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A B S T R A C T

Vulnerability to drought-induced embolism is a key trait that shapes drought resistance and that could be in-
creasingly used to design climate-smart forest management guidelines and to anticipate the outcome of climate
change on populations dynamics and ecosystems functioning. A panel of methods is currently available to
measure embolism resistance. This makes crucial a proper identification of which methods are the most accurate
for determining this trait. However, the measurement of embolism resistance is sensitive to numerous artifacts
that may lead to large errors for a given species. In addition, not all methods are easily accessible because of the
cost of some large equipment and/or certain lab facilities. The emergence of the easy and low cost Pneumatic
method allows to perform vulnerability curves at high throughput. However, only few studies have evaluated the
reliability of this method compared to others. In this study, we proposed a comparison of five methods that
allowed to assess embolism resistance in eleven tree species with contrasting xylem anatomy and vessels length
(six short vessel angiosperms, two tracheid bearing conifers and three long-vessel angiosperms), covering a large
part of the range of embolism resistance observed in trees. Consistent results were obtained among all the
methods for short-vessel angiosperm species. In tracheid-bearing conifers, the Pneumatic method overestimated
vulnerability to embolism. In long-vessel species, the Pneumatic method led to inconsistent results with accurate
vulnerability to cavitation curves (VCs) for one species but led to r-shaped VCs with a underestimation of in-
cipient embolism for the two other ones. The comparison of VC parameters with turgor loss point is proposed as
an indicator of the validity of the VCs. The conditions of validity, the advantages and pitfalls of the five methods
are discussed. Our results warned against the widespread usages of some methods before rigorous validation
tests have been performed.

1. Introduction

Plant resistance to drought depends on the ability of the plant
vascular system to maintain water transport during water stress. This
can be achieved through both a timely regulation of leaf transpiration
through stomatal closure and the ability of the vascular system to keep
xylem conduits water-filled, and therefore conductive, under high
tensions encountered during soil drought coupled with high

evaporative demand (Cochard et al., 1996; Martin-StPaul et al., 2017;
Salleo et al., 2000; Sperry and Pockman, 1993). This latter property is
called xylem embolism resistance. Embolism results from cavitation,
that is the change in the state of water from liquid to gas, and the
subsequent disruption of sap transport in xylem conduits that occurs
during drought (Tyree and Dixon, 1986; Tyree and Sperry, 1989;
Zimmermann, 1983). Given that species operate in a reduced range in
terms of stomatal regulation (Martin-StPaul et al., 2017), embolism
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resistance represents a pivotal trait to discriminate species ability to
tolerate drought (Larter et al., 2017; Lens et al., 2016). As a matter of
fact, at the interspecific level, resistance to embolism is considered to be
a driver of vegetation distribution along aridity gradients (Choat et al.,
2012; Cochard et al., 2008; Delzon et al., 2010; Maherali et al., 2004;
Pockman and Sperry, 2000).

Embolism resistance is typically evaluated by constructing vulner-
ability curves (VCs), defined by the relationship between xylem water
potentials and corresponding degrees of xylem embolism. Two im-
portant parameters can be retrieved from these VCs to characterize the
species’ embolism resistance: the water potential inducing 50% loss of
conductivity (Ψ50, MPa) and the rate of percent loss of conductivity
(PLC) increase per water potential drop (Slope, %. MPa−1). Over the
past four decades, different methods have been developed to construct
VCs, differing in the way plant samples are dehydrated and the amount
of embolism is assessed (Cochard et al., 2013).

Among the oldest methods, the Bench-dehydration method has long
been considered as a reference because branches or intact plants are
dehydrated progressively on a bench, simulating the natural process of
dehydration that would occur during a drought in the field (Bréda et al.,
1993; Cochard et al., 1996, 2013). Water potential is regularly mon-
itored with a pressure chamber or a psychrometer during dehydration
and PLC is measured in short sub-samples by measuring water-flow
before and after flushing the embolism. PLC is generally measured
gravimetrically or using a flow meter under positive pressure. Im-
portant disadvantage remains, however, as this method is highly de-
structive (it requires one branch for each measurement point) and
measurements are time-consuming. Additionally, this method can be
prone to artifacts. Xylem conductivity (at the proximal end) can be
blocked by air bubbles or impurities injected in the perfusion solution
(Sperry and Saliendra, 1994). In angiosperm and more specifically in
long vessels species, an artificial embolism can occur if great care is not
taken to relax xylem tension during the sampling (Wheeler et al., 2013)
and/or the cutting procedure (Torres-Ruiz et al., 2015). Nevertheless, if
applied carefully, the Bench-dehydration method has proven to be
highly accurate (Choat et al., 2010; Cochard et al., 2010, 2013; Torres-
Ruiz et al., 2015).

Another option to the direct gravimetrical estimation of con-
ductivity loss, is to measure the level of embolism, quantifying the
amount of embolized conduits, by direct visualization after scanning
samples with X-Ray micro-computed-tomography (Micro-CT)
(Brodersen et al., 2010; Choat et al., 2015; Torres-Ruiz et al., 2015).
Synchrotron-based micro-CT provides the possibility of measuring
embolism on intact plants offering a reliable reference (Cochard et al.,
2015). Nevertheless, X-rays can impact the hydraulic functioning of the
plant, after several scans since x-rays can potentially damage living cells
and vessels that are directly in the x-ray beam but not affect water
conduits that are dead cells. Moreover, accurate estimation of hydraulic
conductivity implies to differentiate functional conducts (i.e. con-
ductive water-filled) from non-functional fluid-filled conducts. Two
alternatives exist to avoid this potential artifact, the use of a contrast
agent (Pratt and Jacobsen, 2018) or to do a final cut in the air. Ad-
ditionally, this method is still very time-consuming and getting access
to synchrotron facilities or lab-based Micro-CT equipment is compli-
cated and expensive.

