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The reliability of a double-ended pressure sleeve technique was evaluated on
three woody angiosperm species with contrasting maximum vessel lengths.
Vulnerability curves (VCs) were constructed by varying sample length and the
size of the pressure sleeves. VCs were compared against curves obtained with
reference techniques. For the two diffuse-porous species, Betula pendula and
Prunus persica, VCs built with shoot segments shorter than maximum vessel
length strongly overestimated species vulnerability. Furthermore, increasing
the size of the pressure sleeve also tended to lead to overestimated VCs. For
the ring-porous species Quercus robur, the technique strongly overestimated
vulnerability to embolism, whatever the sample length or chamber tested. In
conclusion, the double-ended pressure sleeve technique only gives reliable
VCs on diffuse-porous angiosperms with short pressure sleeves, only when

segments are longer than maximum vessel length.

Introduction

In plants, sap is transported under large negative pres-
sures in specialized conduits that form the xylem tissue.
Water is a metastable liquid when its pressure is negative
but it can suddenly change to a more stable gaseous
phase by cavitation. Cavitation provokes embolism,
which means it breaks the integrity of the water columns
in the xylem pipes and consequently impairs the mech-
anisms enabling sap to ascend from soil to leaves.
Cavitation has major physiological consequences as it
can eventually lead to shoot or tree mortality by desic-
cation (Brodribb and Cochard 2009), prompting a major
research push over the last three decades attempting to
characterize and understand xylem hydraulics in trees.
These efforts have not yet turned toward herbaceous
plants (Martre et al. 2000, 2001).

Abbreviation — VCs, vulnerability curves.
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The very peculiar physical state of water in the
xylem makes cavitation extremely difficult to observe
and quantify. Many different techniques have been pro-
posed for constructing xylem vulnerability curves (VCs).
These techniques differ by the way cavitation is induced
(air dehydration, air pressurization, centrifugation, etc.)
and measured (direct observation, loss of conductance,
acoustic emission, etc.). Some techniques are presumed
reliable (e.g. the air dehydration and declining conduc-
tivity technique of Sperry etal. 1988) whereas many
others have proven to be flawed. For instance, Canny
(1997) observed the content of frozen xylem vessels
under a cryo-SEM and suggested that xylem conduits
were extremely vulnerable to cavitation. However,
Cochard et al. (2000) showed that the technique was
flawed by cavitation build-up during sample prepara-
tion, and that the vessels were actually far more resistant
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to cavitation. More recently, Li et al. (2008) used a cen-
trifuge technique to measure cavitation resistance in ring-
porous species and found extremely vulnerable xylem
conduits, but Cochard etal. (2010) and Choat et al.
(2010) have since provided experimental evidence for
bias in these centrifuge techniques which greatly over-
estimate the vulnerability of species with long vessels.

The good agreement between the centrifuge and air-
injection techniques has been used as an argument to
demonstrate the reliability of both techniques (Li et al.
2008). However, it is equally possible that both tech-
niques are vitiated by the same artefact. The objective
of our study was to provide a more extensive test of
the reliability of the double-ended pressure sleeve tech-
nique (Cochard et al. 1992a, Salleo et al. 1992, Sperry
and Saliendra 1994). We tested the hypothesis that sam-
ple vulnerability was biased by the presence of vessels
cut open inside the pressure sleeve. Therefore, we ana-
lyzed VCs obtained with pressure sleeves of different
sizes on stem samples of different lengths for three tree
species presenting contrasting vessel lengths.

Materials and methods
Plant material

Experiments were conducted on different tree species
from the INRA-Crouél campus in Clermont-Ferrand
(central France). Three species with contrasting maxi-
mum vessel lengths were selected for this study. The
air infiltration technique (Ewers and Fisher 1989) was
used to measure maximum vessel lengths (L, m). Oak
(Quercus robur L.), a ring-porous species, had very
long vessels (L = 1.34 m, sb = 0.38, n = 6), while birch
(Betula pendula Roth), a diffuse-porous species, had very
short vessels (L = 0.16 m, so = 0.04, n = 6) and peach
(Prunus persica (L.) Batsch) offered vessels with interme-
diate length (L = 0.42 m, sp = 5.8, n = 6). Shoots longer
than maximum vessel length were cut in the morning
and brought to the laboratory where they were analyzed
later the same day. Experiments were conducted on
non-ramified terminal shoots less than 3 years old.

Vulnerability curves

The VCs were determined using the double-ended pres-
sure sleeve method according to Cochard et al. (1992a)
and Sperry and Saliendra (1994). The principle of the
technique is to clamp a special pressure chamber on a
branch segment, increase the air pressure in the cham-
ber and measure the effect on branch conductance.
Cochard et al. (1992a) demonstrated that for Populus
and Salix, the dependence of xylem conductance on
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positive air pressure was similar to the dependence of
xylem conductance on negative sap pressure. For the
purpose of this study, we constructed three pressure
sleeves of different lengths. The sleeves were made with
2.5-cm diameter steel tubes. Compression fittings were
placed at both tube ends and rubber corks were used
to seal the sleeves. The portion of the shoot segment in
contact with compressed air inside the chambers was
respectively 3.5, 17 and 27.5 cm.

