induced decline of Kleaf 
with leaf shrinkage, as well as between leaf shrinkage and 
leaf water relation parameters such as osmotic potential and 
modulus of elasticity across 14 species. A  close correlation 
between leaf shrinkage and Kleaf decline under water stress 
has been recently confirmed for Salvia officinalis by Savi et al. 
(2016), and fast recovery of Kleaf in this species upon rehydra-
tion was in fact attributed to cell turgor recovery, in contrast 
with other studies suggesting that fast and reversible changes 
of Kleaf might arise from cycles of embolism formation and 
recovery (Trifilò et al., 2003a; Johnson et al., 2009b; Laur and 
Hacke, 2014).

Clearly, the relative contribution of changes in Rx and 
Rox in driving the decline of Kleaf under drought stress is still 
unresolved. Moreover, it can be hypothesized that the rela-
tive importance of vein xylem embolism versus loss of cell 
turgor and shrinkage as factors affecting leaf hydraulics dur-
ing water stress and recovery might even be somehow spe-
cies-specific, as already shown for the basic partitioning of 
hydraulic resistances between the vascular and extra-vascular 
compartments (Sack et  al., 2005). In this study, we present 
experimental data gathered on leaves of four Angiosperm 
species. Our aim was to experimentally measure changes 
of Rx and Rox during leaf dehydration, and correlate these 
changes with the overall drop of Kleaf. Moreover, we tested 
possible correlations between changes in Kleaf and other leaf 
physiological properties including vulnerability to shrinkage 
under drought and leaf water relation parameters.

Material and methods
Experiments were performed between May and October 2014 on 
two evergreen (Aleurites moluccana L. [Willd] and Magnolia gran-
diflora L.) and two deciduous (Quercus rubra L. and Vitis labrusca 
L.) species (Table 1). Species were selected to cover a wide range of 
values of leaf mass per area (LMA) (see Results). Leaves were sam-
pled from two plants per species. All plants were about 15–20 years 
old, and were growing in the campus of the University of Messina. 
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During the experimental period, trees received only natural pre-
cipitation (cumulative rainfall =243  mm). The mean temperature 
and relative humidity were 24.2 ± 1.9 °C and 75.3 ± 1%, respectively 
(weather station of Torre Faro, Messina, Italy).

Leaf water potential isotherms and measurements of leaf 
capacitance
Leaf water potential isotherms, also known as pressure–volume 
(PV) curves, were measured for five leaves per species to estimate 
leaf water potential at the turgor loss point (Ψtlp), osmotic potential 
at full turgor (π0), bulk modulus of elasticity (εmax), and leaf capaci-
tance (C). Samples were cut under water and allowed to rehydrate 
for at least 1 h before generating PV curves using a pressure chamber 
to measure leaf water potential (ΨL) at regular intervals during pro-
gressive leaf dehydration. PV curves were elaborated to obtain Ψtlp, 
π0, and εmax. Leaf capacitance was also derived from PV curves on 
the basis of the slope of the relationship between water loss and ΨL 
both before (Cmax,PV) and after Ψtlp (Ctlp,PV), and normalised by leaf 
area (AL). At the end of each experiment, AL was measured with 
a leaf area meter (Li3000A; Li-Cor Inc., Lincoln, NE, USA) and 
samples were dried in an oven for 3 d at 70 °C in order to measure 
leaf dry weight (DW).

Leaf hydraulic capacitance before and after turgor loss was also 
estimated during leaf rehydration (CFRT) in order to compare values 
measured during the slow dehydration of the PV curve determina-
tion to values recorded during fast leaf rehydration (Blackman and 
Brodribb, 2011). CFRT was estimated using the experimental proce-
dure described by Nardini et  al. (2012b). Ten leaves of each spe-
cies were cut under water and allowed to rehydrate for 1 h. Leaves 
were then dehydrated on the bench to ΨL values corresponding to 
about 50% of species-specific Ψtlp (n=5), or down to Ψtlp (n=5). 
Leaves were then wrapped in plastic film, weighed to record their 
initial weight (W0) and inserted in the pressure chamber in order to 
estimate the corresponding ΨL (Ψ0). Once the balance pressure was 
reached, the cut section of the petiole was covered with deionised 
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 rehy-
dration. At the end of pressure relaxation, 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 across all leaf tissues. ΨL was measured again (Ψf) and the 
sample was extracted from the chamber and weighed in order to 
obtain its final weight (Wf). Leaf capacitance in the turgor range 
(Cmax,FRT) or at Ψtlp (Ctlp,FRT) was calculated as: (Wf – W0)/ (Ψf –  
Ψ0) and normalised by AL.

