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ABSTRACT

 

A technique for measuring hydraulic conductances of
excised xylem segments exposed to high negative pressures
is described. A centrifugal force is used to generate nega-
tive pressures (

 

P

 

) in the sample and to create a positive
hydrostatic pressure difference (

  

∆∆∆∆

 

P

 

) between its two ends.

  

∆∆∆∆

 

P

 

 forces water through the sample at a flow rate (

 

F

 

) deter-
mined optically during centrifugation. The sample hydrau-
lic conductance 

 

k

 

 is derived from 

 

F

 

 and 

  

∆∆∆∆

 

P

 

. The sample
vulnerability curve is given by the dependence of 

 

k

 

 on 

 

P

 

.
Results for 

 

Cedrus atlantica

 

 Manetti and 

 

Laurus nobilis

 

 L.
shoots are given. The technique is appropriate for the anal-
ysis of xylem refilling under negative pressure.
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INTRODUCTION

 

When xylem sap is exposed to large negative pressures (

 

P

 

),
cavitation can occur and air embolism can form. The depen-
dence of xylem embolism on 

 

P

 

 is called a vulnerability
curve (Tyree & Sperry 1989). Vulnerability curves have
already been established for many species and plant parts
(see Cruiziat, Cochard & Améglio 2002 for a recent review)
and they have provided new and important insights into the
understanding of plant water relations. Indeed, the risk of
xylem cavitation sets a functional limit that can constrain
leaf water loss (Sperry 2000; Cochard 

 

et al

 

. 2002). There-
fore, there is an increasing need for reliable and rapid tech-
niques for establishing vulnerability curves.

Several techniques have been proposed, which differ in
the ways in which 

 

P

 

 and/or embolism are assessed (Tyree &
Dixon 1983; Sperry, Donnelly & Tyree 1988; Cochard, Crui-
ziat & Tyree 1992). The most commonly used method is
based on a hydraulic determination of the amount of embo-
lism (Sperry 

 

et al

 

. 1988). The technique quantifies the
reduction in xylem conductance due to embolism in excised
plant parts. This technique has recently been criticized
because xylem pressure has to be released to the atmo-
spheric value during measurement and embolized vessels
may therefore refill (Canny 1998). The extent of this prob-

lem is debatable (Stiller & Sperry 1999) and the problem is
probably minor for most species (Cochard 

 

et al

 

. 2000;
Cochard, Améglio & Cruiziat 2001a, b). However, some
species seem to present evidence of xylem refilling, even at
negative 

 

P

 

-values (Holbrook & Zwieniecki 1999; Tyree 

 

et
al

 

. 1999). For such species, the current hydraulic technique
is likely to underestimate the actual amount of embolism 

 

in
planta

 

. Our objective was to develop a method for measur-
ing the degree of embolism on excised samples still exposed
to their negative 

 

P

 

-values before excision.
Centrifugal forces have recently been employed to

decrease xylem pressure and generate vulnerability curves
(Pockman, Sperry & Oleary 1995; Alder 

 

et al

 

. 1997). In
these studies, vulnerability curves were constructed by
exposing different samples to different centrifugal forces or
by repetitively measuring the hydraulic conductance of the
same sample when exposed to increasing forces. However,
sample conductance was still measured at zero pressure,
which does not rescind the criticism noted above. In a
recent work (Cochard 

 

et al

 

. 2000), we described a method
which uses the centrifugal force to measure xylem conduc-
tance on samples exposed to negative pressures. However,
in this study, it was necessary to stop the centrifuge and
release the xylem pressure repetitively to measure the
water flow through the sample gravimetrically. In the
present article, we present an alternative procedure
enabling xylem conductance measurements during centrif-
ugation with continuous exposure to negative pressures.

 

MATERIALS AND METHODS

Theory

 

The principle of the technique is to spin a xylem segment by
its centre and use the centrifugal force to both generate
negative pressures (

 

P

 

, MPa) in the sample and a positive
hydrostatic pressure difference (

 

∆

 

P

 

, MPa) across the sam-
ple. If the ends of the sample are immersed in water, the
pressure difference creates a water volume flow rate 

 

F

 

(mmol s

 

−

 

1

 

) through the sample enabling the determination
of 

 

k

 

, the sample hydraulic conductance as:

(1)

The dependence of 

 

k

 

 on 

 

P

 

 is then used to construct the sam-
ple vulnerability curve. The pressure difference across the
sample is generated by placing the water levels in the res-

   k F P= D
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ervoirs receiving each sample end at different distances
from the axis of rotation (Fig. 1). 