Following Cochard et al. (1992a), hydraulic conduc-
tance of the sample was measured by connecting one
sample end to vertical plastic tubing filled with a filtered
solution (0.2 um) of 20 mM KCI and 1 mM CaCl, in
ultrapure water. The water pressure, P, in the tube was
adjusted to 6 kPa. The plastic tube was large enough
(2 cm diameter) to allow the air bubbles coming out
of the cut end to escape freely during pressurization.
This system enabled continuous measurement of water
flux, F, through the branch segment while the air pres-
sure inside the chamber was gradually increased. Water
flow through the sample was measured gravimetrically
by collecting the effluent from the distal end in a pre-
weighed cotton collector enclosed in a plastic tube over
1-min intervals. Sample conductance, K, was calculated
as: K = F/P. Before being inserted in the pressure cham-
ber, samples were first flushed with the same solution for
30 min at 0.15 MPa to remove any embolism that may
have formed during sample preparation. Preliminary
experiments with Betula (see the section on Results) indi-
cated that it was necessary to remove sample bark inside
the pressure sleeve to induce embolism in the stem.

The VCs were constructed as follows. First, air pressure
in the chamber was increased to 0.1 MPa and maximum
sample conductance, Kmnax, was measured. Then, the
pressure in the chamber was increased in 0.5 MPa steps,
and sample conductance, K, was determined at steady
state at each step. The loss of hydraulic conductance,
PLC, at each pressure was calculated as:

PLC = 100(Kmax — K)/Kmax

Test experiments

To analyze the effect of sample length on VCs obtained
using this double-ended pressure sleeve method, we
constructed VCs with 17.5-, 27.5- and 37.5-cm long
samples for each species. For Prunus and Quercus, we
also ran a test with the 3.5-cm long pressure chamber
using shoots longer than their maximum vessel length,
i.e. 57.5 cm for Prunus and 150 cm for Quercus.

To analyze the effect of pressure chamber length, we
measured 37.5-cm long shoots of all three species in all
three different pressure chambers. For each experiment,
we averaged the results of three to five replicates.
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Fig. 1. Effect of bark removal on Betula xylem VCs obtained with the
double-ended pressure sleeve technique. The wood should be in direct
contact with compressed air in the chamber before embolism can be
induced. Vertical bars = =+ se.

Reference VCs

Reference VCs using the bench-drying technique (Sperry
et al. 1988) have previously been published for Quercus
(Cochard et al. 1992b), Betula (Cochard et al. 2005) and
Prunus (Cochard et al. 2010). The reference curves for
Betula and Prunus were constructed with the same plant
material as that used in this study.

Results

Increasing air pressure in the pressure sleeve decreased
stem conductance in all species and all treatments. How-
ever, embolism could only be induced after previously
removing bark from inside the chamber (Fig. 1).

Segment length influenced the shape of VCs, but the
results contrasted strongly across species (Fig. 2). For
Betula, a short-vessel species, the results were simi-
lar across treatments and in good agreement with the
reference VC for this species. In contrast, for Prunus
and Quercus, segments appeared less vulnerable at
increasingly high lengths. For Prunus, VCs obtained with
samples longer than maximum vessel length were in
agreement with the reference VC, whereas for Quercus,
the curves established with the longest segments (1.5 m)
still strongly overestimated xylem vulnerability.

Length of the pressure chamber also influenced the
shape of the VCs (Fig. 3). Again, the effects were small
in Betula but more substantial in species with longer
vessels, where increasing the length of the pressure
chamber decreased sample vulnerability. For Prunus,
VCs constructed with the shortest chamber were in close
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Fig. 2. Effects of sample length on xylem VCs obtained with the double-
ended pressure sleeve technique (white symbols) for three woody species
(different panels). The length of the pressure sleeve was constant
(3.5 cm). VCs obtained with a reference technique are shown with
closed symbols. Vertical bars = = st.

agreement with the reference VC. For Quercus, even
the shortest chamber strongly overestimated the xylem
vulnerability of this species.

Discussion

The reliability of the techniques for measuring xylem
vulnerability to cavitation has been the subject of much
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Fig. 3. Effects of pressure sleeve length on xylem VCs obtained with the
double-ended pressure sleeve technique (white symbols) for three woody
species (different panels). Sample length was constant across species
and treatments (37.5 cm). VCs obtained with a reference technique are
shown with closed symbols. Vertical bars = =+ se.

debate. A critical aspect in this discussion is to identify a
reference methodology, i.e. a method capable of produc-
ing VCs similar to the dependence of xylem embolism
on xylem pressure measured in situ and in planta. Such
‘native’ curves have been obtained rarely (Bréda et al.
1993, Cochard et al. 1996, Tyree et al. 1992) because
of obvious experimental constraints. Dehydrating cut
branches on a bench instead of working with whole
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plants in situ considerably speeds up the construction
of VCs. It has been experimentally demonstrated that
this procedure does not alter the reliability of the curves
(Bréda etal. 1993, Cochard etal. 1996, Tyree etal.
1992), which also suggests that the faster rate at which
plants are dehydrated ex situ has little impact on the
cavitation process. Therefore, we can assume the bench-
drying method to be reliable. However, this technique
remains laborious and time consuming, which explains
why other methodologies have been developed.