Leaf hydraulic conductance and vulnerability
Leaf hydraulic conductance (Kleaf) at different dehydration levels 
was measured using both the rehydration kinetic method (RKM) 
(Brodribb and Holbrook, 2003) and the vacuum chamber method 

(VCM) (Nardini et al., 2001). The experimental procedure allowed 
the values of Kleaf recorded with the two different techniques to be 
compared. Shoots were cut under water in the morning (between 
07:30 h and 08:30 h) and rehydrated for at least 1 h to full turgor. 
Shoots were then bench-dehydrated until species-specific Ψtlp values 
were reached, and leaves were sampled at different dehydration lev-
els to measure Kleaf with the two techniques (see details below). All 
Kleaf measurements were performed at normal laboratory irradiance 
(PPFD<10 µmol m−2 s−1) and normalised at 20 °C.

Before each measurement, shoots were enclosed in a black plas-
tic 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. For RKM measurements, 
one leaf  was sampled and used to measure initial water potential 
(Ψ0). A second leaf  adjacent to the first one was detached with the 
petiole immersed in 10 mM KCl solution filtered at 0.2  µm, and 
left to rehydrate for 30–90 s before measuring the final leaf  water 
potential (Ψf). Leaf  hydraulic conductance was then calculated 
as Kleaf = C × ln(Ψ0/Ψf) t

−1 AL
−1, where C is the leaf  capacitance 

(measured by the fast rehydration method, see above), t is the rehy-
dration time, and AL is leaf  area measured at the end of  the experi-
ment (see above).

In the case of VCM measurements, leaves at different dehydra-
tion levels were cut under water and immediately connected via their 
petiole to rigid polyetheretherketone (PEEK) tubing that passed 
through the rubber seal of a 8.0-l PVC vacuum flask into a beaker 
containing 10 mM KCl solution. The beaker rested on a digital bal-
ance connected to a computer. Flow readings were recorded at 30-s 
intervals at pressures of –40, –20, and 0 kPa (with respect to the 
atmospheric value) induced in the flask by a vacuum pump. The 
flow (F) was plotted against the pressure applied (P) and Kleaf was 
calculated from the slope of the F-to-P linear relationship. Kleaf was 
then scaled by the leaf area, AL, as recorded at the end of the experi-
ment. Measurements were completed within 45–75 min maximum. 
We decided to avoid applying a vacuum below –40 kPa in order to 
avoid excessive cell rehydration during estimation of the partitioning 
of leaf hydraulic resistances (see below).

Leaves measured for Kleaf with VCM were also used to estimate 
the hydraulic resistance (R=1/K) of the leaf vascular (Rx, Scoffoni 
and Sack, 2015) and extra-vascular resistance (Rox). After measuring 
Kleaf (Kleaf=1/Rleaf), the leaf was extracted from the vacuum cham-
ber, minor veins (fourth order or higher) were severed with a scalpel 
(12–15 cuts cm−2), and the hydraulic conductance of the leaf xylem 
(Kx=1/Rx) was measured using the VCM as described above. The 
hydraulic conductance of the extra-vascular pathway calculated as 
Rox = RL – Rx.

Values of Kleaf recorded during progressive leaf dehydration 
were plotted against the corresponding leaf water potential values, 
thus obtaining hydraulic vulnerability curves for each species with 
both methods. In addition, values of Rleaf, Rx, and Rox were plot-
ted against corresponding ΨL values in order to assess the relative 
contributions of the vascular and extra-vascular components to Rleaf 
changes during dehydration.