 

∆

 

P

 

 is then computed as:

(2)

where 

 

ρ

 

 is the density of water (1000 kg m

 

−

 

3

 

), 

 

ω

 

 the angular
velocity (rad s

 

−

 

1

 

), 

 

R

 

 the distance (m) from the rotational
axis to the distal (downstream) reservoir, and 

 

r

 

 the differ-
ence of water level (m) between the two reservoirs
(counted positive). The minimum (most negative) xylem
pressure in the middle of the sample is given by:

(3)

A hole in the downstream reservoir maintained its level
(and 

 

R

 

) constant throughout the experiment. As water
flows through the sample, the level in the upstream reser-
voir decreases at a rate equal to d

 

r

 

/d

 

t

 

. 

 

F

 

 can then be deter-
mined as:

(4)

where 

 

s

 

 is the cross-sectional area of water in the reservoir.
If the end of the sample end immersed in the upstream res-
ervoir has a constant cross section, then 

 

s

 

 is a constant.
As it is difficult to determined 

 

F

 

 instantaneously accord-
ing to Eqn 4, 

 

F

 

 was determined over a time interval as:

(5)

where 

 

r

 

1

 

 and 

 

r

 

2

 

 are, respectively, the water levels in the
upstream reservoir at times 

 

t

 

1

 

 and 

 

t

 

2

 

. The mean pressure dif-
ference between 

 

t

 

1

 

 and 

 

t

 

2

 

 is obtained by integrating Eqn 2
between 

 

r

 

1

 

 and 

 

r

 

2

 

:

    DP R R r= ◊ - -( )[ ]0 5 2 2 2rw

P R R r= - ◊ + -( )[ ]0 25 2 2 2rw

   F s r t= d d

F s r r t t* = -( ) -( )1 2 2 1

 

(6)

 

k

 

 is then computed as:

(7)

 

Experimental set up

 

Samples were held in a 28 cm long aluminium bar, firmly
screwed on the rotor of a centrifuge (Model C 4·11; Jouan,
Saint Nazaire, France). The original cover of the centrifuge
was removed and replaced by a transparent 1·5-cm-thick
Plexiglas top. The ends of the sample were placed in 4 cm

 

3

 

polystyrene vials filled with water at the beginning of the
experiment. A small hole was made, respectively, at 1 and
2·2 cm from the bottom of the downstream and upstream
reservoirs. 

 

R

 

 was then equal to 13 cm and 

 

r

 

 varied between
0 and 1·2 cm. It was necessary to refill the upstream reser-
voir periodically during centrifugation. This was technically
rather difficult. One solution was to glue a tiny piece of
plastic tubing on the aluminium bar with one end in the
upstream vial. The other end protruded out of the centri-
fuge through a hole in the cover. The hole was centred on
the rotational axis of the centrifuge. A second smaller plas-
tic capillary was mounted on the needle of a water-filled
syringe and inserted a few centimetres into the plastic tub-
ing. When the syringe was pressed, water flowed through
the tubing to the vial.

The major difficulty we faced was to measure the water

DP R r r R r R r r r* = -( ) + -( ) - -( )[ ] -( )1 6 32 2
1 2 1

3
2

3
1 2rw

K F P= * *D

 

Figure 1.

 

Schematic drawing of the experimental set up designed for continuous measurement of hydraulic conductance of xylem segments 
exposed to negative centrifugal pressures. The sample is centred on the axis of a centrifuge with its ends immersed in water contained into 
two plastic reservoirs. The maximum water level in each reservoir is determined by the position of a hole in the wall. Water can be forced 
through a tubing to refill the upstream reservoir. The hole in the upstream reservoir is located 1·2

 

 

 

cm closer to the axis of rotation, therefore 
creating a positive pressure difference and a water flow (

 

F

 

) from the upstream and downstream reservoirs through the sample. The water 
level (

 

R

 

) in the downstream reservoir is constant because water is expunged through the hole. The water level in the upstream reservoir (

 

R

 

 

 

−

 

 

 

r

 

) decreases over time proportionally to 

 

F

 

. The value of 

 

r

 

 is determined optically during centrifugation by measuring the distance between 
the air–water meniscus in the reservoirs.
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level in the reservoirs during centrifugation. The level was
measured optically with a dissecting microscope. Provided
that a light was directed toward the reservoirs, it was pos-
sible to observe the air–water meniscus in each reservoir
and measure the water level difference (

 

r

 

) with a microme-
ter. The light was delivered by a fibre-optic illuminator – the
reason why we had to place a transparent top on the cen-
trifuge. The meniscus were best seen when the centrifuge
was in a dim room. It is important to note that centrifuges
can be very hazardous. The placing of an aluminium bar on
a rotor and replacing the original cover of a centrifuge
should only be done after careful consideration of safety

and other matters. The author will send pictures of the
device on request.