Drawing on the Bench-dehydration principle, the Pneumatic
method was recently proposed as a new method for evaluating re-
sistance to embolism. It is based on the estimation of the volume of air
discharged from a sample during a dehydration sequence (Pereira et al.,
2016). The basic idea is that air discharge increases with embolism rate,
as water in previously functional conduits is replaced by air when
embolism occurs. As air discharge and water potential are monitored
concurrently and repeatedly on the same branch-sample, the Pneumatic
method allows getting one VC per sample, which renders the method
less destructive than the classical Bench-dehydration and to char-
acterize embolism resistance at the individual level. Additionally,

because air discharge measurements take only a few minutes and
measurements can be automated, this method allows measuring several
samples at the same time (Pereira et al., 2016, 2019), resolving the
time-consuming issue of the Bench-dehydration method. Nevertheless,
recent studies indicated that this method could largely underestimate
embolism resistance on tracheid’s species and some significant differ-
ences can be observed in some angiosperm species when compared with
flow-centrifuge method (Pereira et al., 2016; Zhang et al., 2018), but
there are still few validations of this method.

Other methods were designed and have been used to construct VCs
at relatively high throughput since the 90s. One of them, the Air-in-
jection method, consists in inducing embolism progressively by forcing
pressurized air to enter the xylem conduits of the sample through a tied
pressure collar (sleeve) (Cochard et al., 1992; Salleo et al., 1992). After
each step of air injection, PLC can be determined gravimetrically as in
the Bench-dehydration method. The system can be automatized to fa-
cilitate measurements, and some prototypes recently developed, now
allow building a VC in less than one hour (Dalla-Salda, pers. comm.).
There are some reported artifacts. For instance, this method may re-
quire notching the sample in the absence of cut petioles or cut side-
branches, in order to allow air to reach the xylem (Sperry and
Saliendra, 1994). Additionally, in long-vessel angiosperms, artifacts
were reported because samples included open vessels (Choat et al.,
2010; Torres-Ruiz et al., 2014). Such artifacts generally produce highly
vulnerable curves, the so-called r-shaped curves (Cochard et al., 2010).
These artifacts can be avoided by using samples longer than the max-
imal vessels length, placing the pressure-collar in a central portion of
the sample and using an adapted pressure-collar length (Ennajeh et al.,
2011a; Martin-StPaul et al., 2014). Another type of method relies on the
centrifugal force, in which, stem or branch samples are spun at in-
creasing speed to mimic the tension experienced by xylem water col-
umns during drought (Flow-centrifuge; Alder et al., 1997). The loss of
conductivity is determined gravimetrically after each spin (Alder et al.,
1997; Torres-Ruiz et al., 2017). In the more recently developed Flow-
centrifuge device, conductivity is measured while the sample is spin-
ning, which considerably accelerates the measurement procedure
(Cochard, 2002; Cochard et al., 2005). As the Air-injection method, the
Flow-centrifuge method is also prone to open-vessel artifacts in an-
giosperm species (Choat et al., 2010; Martin-StPaul et al., 2014; Torres-
Ruiz et al., 2014). To avoid underestimation of embolism resistance the
rotor should be longer than the maximal vessel length. Alternatively,
simple tests can be applied to assess the level of artifactual embolism at
low xylem tension (Torres-Ruiz et al., 2017), and corrective models can
eventually be applied (López et al., 2019). There are other methods to
assess the level of embolism including the old acoustic methods
(Milburn and Johnson, 1966) and the recent optical method (Brodribb
et al., 2017), but they are not treated in this study.

The two relative high-throughput methods, Air-injection and Flow-
centrifuge, are currently increasingly used to characterize intra-specific
variability of embolism resistance since this variation is becoming a key
issue to study the adaptability of tree population to future climate
(Chauvin et al., 2019; Lamy et al., 2013; López et al., 2016; Torres-Ruiz
et al., 2019; Wortemann et al., 2011). However, this requires to
quantify and highlight intraspecific differences when they exist but also
to ensure that measurements done with different methods are com-
parable at the species level. Few studies have assessed if both methods
are fully comparable at the intraspecific level, performing the com-
parison on the same individuals.

As explained above, the last decades have known an intense debate
regarding the ability of all these methods to produce accurate VCs and
different artifacts were observed in all of them. Artifacts reported de-
pends on both the methodology and the species wood properties,
mostly related to the maximum vessel length (Cochard et al., 2013;
Torres-Ruiz et al., 2014). To clarify the condition of the method ap-
plicable for a range of species it thus appears crucial to compare VC
parameters obtained with various methods over a range of species.
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It is also important to provide independent traits for validation that
would help decipher if a VC is reliable or not. In the sequence of
drought response mechanisms, stomatal closure before embolism for-
mation has been theoretically advanced as a fundamental component
(Jones and Sutherland, 1991; Sperry et al., 2002). In experimental
studies, leaf turgor loss has been shown to occur before or close to any
significant level of xylem embolism in branches (Li et al., 2018; Martin-
StPaul et al., 2017) and in leaves (Creek et al., 2019; Skelton et al.,
2018). On this basis, it has been proposed that parameters derived from
the Pressure-Volume curves, such as the leaf turgor loss point (πtlp),
could be compared to the thresholds water potential of incipient for
embolism (Ψ12) in branches in order to have a good indication of the
reliability of a VC (Cochard et al., 2019; Martin-StPaul et al., 2014).