Table 1. List of the species under study and abbreviations used in tables and figures. For each species, the family, native region and 
corresponding climate zone, habitus, and growth form are reported

Species Family Origin Climate zone Habitus Growth form

Aleurites moluccana

(Am)
Euphorbiaceae Indo-Malayan Tropical Evergreen Tree

Magnolia grandiflora

(Mg)
Magnoliaceae SE North America Temperate humid Evergreen Tree

Quercus rubra

(Qr)
Fagaceae NE North America Temperate Deciduous Tree

Vitis labrusca

(Vl)
Vitaceae E North America Temperate Deciduous Vine
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Morpho-anatomical traits
Leaf mass per unit area (LMA) was calculated as DW/AL (where 
DW is leaf dry weight) on the same leaves used for PV analysis and 
Kleaf measurements by RKM. Leaf density was also calculated as 
the ratio between LMA and leaf thickness (see below). The even-
tual leaf shrinkage during progressive dehydration (Scoffoni et al., 
2014) was measured on at least ten leaves per species. Five shoots 
per species were cut under water in the morning, transported to the 
laboratory with their cut basal end immersed in the water, and were 
left for 1.5 h to promote full rehydration. Fully turgid leaves were 
collected and immediately measured for their fresh weight (FW), 
AL, 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), and leaf volume (V, estimated as TL × AL). 
After full-turgor measurements, samples were fixed by their petiole 
to a bar opposite a fan to promote dehydration and were repeatedly 
measured for the above parameters at different ΨL values, until Ψtlp 
was reached. To estimate ΨL, 15 leaves (different from those utilized 
to measure leaf shrinkage) were collected and randomly put next to 
leaves used for shrinkage measurements. Two leaves for each level of 
dehydration were randomly selected to estimate ΨL with a pressure 
chamber.

Because A. moluccana and M. grandiflora leaves curled at low ΨL, 
we were not able to estimate AL and V during dehydration for these 
species. In M.  grandiflora, percentage loss of leaf area was meas-
ured for ten leaves that had been weighed at full turgor and then cut 
into pieces before drying in the oven to avoid leaf curling (Scoffoni 
et al., 2014). Unfortunately, this procedure was not adequate to esti-
mate leaf area of dried samples of A. moluccana because the dried 
leaf pieces were also curled. Leaves measured for shrinkage during 
dehydration as well as samples measured for leaf water potential iso-
therms were also used to calculate leaf dry matter content (LDMC), 
as DW/FW.

In order to estimate vein density (VD), eight leaves per species 
were cut into 10 × 10 mm samples and maintained in 1M KOH 
for 5–8 d. Samples were repeatedly washed with water, immersed 
in 0.5% toluidine blue for 1 min, and washed again. Leaf  images 
were acquired with a scanner (HP Scanjet G4050, USA) and ana-
lysed using the software ImageJ (http://imagej.nih.gov/ij/). Vein 
density (VD) was expressed as vein length per unit leaf  area (mm 
mm−2).

Statistical analysis
Data were analysed with the software SigmaStat v. 2.0 (SPSS, Inc., 
Chicago, IL, USA) and R v.  3.2.2 (www.r-project.org). The sig-
nificance of differences among species was tested using one-way-
ANOVA followed by Tukeys’s post hoc comparisons. Differences in 
capacitance values recorded by PV analysis and by the fast rehydra-
tion method were tested with Student’s t-test. A correlation matrix 
of all measured parameters was performed (see Supplementary 
Table S3 at JXB online). The significance of correlations was tested 
using the Pearson product-moment coefficient. An ANCOVA was 
used to test for statistical significance of differences between species 
in terms of responses of Rleaf, Rx and Rox, to ΨL (Supplementary 
Tables S1 and S2). All regressions or differences were considered sig-
nificant at P<0.05.

Results

Values of Ψtlp ranged between –1.6 MPa in V.  labrusca and 
–3.1 MPa in Q.  rubra. The same trend was recorded for π0,
which averaged –1.3 and –2.4 MPa in V. labrusca and Q. rubra, 
respectively (Table 2). Aleurites moluccana and M. grandiflora 
displayed similar Ψtlp (about –2.3 MPa) but slightly different 

values of π0 (–1.9 and –1.6 MPa, respectively). The bulk mod-
ulus of elasticity at full turgor ranged from 11 MPa in V. labr-
usca to about 23 MPa in A. moluccana.