The double-ended pressure sleeve technique offers
an attractive alternative as it enables VCs to be con-
structed quickly and with limited plant material, and has
consequently become a routine technique for cavitation
studies in many laboratories worldwide. In a recent lit-
erature survey, we estimated that one in four of all the
VCs published to date were constructed based on this
technique (Choat et al., unpublished data). Our study
suggests that this technique has strong limitations and
should probably be used more cautiously.

Methodological difficulties associated with air-
injection techniques have already been reported in the
past. For instance, Sperry and Saliendra (1994) rec-
ommended notching the xylem inside the chamber to
provoke embolism in Betula. Our results on Betula con-
firm that the xylem has to be directly exposed to the
pressurized air inside the chamber before cavitation can
be induced. We did not test here whether different ways
of exposing xylem conduits had an impact on VCs. This
finding suggests that bark can form a relatively air-tight
barrier isolating xylem conduits from air in the pressure
chamber. In this situation, the air pressure at the contact
with the xylem vessels equilibrates with the pressure in
the chamber, with the result that the VCs are biased. The
bark isolation problem appears to be specific to this pres-
sure sleeve technique. Indeed, with bench dehydration
or centrifugation techniques, the air pressure inside the
xylem is at equilibrium with the atmospheric pressure,
whatever the negative pressure in the xylem lumens. We
do not know whether bark removal is an appropriate
procedure for other species. This is a first point of con-
cern that should be more carefully evaluated whenever
this technique is employed.

The second point highlighted in this study is the strong
influence of sample length and chamber length on VCs.
As a rule, the longer the sample and the shorter the
chamber, the closer the curves fit the reference VCs.
However, the patterns differed strongly across species,
and a dependence on xylem anatomy can be hypothe-
sized. Choat et al. (2010) recently reported that in Vitis,
a long-vessel species, VCs established on short segments
greatly overestimated xylem vulnerability. However,
working with segments as long as vessel length gave
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more reliable curves. Our data confirm this result, and
further demonstrate that maximum vessel length is a key
parameter for the reliability of the double-ended pressure
sleeve technique. For species having very short vessels,
like Betula, our curves were always in good agreement
with the reference VCs, whatever the chamber or sam-
ple length. In contrast, all the VCs obtained on Quercus
strongly overestimated the cavitation resistance of this
ring-porous species. For Prunus, which has intermediate
vessel length, the curves were only in agreement with
the reference VC when segments were longer than vessel
length, and only with the smallest chamber.

To account for the different effects of sample, chamber
and vessel lengths on VCs, we computed the following
index I:

| = (sample length — chamber length)/(vessel length)

Figure 4 shows how the ratios between sample P50
and reference P50 vary with I. The result of this
very simple computation suggests that when (sample
length — chamber length) is higher than maximum ves-
sel length, the P50 converges toward the reference P50
value. This condition was sufficient for Betula, Prunus
and Vitis, the species studied by Choat etal. (2010).
However, for Quercus, this condition was not satisfac-
tory as the P50 were still overestimated. This is possibly
because of an underestimation of vessel length for this
species, as the pressure chamber was mounted in the
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Fig. 4. Combined effect of sample length and pressure sleeve length
on xylem pressure provoking a 50% loss of conductance (P50). The
x-axis represents the ratio between sample length minus pressure sleeve
length and the maximum vessel length of the species. The y-axis is the
ratio between P50 and the P50 value of the reference curve for each
species. The values for Vitis are estimated from the data presented in
Choat et al. 2010. Vertical bars = = st.
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middle of the branch where vessels are probably much
longer than in the terminal part of the shoot (Cochard
and Tyree 1990). Clearly, VCs constructed with this
technique using samples shorter than maximum vessel
length can greatly overestimate species vulnerability to
cavitation. The same conclusion was recently reached
with an independent method base on centrifugal forces
(Cochard etal. 2010). Therefore, a good agreement
between the centrifugation and air-injection techniques
does not provide a sound cross-validation of each of
the two techniques. Further investigations are required
in order to understand why vessels cut open are also
experimentally more vulnerable to cavitation with the
double-ended pressure sleeve technique.

In conclusion, VCs constructed with the double-ended
pressure sleeve method can strongly overestimate xylem
cavitation when samples are shorter than the species’
maximum vessel length. The overestimation is further
exacerbated with long pressure sleeves. Within these
methodological restrictions, the double-ended pressure
sleeve technique can give reliable results for conifers
and diffuse-porous angiosperms but probably not with
most of the ring-porous angiosperms. The apparent very
high vulnerability of ring-porous species reported in
recent publications based on these techniques should be
reconsidered in light of the findings presented here and
in Cochard et al. (2010).
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