In this study, our main aim was to provide a general comparison
among the different methods used for determining plant embolism re-
sistance described earlier, across species with different wood anatomy
(interspecific analysis) and within one of them (intraspecific analysis).
Additionally, we also performed Pressure-Volume curves to evaluate if
πtlp can be used to contribute assessing the validity of the VC by ver-
ifying that turgor loss is reached before or close to incipient embolism
formation.

2. Materials and methods

2.1. Plant material and experimental design

The study was focused on eleven tree species. Preliminary to xylem
embolism vulnerability measurements, maximal vessel length was
measured for each species (Table1) using the air-infiltration technique
(Ewers and Fisher, 1989; Zimmermann and Jeje, 1981). The eleven
species included six short-vessel angiosperms (maximum vessel
length<= 0.25 m), three long-vessel angiosperms (>= 0.90 m) and
two tracheid-bearing gymnosperms species (Table 1). Among them,
seven were native of Patagonian forests (South-America) for which only
a few VCs data are yet available without any information about their
vessel lengths. Among Patagonian species, the six short-vessel angios-
perm species were Nothofagus antarctica (G. Forst.) Oerst., Nothofagus
pumilio (Poepp. & Endl.) Krasser, Lomatia hirsuta (Lam.) Diels ex J.F.
Macbr., Maytenus boaria Molina, Schinus patagonicus (Phil.) I.M. Johnst.
ex Cabrera and Embothrium coccineum J.R. Forst. & G. Forst., and the
tracheid-bearing species was Austrocedrus chilensis (D. Don) Pic.Serm. &
Bizzarri. Those species are widespread in Patagonian forests subjected
to different precipitation levels and thus are expected to exhibit dif-
ferent degrees of drought resistance (Supplementary 1, Table S1).
Branch samples of those species were collected in adult trees (except for
N. pumilio for which 2-year-old seedlings were used) in the same region
of Río Negro Province, Argentina, within a radius of 50 km around San
Carlos de Bariloche city (41°08′03′S; 71°18′30′W). Additionally, to en-
large our dataset with distinct xylem anatomy and vessel lengths, four
other species native of the northern hemisphere were included, one
conifer (Cedrus deodara (Roxb.) G.Don) and three long-vessel angios-
perm species (Quercus ilex L., Laurus nobilis L. and Olea europaea L.).
Branches of C. deodara were collected from adult specimens of forest-
grown trees on the Cézeaux Campus of Clermont-Auvergne University,
Clermont-Ferrand, France (45°45′46″N, 3°06′51″E) and from adult trees
growing in Bariloche, Argentine (41°08′03′S; 71°18′30′W). For the
three long vessel species (Q. ilex, L. nobilis and O. europaea) data were
collected on seedlings of one to three-years-old and on adult trees. For
more details about the harvest moments and the type of sample used for
each method see Supplementary Material 2.

For the six short-vessel angiosperm species, four methods were
compared (Bench-dehydration, Pneumatic, Air-injection and Flow-
centrifuge). For the three long-vessel species, the comparison was fo-
cused on Micro-CT, Pneumatic and Flow-centrifuge methods since the
use of Air-injection on long-vessel species has been tested previously
(Choat et al., 2010; Ennajeh et al., 2011b; Martin-StPaul et al., 2014). Ta
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For the two conifers, the comparison was focused on the Air-injection,
the Pneumatic and the Flow-centrifuge methods. In addition, VC
parameters obtained with Air-injection and Flow-centrifuge methods
from individuals of three distinct populations of A. chilensis growing in
three different provenance regions (Pastorino et al., 2015) were com-
pared, to test if both methods are capable of characterizing the intra-
specific variability in this conifer species (more information about
provenances and sampling in Supplementary Material 2). All mea-
surements were obtained for this study, except for Micro-CT and Flow
centrifuge methods in L. nobilis (Lamarque et al., 2018) and Micro-CT
and bench-dehydration in O. europaea (Torres-Ruiz et al., 2014, 2017).