No statistically significant differences were recorded 
between leaf capacitance values measured on the basis of PV 
curves or by fast rehydration in A. moluccana and in M. gran-
diflora, either before or after the turgor-loss point (Table 3). 
In contrast, in Q. rubra and in V. labrusca, Cmax and Ctlp val-
ues recorded from PV analysis were significantly higher than 
values recorded by fast rehydration. In particular, Cmax was 
418 mmol m−2 MPa−1 in Q. rubra and 726 mmol m−2 MPa−1 
in V.  labrusca when measured on the basis of PV curves, 
but only 205  mmol m−2 MPa−1 and 100  mmol m−2 MPa−1, 
respectively, when measured during fast rehydration. Similar 
differences were observed for Ctlp (Table  3). Blackman and 
Brodribb (2010) have suggested that when differences in leaf 
capacitance are observed between different techniques, values 
measured by the fast rehydration method should be preferred 
as they assure a more accurate estimation of Kleaf. Therefore, 
we decided to use values of leaf capacitance that were esti-
mated by the rehydration kinetic method for estimating Kleaf 
in all cases in this study.

Maximum values of Kleaf measured using VCM were simi-
lar to those obtained on the basis of RKM in all species 
except Q. rubra (Fig. 1). For this species, maximum values 
of Kleaf of  about 11 mmol m−2 s−1 MPa−1 were recorded with 
RKM, versus about 5.4 mmol m−2 s−1 MPa−1 recorded with 
VCM. Despite this difference, the two methods produced 

Table 2. Leaf water potential at turgor loss point (Ψtlp), osmotic 
potential at full turgor (π0) and bulk modulus of elasticity (εmax) as 
recorded by pressure–volume analysis in the species under study. 
For each parameter, different letters indicate statistically significant 
differences between species. Means are reported ±SD

Am Mg Qr Vl

−Ψtlp

(MPa)

2.5 ± 0.1a 2.2 ± 0.3a 3.1 ± 0.14b 1.6 ± 0.06c

–π0

(MPa)
1.9 ± 0.12a 1.6 ± 0.13b 2.4 ± 0.11c 1.3 ± 0.04d

εmax

(MPa)

23 ± 3.8a 14 ± 3.0b 21 ± 2.9a 11 ± 1.2b

Table 3. Leaf capacitance at full turgor and at the turgor-loss 
point as recorded by pressure–volume analysis (Cmax,PV and Ctlp,PV, 
respectively) and by fast leaf rehydration (Cmax,FRT and Ctlp,FRT) in 
the species under study. Values of leaf capacitance are normalized 
by leaf area. Different letters indicate statistically significant 
differences. Means are reported ±SD

Species Cmax,PV Cmax, FRT Ctlp, PV Ctlp,FRT

mmol MPa−1m−2 mmol MPa−1m−2

Am 456 ± 55a 456 ± 88a 951 ± 180a 950 ± 110a
Mg 229 ± 17a 275 ± 80a 326 ± 90b 325 ± 85b
Qr 418 ± 30a 205 ± 7.8b 1360 ± 280a 972 ± 1.7b
Vl 726 ± 44a 100 ± 20b 2382 ± 468a 380 ± 90b
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similar trends of Kleaf changes during progressive dehydra-
tion. Accordingly, leaf water potential values inducing 50% 
(P50) or 80% (P80) loss of Kleaf were similar when calculated 
on the basis of VCM or RKM measurements, with differ-
ences between the techniques always <0.4 MPa. The highest 
(less negative) P50 and P80 values were recorded in M. grandi-
flora (about –0.6 and –2 MPa, respectively). In V. labrusca, P50 
and P80 were about –1.2 and –2.0 MPa, respectively. Aleurites 
moluccana and Q. rubra showed quite similar values of P50 
(about –2.5 MPa and –2.6 MPa, respectively), but P80 was 
lower in A. moluccana than in Q. rubra (about –3.9 MPa ver-
sus about –3.5 MPa, respectively).

Figure 2 shows changes of  Rleaf, Rx, and Rox as a function 
of  ΨL during progressive leaf  dehydration. In A. moluccana 
and V.  labrusca, Rleaf, Rx, and Rox changed in response to 
ΨL following a similar trend. By contrast, in M.  grandi-
flora and Q. rubra values of  Rox increased during progres-
sive dehydration in parallel with changes of  Rleaf, while Rx 
remained substantially invariant (Supplementary Table 
S1). When relative values of  whole-leaf  hydraulic resist-
ance were plotted against relative values of  both vascular 
and extra-vascular hydraulic resistances (Fig.  3), signifi-
cant linear correlations emerged. However, in A.  moluc-
cana and V.  labrusca the slopes of  Rleaf versus Rx or Rox 
were remarkably similar (and not significantly different in 
the case of  V.  labrusca), indicating co-limitation of  Rleaf 

by Rx and Rox. In M.  grandiflora and Q.  rubra the slopes 
of  the relationships were largely and significantly different 
(Supplementary Table S2). In particular, relative changes 
of  Rleaf were more markedly influenced by relative changes 
of  Rox than by Rx in both species.

LMA ranged between 45 g m−2 (V.  labrusca) and 212 g 
m−2 (M. grandiflora, Table 4), while leaf  density was lowest 
in V.  labrusca (0.22 g cm−3) and highest in Q. rubra (0.41 g 
cm−3). Leaf  thickness at full turgor was around 0.20 mm in 
Q.  rubra and V.  labrusca, with higher values in A.  moluc-
cana (0.37 mm) and M.  grandiflora (0.73 mm). At the tur-
gor-loss point, leaf  thickness decreased by about 25% in 
A. moluccana, M. grandiflora, and Q.  rubra, and by about 
33% in V.  labrusca. The percentage decrease of  leaf  thick-
ness of  a dry leaf  compared to full turgor was about 42% in 
A. moluccana, M. grandiflora, and Q. rubra, and about 55% 
in V.  labrusca, which also showed the highest percentage 
decrease of  leaf  area (about 37%) and leaf  volume (about 
57%). Vein density was about 5.8 mm mm−2 in A. moluccana 
and M. grandiflora, and about 6.9 mm mm−2 in Q. rubra and 
V.  labrusca. LDMC ranged between 250 mg g−1 (V.  labr-
usca) and about 418 mg g−1 (M. grandiflora and Q. rubra). 
Leaf  hydraulic resistance values measured during progres-
sive dehydration were well correlated with leaf  thickness in 
M. grandiflora and Q. rubra, but only weakly in A. moluc-
cana and V. labrusca (Fig. 4).

Fig. 1. Relationships between leaf hydraulic conductance (Kleaf) and leaf water potential (ΨL) as recorded in the study species using the vacuum chamber 
method (VCM) or the rehydration kinetics method (RKM). Curves were fitted to the data with three-parameter logistic functions: y = a/[1 + (x/x0)b]. Dashed 
lines indicate the leaf water potential values inducing 50% (P50) and 80% (P80) loss of Kleaf. Maximum values of leaf hydraulic conductance (Kmax), P50 and 
P80 obtained with the two techniques are shown in the table below the figure. See Table 1 for abbreviations of species’ names.
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The slope of the change in leaf thickness down to 
ΨL = –0.5 MPa was linearly correlated to P80 and εmax across 
the four study species, but only weakly correlated to leaf 
density (Fig.  5). Moreover, leaf density (but not εmax) was 
correlated with several indicators of leaf shrinkage (i.e. leaf 
thickness at the turgor-loss point, the ratio of leaf thickness 
values and leaf water potential values up to the turgor-loss 
point, and the percentage loss of leaf thickness for a dry leaf, 
Supplementary Table S3). By contrast, εmax was linearly cor-
related with leaf hydraulic vulnerability, although the correla-
tion with P50 was weak (Fig. 6).

Discussion

Parallel measurements of  Rx and Rox during leaf  dehydration 
revealed that the relative contribution of  vascular and extra-
vascular hydraulic properties in driving Kleaf decline during 
dehydration is species-specific. While in A.  moluccana and 
V. labrusca the progressive impairment of  both vascular and 
extra-vascular pathways contributed to leaf  hydraulic vul-
nerability, in the other two study species (M. grandiflora and 
Q. rubra) the vascular pathway remained substantially unal-
tered during leaf  dehydration, and Kleaf decline was appar-
ently caused only by changes in the hydraulic properties of 
the extra-vascular compartment.

The species selected covered a wide range of capacitance, 
LMA, and Ψtlp values, reflecting a spectrum of drought toler-
ance levels (Ishida et al., 2008; Bartlett et al., 2012). This was 

confirmed by the analysis of leaf hydraulic vulnerability, with 
P50 values ranging from –0.45 MPa to –2.83 MPa, a range very 
similar to the global spectrum of P50 values recently reported 
in a meta-analysis by Nardini and Luglio (2014).