2.2. Methods to assess embolism resistance

2.2.1. Bench-dehydration method
For the short-vessel angiosperm species, Bench-dehydration VCs

were obtained following the method described by Sperry (1986). In the
lab, branches were progressively dehydrated on a bench under room
conditions during different time intervals from one hour to few days to
reach the range of water potentials required to construct VCs. Before
water-potential measurements with a pressure-chamber (PMS Instru-
ment Company, Albany, OR, USA), three to five leaves were covered for
at least one hour to allow the equilibrium between the leaf and xylem
water potential. The average of the measurements of at least two leaves
was regarded as the mean xylem water-potential. Once the target
pressure was achieved, the branch was sampled to assess its loss of
hydraulic conductivity (PLC). For angiosperm species to eliminate po-
tential cutting artifact (Torres-Ruiz et al., 2015), branches were rehy-
drated in water and shortening progressively underwater to release the
xylem tension before sampling the xylem segment of interest (i.e. the 3-
cm long segment in which PLC is measured). Terminal branch segment
(grown in the current year) were used to assess the PLC. For all the
species, the distal end of the branch-segment was connected to a 1 m
high water column filled with a solution of demineralized and filtered
water that contained 1 mM CaCl2 and 10 mM KCl. The proximal end
was inserted to a tubing system connected to a reservoir lying on a
precision balance to gravimetrically determine the flow rate through
the branch segment. Three repetitions of measurements of continuous
mass variation within 2 min intervals were used to determine the mean
flow rate through the branch-segment (F, kg.s−1). The initial hydraulic
conductivity of the stem-segment (kh, kg.m.s−1.MPa−1) was calculated
as the ratio between the flow rate through the segment and the pressure
head (10 kPa), normalized by the length of the segment. For angios-
perm species, to calculate maximal hydraulic conductivity (khmax,
kg.m.s−1.MPa−1), segments were then flushed with the same solution
at 150 kPa at least for 5 min or until no more bubbles came out of the
sample to remove emboli. The flushed segments were connected again
to the balance system to measure their maximum flow rate under the
pressure gradient of 10 kPa. For A. chilensis, a gymnosperm species,
successive segments of the same branch were used to assess the PLC
during the dehydration of the branch. The kh before dehydration was
considered as khmax for PLC calculations since embolism removal by
flushing is not possible due to the sealing of the torus against the pit
wall when flushing. For all species, the PLC was calculated as:

PLC = 100*(1-kh/khmax) (1)
where kh is the measured conductivity for each water potential and

khmax is the maximal conductivity of the same branch-segment.
The VCs were plotted as the relationship between the xylem water

potential and the loss of hydraulic conductivity (PLC).

2.2.2. Micro-CT method
For long-vessel species (Q. ilex, L. nobilis and O. europaea), micro

computed tomography (Micro-CT) was used to measure embolism
progression at different levels of water potential on intact plants seed-
lings. For L. nobilis, direct visualization of embolized xylem vessels in
the main stems of intact seedlings was carried out during two

campaigns (see Lamarque et al., 2018 for the detailed protocol). Briefly,
a total of 14 well-watered plants from one- to three-year-old were de-
poted to reach different water potential during 5 days campaigns. To-
mographic observations were conducted during the first campaign at
UGCT (Ghent

University, Belgium) using the HECTOR scanner equipped with
polychromatic a 240-kV X-ray tube (X-ray WorX, Garbsen, Germany)
and a 1620 flat-panel detector (PerkinElmer, Waltham, MA, USA), and
during the second campaign at SOLEIL (Paris, France) using the PSICHÉ
high flux (3.1011 photons mm−1) 25-keV monochromatic X-ray beam
(King et al., 2016). Each seedling was scanned three times during de-
hydration focusing on the same location along the stem. Each scan
yielded a 2000 × 2000 × 2000 voxels volume. The tomographic re-
constructions were carried out at UGCT and at SOLEIL, respectively
(Dierick et al., 2004, Paganin et al., 2002, Mirone et al., 2014). The
corresponding level of plant dehydration was monitored through water
potential measurements conducted with the Schölander pressure
chamber using a single leaf located below the scanned area to avoid an
underestimation of the water potential at the scan location (Charrier
et al., 2016).

For Q. ilex and O. europaea, direct visualizations of embolized xylem
vessels in the main stems along with leaf water potential were per-
formed with the PSYCHE beamline at SOLEIL Synchrotron during the
2015 campaign using the same protocols as for L. nobilis. Seven to nine
2 to 3-years-old seedlings were used for Q. ilex and O. europaea re-
spectively.

In both species, the same settings were used as during the second
campaign developed for L. nobilis. Two weeks before the experiment,
we progressively stop watering the plants to reach a large range of
xylem water potential among the study individuals at the onset of the
campaigns. Some seedlings were depoted at the synchrotron to accel-
erate the dehydration. During each campaign, different seedlings were
scanned along the stem to cover a range of water potential between −1
and−9 MPa. Seedlings were scanned between one and three times over
the campaigns. Plant water potential was concurrently measured with a
Schölander pressure chamber.

In all cases, embolism observations were conducted for each scan
from a transverse cross-section taken from the center of the scan vo-
lume. The kh was determined by computing the individual area and
diameter of both air- and water-filled vessels. Vessel visualization, i.e.,
the distinction between functional vessels from non-functional xylem
conduits and fibers, and vessel diameter calculations were facilitated by
using a final scan (“final cut”) that was generated for each stem section.
Final cuts represented scans performed after samples were cut in the air
ca. 2 mm above the corresponding scanned stem volume and where
functional vessels with sap under tension immediately filled with air.
The kh of air-filled vessels of each cross-section was calculated ac-
cording to the Hagen–Poiseuille equation:

kh = ΣπD4/128η (2)
where D is the diameter of vessels (m) and η is the water viscosity

(1.002 MPa s−1 at 20 °C). The kmax was determined as the theoretical
hydraulic conductivity of all functional vessels as based on a cross-
section after the final cut. The theoretical loss of hydraulic conductivity
(PLC, %) was then determined as in Equation 1.