Interestingly, the two hydraulic techniques based on vac-
uum pressure or rehydration kinetics yielded very similar 
results in terms of maximum Kleaf values (recorded at near-full 
turgor) as well as in terms of progressive Kleaf decline during 
dehydration, as revealed by similar P50 and P80 values derived 
from vulnerability curves assessed with VCM or RKM (Fig. 
1). While the consistency of different hydraulic techniques for 
measuring maximum Kleaf has been previously reported for 
different assemblages of species (Sack et al., 2002; Nardini 
et al., 2010; Flexas et al., 2013), only one recent study has 
provided comparisons of different methods to assess Kleaf 
responses to declining ΨL (Hernandez-Santana et al., 2016). 
Our data suggest that both VCM and RKM can be used for 
this purpose, and the agreement between the two methods 
supports the robustness of the results obtained, tending to 
validate P50 or P80 values obtained in this and other studies 
using these procedures.

It must be noted that agreement between VCM and RKM 
was observed in this study when Kleaf values based on RKM 
were calculated using leaf  capacitance values measured 
using a fast rehydration method, and not those derived 
from PV curve analysis, which were significantly higher 
in two out of  the four species (Q.  rubra and V.  labrusca, 
Table  3). These findings are in agreement with Blackman 

Fig. 2. Hydraulic resistance of whole leaf (Rleaf, black circles, solid line), vascular pathway (Rx, white circles, dotted line), and extra-vascular pathway (Rox, 
black inverted triangles, dashed line) as a function of leaf water potential (ΨL) as recorded in the study species. Regression curves were expressed by the 
following function: y = aebx.
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and Brodribb (2011), and suggest that caution must be 
adopted with regards to the accuracy of  measuring leaf 
capacitance during rehydration when Kleaf is evaluated using 
RKM. Moreover, higher values of  leaf  capacitance meas-
ured during slow dehydration than under fast rehydration 
strongly suggest that in some species leaf  tissues are hydrau-
lically compartmentalized, and probably are not involved to 

the same extent in water transport across the leaf  (Nardini 
et al., 2010; Canny et al., 2012).

The VCM allowed the separation of the effects of Rx and 
Rox on the overall change of Rleaf during progressive dehy-
dration. It must be noted that the procedure may be prone 
to errors, as partial leaf rehydration occurs during the ini-
tial RL measurement. This is not expected to impact on Rx 

Table 4. Leaf area (AL), leaf mass per area (LMA), leaf dry matter content (LDMC), leaf volume (V), leaf density, leaf thickness at full 
turgor (TL) and at the turgor-loss point (TL, tlp), percentage loss of leaf thickness (PLTdry), leaf area (PLAdry) and leaf volume (PLVdry) of a dry 
leaf, and leaf vein density (VD) as recorded in the study species. Means are given ±SD (n = 53, 47, 46, 15 and 35 for AL, LMA, LDMC 
and leaf density; n=10 for V, TL, TL,tlp, PLTdry, PLAdry, PLVdry; n = 8 for VD). Different letters indicate statistically significant differences 
between species

Am Mg Qr Vl

AL (cm2) 17.6 ± 3.4a 9.4 ± 2b 8.3 ± 1.7b 13.8 ± 3.1c
LMA (g m−2) 118.7 ± 13a 212 ± 20b 83 ± 12c 45 ± 11d
LDMC (mg g−1) 323 ± 16a 418 ± 20b 412 ± 12b 250 ± 25c
V (cm3) 6.5 ± 1.4a 6.4 ± 1a 1.6 ± 0.4b 2.7 ± 0.3c
Leaf density (g cm−3) 0.33 ± 0.08a 0.34 ± 0.03ab 0.41 ± 0.09b 0.22 ± 0.02c
TL (mm) 0.37 ± 0.05a 0.73 ± 0.07b 0.19 ± 0.03c 0.20 ± 0.03c
TL, tlp (mm) 0.28 ± 0.03a (25 ± 4%) 0.55 ± 0.05b (25 ± 3%) 0.15 ± 0.02c (23 ± 4%) 0.14 ± 0.01c (33 ± 3%)
PLTdry (%) 44 ± 8a 42 ± 7a 40 ± 6a 55 ± 4b
PLAdry (%) – 11.7 ± 3.7a 13.7 ± 3.5a 37 ± 3.6b
PLVdry (%) – 28 ± 4a 37 ± 6b 57 ± 6c
VD (mm mm−2) 5.6 ± 0.8a 5.9 ± 0.4a 6.9 ± 0.4b 6.9 ± 0.9b

Fig. 3. Relationships between relative value of whole-leaf hydraulic resistance (Rleaf) and the relative values of vascular hydraulic resistance (Rx, white 
circles, dotted line) and extra-vascular hydraulic resistance (Rox, black inverted triangles, dashed line) as recorded in the study species. Regression lines 
are expressed by the following function: y = y0 + ax. Values of correlation coefficients (r2) and P-values are indicated for each curve. The thick dashed 
lines indicate the 1:1 relationship.
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values, as vein refilling has not been observed during VCM 
experiments over the time interval typically required to com-
plete hydraulic measurements on a single leaf (Nardini et al., 
2003). However, partial cell rehydration might have an impact 
on Rox, to an extent that cannot be predicted on the basis of 
our data. Moreover, it must be noted that our measurements 
were performed under low irradiance (PPFD <10 µmol m−2 
s−1). Therefore, it cannot be ruled out that different trends 
of Rx and Rox in response to dehydration may occur in spe-
cies whose leaf hydraulic conductance changes in response 

to irradiance. Hence, while our experiments represent an 
attempt to actually measure Rx and Rox during leaf dehydra-
tion, the interpretation of Rox values obtained with the VCM 
method should be cautious.

During dehydration of A.  moluccana and V.  labrusca 
leaves, both Rx and Rox increased in parallel with increasing 
Rleaf. This pattern would suggest progressive impairment of 
both vascular and extra-vascular pathways under water stress 
in these species, as also revealed by plotting relative Rleaf val-
ues against relative Rx and Rox (Fig. 3). The increase in Rx was 

Fig. 4. Mean values (±SD) of leaf hydraulic resistance versus leaf thickness (TL) as recorded at 0.5 MPa intervals during dehydration in leaves of the study 
species. Regression curves are expressed by the following function: y = y0 + ax. Correlation coefficients (r2) and P-values are indicated.

Fig. 5. Relationships between the slope of leaf shrinkage at ΨL = –0.5 MPa (ΔT0.5/ΔΨ0.5) and (A) leaf water potential inducing 80% loss of hydraulic 
conductance (P80), (B) leaf density (mean values ±SD), and (C) bulk modulus of elasticity (εmax, mean values ±SD) as recorded in the species under study. 
Regression curves are expressed by the following function: y = y0 + ax. Values of correlation coefficients (r2) and P-values are indicated. See Table 1 for 
abbreviations of species’ names.
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probably due to vein embolism formation, a factor that has 
been previously reported as a major driver of leaf hydraulic 
impairment under drought (Salleo et al., 2001; Nardini et al., 
2003; Johnson et al., 2009a; Brodribb et al., 2016). However, 
our data reveal that the Rleaf increase was only partially 
explained by vascular hydraulic failure, and a significant con-
tribution to leaf hydraulic vulnerability was due to changes in 
the hydraulic properties of the extra-vascular pathway. This 
was much more apparent in the other two species investigated 
(M.  grandiflora and Q.  rubra), where Rx remained substan-
tially invariant during leaf dehydration, and changes in Rleaf 
were mostly due to an increase in Rox. These findings would 
suggest that in these species vein xylem is quite resistant to 
embolism formation, but nevertheless Kleaf declines during 
dehydration because of modifications of the extra-vascular 
water pathway.