2.2.3. Flow-centrifuge method
Measurements were carried out in a “Cavitron” device (Cochard,

2002; Cochard et al., 2005), at the high-throughput phenotyping plat-
forms for hydraulic traits (“Caviplace”, University of Bordeaux, Ta-
lence, France, and “Cavihome”, INRAE, Clermont-Ferrand, France). To
avoid the open-vessels artifact, VCs were performed using three dif-
ferent rotor sizes (0.28, 0.42 and 1 m) depending on the maximal vessel
length. Thus, samples were installed in rotors showing a longer dia-
meter than the maximum vessel length for each species. For some
species, two sizes of the rotor were tested to ensure the reliability of the
VCs (Supplementary Material 3, fig S1). In the lab, all branches were
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cut to obtain 0.28 m (tracheids species), 0.42 m (short-vessel species),
and 1 m (long-vessel species) long samples. Each sample end was de-
barked and inserted into a transparent reservoir containing a solution of
filtered and demineralized water with 1 mM CaCl2 and 10 mM KCl. The
difference in solution levels between the two reservoirs creates a hy-
drostatic gradient that generates water flow rates through the study
sample and allows to measure kh (see Cochard et al., 2005 for further
details). Xylem pressure was first set to a reference pressure
(−0.1 MPa) for measuring the khmax. The centrifugation speed was then
set to a higher value for 3 min to expose the sample to more negative
pressure. The hydraulic conductivity was measured three times for each
pressure level and the average was used to compute the mean PLC at
that pressure. The procedure was repeated for at least eight pressure
levels until the loss of conductivity reached at least 80%. Rotor velocity
was monitored with a 10 r.p.m. resolution electronic tachymeter
(A2108-LSR232; Compact Instruments, Bolton, UK). The Cavisoft soft-
ware (version 2.0; BIOGECO, University of Bordeaux, Talence, France)
was used for hydraulic conductivity and PLC estimation.

2.2.4. Air-injection method
For the short vessel species, embolism resistance measurements

were carried out using the Air-injection method with an automated
device called “Embolitron” (Dalla-Salda, unpublished data). The prin-
ciple of the technique is to induced embolism by injecting air or ni-
trogen into a sleeve around the sample at different pressures and then
measuring the variation in its hydraulic conductivity.
Recommendations of Ennajeh et al., (2011a) were considered in order
to avoid known artifacts. In the lab, all branches were debarked and cut
to obtain 0.15 m (tracheid bearing species) and 0.3 m to 0.40 m (short
vessel angiosperm species) long samples, to obtain samples twice long
as the maximum vessel length. The samples were then inserted into a
sleeve, with the two ends protruding out of the sleeve whereas parti-
cular attention was paid to correctly place the chamber (Supplementary
Material 3). The branch segment was connected to a 0.85 m high
column filled with a solution of filtered and demineralized water that
contained 1 mM CaCl2 and 10 mM KCl., inducing a pressure gradient of
8.5 kPa. Embolism was induced injecting compressed nitrogen in the
sleeve for 2 min. A total of 9 steps of pressure from 0 to 8 MPa (in-
crement of 1 MPa) or from 0 to 4 MPa (increment of 0.5 MPa) were
applied using a pressure regulator (AirCom®Pneumatic GmbH, Ra-
tingen, Deutschland). Hydraulic conductivity was gravimetrically
measured with a precision scale (KERN & SOHN GmbH, Ziegelei, Ba-
lingen, Deutschland). We waited for at least 5 min after each pressur-
ization allowing the system to equilibrate. The kh was calculated with
the same methodology as for the Bench-dehydration method. The
highest kh value, usually obtained before the first air injection or after
air injection at 1 MPa was used as khmax. PLC was calculated as the ratio
between kh and kmax. PLC values versus applied pressure values were
plotted to obtain the VCs.

2.2.5. Pneumatic method
The Pneumatic method was conducted according to Pereira et al.

(2016). Thus, 0.50 m to 2.00 m-long branches (two times higher or
equal to the species maximum vessel length) were used. In the lab, the
basal end of each branch was connected to the Pneumatic apparatus via
a three-way stopcock, which included a syringe to generate a vacuum in
the system and a pressure sensor (Omega Engineering, Norwalk, USA).
Once the branch end was connected to the pneumatic tubing system,
the tubing was not replaced and the branch ends were not shaved be-
fore a measurement was taken. The rigid plastic tube between the
branch end and the pressure sensor acted as a vacuum reservoir. Firstly,
the branch-vacuum reservoir pathway was closed, i.e., the branch end
was open to the atmosphere. A negative pressure of ca. 40 kPa was
applied to the vacuum reservoir by pulling the syringe plunger. Sec-
ondly, the vacuum reservoir-syringe pathway was closed and the
pathway between the branch and the vacuum reservoir was opened.

The initial pressure was measured immediately after connecting the
branch end to the vacuum reservoir. After extracting the air from the
branch to the vacuum reservoir for 2 min, the final pressure was
measured. Additionally, a leak test was run before each air-discharge
measurement by carrying out the same process without connecting the
branch end to the vacuum reservoir. To determine the xylem water
potential (MPa) at each time, we cut two leaves from the branch that
were bagged at least 1 h before each measurement. The water potential
was measured with a Schölander pressure chamber (PMS Instrument
Company, Albany, OR, USA), and the two leaves values were averaged.
Glue was applied to the leaf cut to avoid air-entry in the branch. The
branch was then removed from the apparatus and let dry on the bench
for 15 min to hours depending on the species and the sample dryness.
Measurements were ended when the branches showed strong dehy-
dration (i. g. dry leaves). The percentage of air-discharged (PAD, %), an
analogous of PLC, was calculated as proposed by Pereira et al. (2016).

2.2.6. Estimation of VCs parameters
Vulnerability Curves datasets of all species and all techniques were

modeled using the Fitplc package (Duursma and Choat, 2017) of R
software (R Core Team, 2019). The package was used to fit either
percent loss of conductivity (PLC, %) or percent air-discharge (PAD, %)
measurements with the corresponding stem water potential (Ψ; MPa).
The package allows to fit the data with Weibull models and provides
confidence intervals (CIs) of the fitted parameters using standard pro-
filing methods and with a non-parametric bootstrap (Duursma & Choat,
2017). Our study was focused on three parameters: the water potential
leading to 12% of the conductivity loss or 12% air-discharge (Ψ12,
MPa), the water potential leading to 50% of the conductivity loss or
50% air-discharge (Ψ50, MPa) and the rate of embolism increase per
water potential drop (Slope, % of PLC.MPa−1 or PAD.MPa−1).

2.3. Pressure-Volume curve and turgor loss point estimation

To test the reliability of the vulnerability curves in regards to the
plant water relations, additional measurements of leaf water potential
at turgor loss point (πtlp) were performed. Stomatal closure (similar to
turgor loss point) occurs close or before incipient embolism formation,
and this could be an indicator that the resulting VCs are accurate (Creek
et al., 2019; Martin-StPaul et al., 2017). Pressure-volume curves were
performed for all the species (Dreyer et al., 1990; Tyree and Hammel,
1972). Pressure-volume curves were determined by progressively
drying a twig bearing several leaves on a laboratory bench and mea-
suring leaf water potential using a pressure chamber (PMS Instrument
Company, Albany, OR, USA) and leaf mass at intervals of a few minutes
to half an hour depending on the dehydration rate of each species.
Twigs were previously rehydrated for 15 h. Parameters of the pressure-
volume curves, including the turgor loss point, were determined using
an excel spreadsheet tool based on the work of Sack and Pasquet-Kok
(2010). Five individual pressure-volume curves were constructed for
each species during the 2019 growing season, on the same plant ma-
terials (same adults trees or seedling of the same provenance when
measurements were conducted on seedlings since the material were not
able anymore at the moment of measurement) used for resistance to
embolism estimations. An exception was O. europaea for which already
published values were used (Diaz-Espejo et al., 2018; Hernandez-
Santana et al., 2016).

2.4. Statistical analyses

Ψ50 and Slope values differences among methods were tested using
independent samples t-test except for the Bench-dehydration and the
Micro-CT methods, that were compared to the three other methods with
a one-sample t-test since only a single vulnerability curve was available
in this case. Additionally, methods were considered to be significantly
different when their 95% confidence intervals of the vulnerability curve
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did not overlap for a given species. Relationships between Ψ50 of dif-
ferent methods for short-vessel and tracheid species were determined
by linear regression analysis. Finally, the relationship between πtlp and
Ψ12 were plotted and compared to a previous meta-analysis (Martin-

StPaul et al., 2017) to assess the overall consistency of our VCs.

Fig. 1. Fitted vulnerability curves by species and methods. For each species, fitted vulnerability curves and their confidence intervals for all methods are represented
using different colors. Vertical grey lines indicate the value of turgor loss point (πTLP) obtained from the Pressure-Volume curves. PLC: Percent loss of conductivity,
PAD: percent air-discharge, Ψ50: the water potential leading to 50% of the conductivity loss or 50% air-discharge, Slope: the rate of embolism increase per water
potential drop.
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3. Results

3.1. Comparison of patterns and parameters of vulnerability curves among
tested methods

Overall, the studied species presented a wide range of embolism
resistance (i.e Ψ50 values ranged from −1.71 to −9.39 MPa for E.
coccineum and L. nobilis, respectively with the Flow-centrifuge method)
and relatively low variability in turgor loss point (from −1.4 MPa to
−3.7 MPa for E. coccineum and Q. ilex, respectively) (Fig. 1).

For all the short-vessel species, vulnerability curves (VC’s) evi-
denced similar sigmoidal (i.e. s-shaped) patterns for all the methods
(Fig. 1). Additionally, we observed partial or total overlap of 95%
confidence intervals of vulnerability curves between methods. Despite
similarities in VC patterns, some differences between methods for Ψ50

and Slope were observed for some species (for more details, see
Supplementary Material 4, Table S2). Comparing different methods
significant observed differences in Ψ50 were in general low
(< 0.50 MPa) except for N. pumilio and M. boaria (Supplementary
Material 4). In these species, Ψ50 obtained with Bench-dehydration and
Flow-centrifuge methods showed a significantly lower resistance to
embolism (up to 0.89 MPa) compared to the Ψ50 obtained with Air-
injection and Pneumatic methods. Despite these differences, for all
pairs of methods, short-vessel species Ψ50 were highly correlated (R2

ranged from 0.96 to 0.99) and aligned on the 1:1 line (Fig. 2) indicating
that all methods rank properly the overall embolism resistance.

Regarding the Slope values, no clear trends were observed among
methods or species albeit some differences were observed for M. boria,
N. antarctica, L. hirsuta and E. coccineum. For the Flow-centrifuge
method, the slope values of the three less resistant species departed
strongly from the 1:1 line when compared to the bench-dehydration
and other methods (for further details see Supplementary Material 6,
Fig. S3). Regardless of the methods used, Ψ50 and Slope values were
nonlinearly related to each other (Supplementary Material 5, Fig. S2).

For tracheids-bearing species, all the methods except for the
Pneumatic method, allowed to build VC that evidenced similar s-shaped
patterns. The Pneumatic method tend to underestimate the resistance to
cavitation for the conifer studied species (Fig. 1), significant observed
differences in Ψ50 between the Pneumatic method vs. the flow-cen-
trifuge method ranged from 1.97 to 2.29 MPa (Supplementary Material
4, Table S2). In both species similar significant differences were found
when the Pneumatic method was compared to the Flow-centrifuge and
the Air-injection methods, leading to a clear departure from the 1:1 line
when the Pneumatic method was compared to other methods (Fig. 2).
No significant differences were found for the Slope among methods.