In accordance with the above conclusion, Rleaf was sig-
nificantly correlated to leaf thickness in M. grandiflora and 
Q. rubra, but not in A. moluccana and V.  labrusca (Fig. 4), 
suggesting a relationship between changes in leaf thickness 
and Rox during dehydration. In turn, leaf shrinkage was sig-
nificantly correlated to εmax and P80, and weakly associated 
to leaf density (Fig. 5). Overall, these findings suggest that 
changes in Rox are at least partly caused by progressive shrink-
age of mesophyll cells, which would be more likely in species 
with thinner and more elastic cell walls, as suggested by lower 
εmax. Nevertheless, it cannot be ruled out that shrinkage of 
mesophyll cells is a consequence of shrinkage of other cell 
types, such as those located at the bundle sheath. Our results 
confirm previous findings by Scoffoni et  al. (2014) indicat-
ing that changes in cell shape and connectivity under drought 
may lead to increased Rox with significant impacts on Rleaf, 
and possibly on gas exchange, even if  the vein xylem does 
not experience significant embolism levels. It might be also 
hypothesised that in some species the hydraulic vulnerability 
of the extra-vascular pathway acts as a ‘hydraulic signal’ to 
increase Rleaf and induce stomatal closure before leaf water 

potential and vein xylem pressure drop to critical values trig-
gering xylem embolism (Rockwell et al., 2014; Scoffoni et al., 
2014; Bouche et  al., 2016). In a way, this scenario would 
resemble the role of high leaf hydraulic vulnerability as a 
protective mechanism to maintain stem hydraulic efficiency 
even under severe drought, which has been recognised as an 
important adaptation of plants growing in drought-prone 
habitats (Pivovaroff et al., 2014; Zhu et al., 2016). In other 
words, the hypothesis that vulnerability segmentation plays a 
role in protecting the integrity of the plant hydraulic system 
(Tyree et al., 1993; Choat et al., 2005; Savi et al., 2016) would 
stand at both inter- and intra-organ levels.

A protective mechanism of the leaf vascular system based 
on Rox increasing under water stress as a consequence of cell 
shrinkage would also probably guarantee short-term revers-
ibility of Kleaf decline upon leaf rehydration, providing an 
alternative or additional explanation for previous reports of 
fast post-drought recovery of leaf hydraulic properties in dif-
ferent species (Trifilò et al., 2003a; Scoffoni et al., 2012; Savi 
et al., 2016), which were in some cases attributed to embolism 
repair in vein xylem conduits.

The correlation of εmax with leaf hydraulic vulnerability 
(Fig. 6) is in agreement with a previous report by Blackman 
et al. (2010) and offers a possible new mechanistic interpre-
tation for this functional trait. In fact, high values of εmax 
translated into reduced leaf shrinkage and more negative P50 
and P80 values. Species adapted or acclimated to dry habi-
tats have often been reported to have higher εmax, indicating 
thicker and/or stiffer cell walls (Abrams et al., 1990; Chimenti 
and Hall, 1994). In these cases, the increase in εmax might be 
interpreted as a mechanism to decrease leaf hydraulic vulner-
ability, thus improving the capacity to maintain leaf hydraulic 
efficiency and gas exchange rates even under conditions of 
reduced soil water availability and/or high atmospheric evap-
orative demand.

In conclusion, our data provide support for species-specific 
patterns of Rx and Rox changes during leaf dehydration, and 

Fig. 6. Relationships between the bulk modulus of elasticity (εmax) and the leaf water potential inducing (A) 50% (P50) or (B) 80% (P80) loss of leaf hydraulic 
conductance. Regression curves are expressed by the following function: y = y0 + ax. Values of correlation coefficients (r2) and P-values are indicated. 
See Table 1 for abbreviations of species’ names.
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their consequent impacts on leaf hydraulic efficiency. The 
possible protective role of the vulnerability of the extra-vas-
cular water pathway with regards to embolism formation in 
the vein xylem deserves additional studies on larger species’ 
assemblages, to disentangle the eventual adaptive role of this 
mechanism in different habitats with contrasting levels of 
water availability and drought frequency/intensity.

Supplementary data

Table S1. Summary of ANCOVA analyses and results 
of pairwise differences using Tukey’s post hoc test for the 
responses of leaf hydraulic resistance, xylem hydraulic resist-
ance, and leaf outside-xylem resistance to declining leaf water 
potential in the four study species. 

Table S2. Summary of ANCOVA analyses for the response 
of relative values of xylem hydraulic resistance and leaf 
outside-xylem resistance to increasing relative values of the 
whole-leaf hydraulic resistance in the four study species.

Table S3. Correlation matrix of 28 measured leaf traits 
across the four study species.
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