For long-vessel species, consistent vulnerability s-shape curves were
obtained with all methods in Q. ilex but not in L. nobilis and in O.
europaea. In these last, the pneumatic method yielded r-shape VCs
(Fig. 1) with a significant underestimation of Ψ50 (3.70 MPa) in L.
nobilis and a significant overestimation of Ψ50 (2.28 MPa) in O. euro-
paea when compared to the Micro-CT method, resulting in departures of
the 1:1 line (Fig. 2). Additionally, a difference of 5.72 MPa was

Fig. 2. Comparisons of methods for Ψ50 measurements. Grey dashed line represents the 1:1 line.
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observed when the Pneumatic method was compared with the Flow-
centrifuge method in L. nobilis. However, for the long vessel, Q. ilex all
methods aligned on to the 1:1 line (Fig. 2).

3.2. Relationships between incipient embolism and turgor loss point

Fig. 3 depicts the relationship between the πtlp and Ψ12 (i.e. 12%
PLC or PAD) obtained with the different methods. The solid segmented
line (broken stick models) represents the expected relationship ob-
served in a previous meta-analysis (Martin-StPaul et al., 2017). For all
methods except for the Pneumatic one, the turgor loss point was higher
(less negative) than or very close to Ψ12. For the two gymnosperms
species as well as for L. nobilis and O. europaea, two of the three studied
long-vessel angiosperm species, the πtlp was much lower than the Ψ12

values estimated from the Pneumatic method, therefore being on the
right-side of the 1:1 line (Fig. 3), for more details, see Supplementary
Material 7 (Table. S3).

3.3. Relationship of Ψ50 at the individual and population scales using Air-
injection and Flow-centrifuge methods

For one species (A. chilensis), we evaluated the ability of two high
throughput methods (Air-injection and Flow-centrifuge methods) to
estimate embolism resistance at the intraspecific level, by comparing
individual values from three different populations, (additional in-
formation about populations tested in Supplementary Material 2). Fig. 4
shows a significant correlation between Ψ50 at the individual and the
population level scale obtained with both methods (at individual level,
R2 = 0.73, p < 0.0001). Most of the variation of Ψ50 came from
differences at the population level, which indicates that both methods
gave consistent embolism resistance ranking for populations of this
species.

4. Discussion and conclusion

4.1. Method comparison according to species xylem anatomy and vessel
length type

In the case of short vessel species, all the methods produced

Fig. 3. Relationships between the turgor loss point (πtlp) and the water potential leading to 12% of the conductivity loss or 12% air-discharge (Ψ12) values measured
with the Flow-centrifuge, Pneumatic, Air-Injection, Micro-CT and Bench-dehydration methods. The solid red lines correspond to the segmented relationship reported
in the meta-analysis by Martin-StPaul et al. (2017) and the grey dash line to the 1:1 line. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)

Fig. 4. Comparison of embolism resistance (Ψ50) obtained with the Air-injec-
tion and the Flow- centrifuge methods for same individuals of Austrocedrus
chilensis collected in three different populations. Symbols and colors indicate
the different populations (square = La Fragua, triangle = Rio Azul, dot = Cerro
Otto). Small symbols correspond to individual values of Ψ50 and large symbols
represent the mean population values and the corresponding standard deviation
of Ψ50. Populations are indicated by different shades of grey. The dash line
represents the 1:1 line.
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accurate results whatever the species as revealed by the good correla-
tions among methods for Ψ50. Additionally, for all the methods tested
the turgor-loss point (πtlp) was very close to or higher than the water
potential causing incipient xylem embolism (Ψ12). This is consistent
with the overall expectation that, in the sequence of the physiological
response to drought, plants should lose their leaf turgor before drought
induced cavitation (Brodribb and Holbrook, 2003; Creek et al., 2019; Li
et al., 2018; Martin-StPaul et al., 2017; Skelton et al., 2018).

In the case of tracheid-bearing species, similar values of Ψ50 and
Slope were found for the tested methods except for the Pneumatic one.
Indeed, the Pneumatic method overestimated the mean species vul-
nerability to embolism of the two conifers tested by up to 45% com-
pared to other tested methods. This finding was in agreement with
previous studies that explored the validity of this recently developed
method in conifers (Pereira et al., 2016; Zhang et al., 2018). Tracheids
obstruction by resin or the aspiration of torus-margo pit membranes
(Bouche et al., 2014) could explain the discrepancy between methods
(Zhang et al., 2018). When a pit membrane is subject to a certain
pressure difference between neighboring tracheids, the torus could
become aspirated and seal the pit aperture (Cochard et al., 2009; Jansen
et al., 2012), thus preventing airflow from one tracheid to another. Pit
membrane aspiration might underestimate the amount of air dis-
charged during a pneumatic measurement, and the maximum PAD
would be reached at a less negative water potential, thus resulting in a
underestimation of xylem embolism resistance (Zhang et al., 2018). The
Pneumatic method should therefore not be used for evaluating the re-
sistance to embolism in gymnosperms unless these issues can be solved
on further studies. Additionally, our results confirm that the Flow-
centrifuge and the Air-injection methods are both consistent for gym-
nosperms. To further address the inter-comparability of these two
methods, we tested them on three distinct populations of A. chilensis
growing in contrasted climatic conditions. We found a consistent si-
milar variability in Ψ50 for the two methods (from −3.53 to −7.27
among individuals) which is within the range of the variability pre-
viously reported for this species, from −2.12 MPa up to −9.95 MPa
(Bouche et al., 2014; Gyenge et al., 2005; Pittermann et al., 2012;
Scholz et al., 2014). Moreover, a relatively good correlation was evi-
denced between the two techniques tested here. Altogether, these re-
sults indicate that the evidenced variability likely reflects meaningful
biological patterns and that both methods can be used to study the
intraspecific variability of this conifer.

There has been a long-standing controversy regarding the mea-
surement of embolism resistance in long vessel species (Cochard et al.,
2013). Pioneering studies showed that the Flow-centrifuge and the Air-
injection technique generally lead to the so-called r-shaped VCs when
samples with vessels cut-open are used, which causes large under-es-
timation of embolism resistance (Cochard et al., 2010; Choat et al.,
2010; Martin-StPaul et al., 2014; Torres-Ruiz et al., 2014). Additionally,
further studies showed that long vessel species are subjected to a
“cutting artifact” that is responsible for an artificially high level of
embolism during sample collection also causing r-shaped vulnerability
curves (Torres-Ruiz et al., 2015; Wheeler et al., 2013). By using X-ray
micro-tomography in synchrotron facilities, it has been possible to build
vulnerability curves on intact plants to avoid open-vessel and cutting
artifacts (Choat et al.,2015; Cochard et al., 2015). Such a procedure is
costly and time-consuming but allows to obtain reliable vulnerability
curves. In our study, X-ray micro-tomography was used to produce VCs
for the studied long vessel species (Q. ilex, L. nobilis and O. europaea).
These data yielded sigmoidal VC with low Ψ50 (-5.36, −6.61 and
−7.37 MPa respectively for O. europaea, Q. ilex and L. nobilis) which is
consistent with the Mediterranean biome of origin of these three spe-
cies. For Q. ilex and L. nobilis, the micro-CT vulnerability curves were
also similar to the VC obtained with the one-meter long Flow-centrifuge
rotor. Such results confirm that using xylem samples longer than the
maximum vessel length of the species and the correct rotor length with
the Flow-centrifuge method allows avoiding the open-vessel artifact

(Charrier et al., 2016; Zhang et al., 2018; Lamarque et al., 2018). In this
study, the Air-injection method was not tested for these species, but
previous studies already indicated that using long samples with the Air-
injection method could solve the open-vessel artifact issue (Choat et al.,
2010; Ennajeh et al., 2011b; Martin-StPaul et al., 2014). The Pneumatic
method has been proposed to be a good candidate to accurately mea-
sure VC on long vessel species at high throughput and low-cost (Pereira
et al., 2016; 2019). Zhang et al. (2018) reported a relatively good
agreement between the Ψ50 of 1 m-long rotor Flow-centrifuge and Ψ50

of Pneumatic method, albeit the fact that Pneumatic method tended to
produce lower slopes (and thus less negative Ψ12) than the Flow-cen-
trifuge method. Our results contradict this view as contrasted results
were observed regarding the validity of the Pneumatic method on long
vessel species when compared to the Micro-CT method. For Q. ilex, we
found an overall good agreement between the Pneumatic and the
Micro-CT. However, for L. nobilis and O. europaea, the Pneumatic
method largely underestimated the water potential causing incipient
embolism formation (Ψ12) and Slope. The discrepancies of the Pneu-
matic method compared to other tested methods in L. nobilis and O.
europaea may be related to the abundance of tiny vessels, which may
cause an important uncertainty in the amount of air discharge during
dehydration captured by the pressure sensor. These results suggest that
the Pneumatic method is likely not suitable for some long-vessel spe-
cies. The underlying causes should be further explored to properly
frame the type of xylem anatomy that can be measured with this
method.

4.2. Concluding statements: Summary of advantages and pitfalls of the
different techniques

Many methods are available to build VCs for researchers who aim to
explore the xylem resistance to embolism both between and within
species. Those methods vary by the way the water stress is induced and
embolism is measured (Cochard et al., 2013). However, selecting the
correct and most accurate method is therefore not always a simple task.
Here, different methods were explored on various xylem anatomy
types. Some non-invasive methods including the acoustic (Milburn and
Johnson, 1966) and the optical method (Brodribb et al., 2017) were not
tested in this study and should be treated in further studies, in parti-
cular, the optical method that has been intensively used over the last
five years (e.g. (Emilio et al., 2019; Rodriguez-Dominguez et al., 2018;
Skelton et al., 2018).

To conclude, based on our results and current knowledge, we pro-
vide a reading grid (Table 2) that summarizes the advantages and pit-
falls of the different studied methods. We hope that the reader can find
some basic information regarding what method is the most appropriate
according to its scientific question and the xylem anatomy of its species
of interest and potential artifacts. Whatever the method used, we re-
commend to cross-validate with another method and/or, if possible,
with a non-invasive method. Moreover, in our study, we systematically
compared embolism thresholds with πtlp to check the consistency of the
embolism resistance parameters obtained with each method. Estimation
of πtlp is generally easy, little prone to artifact and should thus be
systematically measured. We encourage researchers to verify the
overall biological consistency of VCs by using additional datasets re-
lated to stomatal and/or hydraulic functioning (Cochard et al., 2019;
Creek et al., 2019; Martin-StPaul et al., 2014, Skelton et al., 2018).
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