The procedure for measuring 

 

k

 

 is now described. The
rotational velocity (

 

ω

 

) was adjusted to a desired value. The
distant meniscus (downstream reservoir) was positioned on
the zero graduation. Water was forced through the plastic
tubing to refill the upstream reservoir. The distance 

 

r

 

 was
then equal to 1·2 cm and started to decrease because water
flows to the downstream reservoir through the sample.
When the proximal meniscus (upstream reservoir) was
positioned on the 1·0 graduation, a chronometer was
started and the time 

 

t

 

 was noted whenever 

 

r

 

 had decreased
by 0·05 cm. 

 

F

 

* was then computed according to Eqn 5. We
did not measure 

 

s

 

 in our experiments as only relative water
flows are needed to construct a vulnerability curve. The val-
ues of 

 

∆

 

P

 

* and 

 

k

 

 were eventually computed according to
Eqns 6 and 7, respectively. At the end of the procedure the
upstream reservoir was refilled with water and the mea-
surement repeated with the same or a different rotational
speed. Therefore, it was not necessary to stop the centrifuge
during the whole course of a vulnerability curve determi-
nation. Software was developed on a PC to measure 

 

t

 

 and
solve the different equations.

 

Test experiments

 

Test experiments were conducted on 

 

Cedrus atlantica

 

Manetti and 

 

Laurus nobilis

 

 L. shoots. 

 

Cedrus

 

 was selected
because it is known, from previous studies (Cochard 1992),
that cavitation develops in this species only for values of 

 

P

 

below 

 

−

 

4 MPa. Therefore, it was reasonable to assume that

 

k

 

 was constant for 

 

P

 

 between 0 and 

 

−

 

2 MPa, which was a
necessary condition to validate some aspects of the tech-
nique. The reason for choosing 

 

Laurus nobilis

 

 is different. It
has been suggested (Tyree 

 

et al

 

. 1999) that rapid xylem
refilling might occur in this species and that the hydraulic
methods developed so far might not be appropriate. 

 

Laurus

 

was therefore the kind of species that may best benefit from
the development of such a technique. Branches were cut
from field-grown trees during summer 2001. Unramified,
28 cm long, 0·5 cm diameter shoots were excised under
water. The samples were manipulated and installed on the
centrifuge with their ends under water to avoid air entry
into the xylem.

 

RESULTS AND DISCUSSION

 

Figures 2–4 show typical results obtained with one 

 

Cedrus

 

shoot. The primary data of the technique is the time depen-
dence of the difference (

 

r

 

) between the water levels in the
two reservoirs (Fig. 2 upper panel, circles). As expected, for
a given rotation speed (

 

ω

 

), the time dependence was hyper-
bolic because 

 

∆

 

P

 

 decreased to zero with 

 

r

 

. Assuming 

 

k

 

 is a
constant, we combined Eqns 5, 6 and 7 and computed 

 

t

 

 for
different values of 

 

ω

 

 (different lines on Fig. 2, upper panel).
The data closely matched the predictions, therefore validat-

 

Figure 2.

 

Upper panel: typical changes over time in water level in 
the upstream reservoir (

 

r

 

) for a 

 

Cedrus

 

 sample exposed to different 
angular velocities. The numbers on the graph represent the angular 
velocity in 10

 

3

 

 

 

r.p.m. The circles represent the experimental data 
and the lines are computations assuming a constant xylem 
conductance. Lower panel: Hydraulic conductance values derived 
from the data in the upper panel. The strait horizontal line 
corresponds to the constant conductance value.
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ing the above equations. The data on Fig. 2 (lower panel)
confirmed that assuming 

 

k

 

 constant was a reasonable
assumption for this trial. Figure 3 shows the relationship
between the water flow through the sample (Eqn 5) and the
pressure difference driving the flow (Eqn 6). Whatever the
rotational speed and whatever the pressure difference, 

 

∆

 

P*
and F* varied linearly and so k, the slope of the relation in
Fig. 3, was thus independent of both F* and ∆P*. This sug-
gests that rather high pressure differences (up to 0·3 MPa)
and correspondingly high water flows do not modify the
xylem conductance. The value of k varied insignificantly
with P for pressures in the range of 0 to −2 MPa (Fig. 4)
which confirmed our hypothesis that no embolism forms at
such pressures in Cedrus.

The technique we have developed satisfies our main
objective because it enables continuous xylem conductance
measurement of samples exposed to negative xylem pres-
sures. We have applied the technique to Laurus shoots, a
species that is likely to exhibit rapid xylem refilling when
pressure is released. Figure 5 shows the time course of an
experiment conducted on a Laurus shoot. The centrifugal
pressure was first decreased to −3·1 MPa, then increased to
−0·8 MPa and maintained at this value for about 4 h.
Sample  conductance  remained  maximum  until  P  reached
−2 MPa and was drastically reduced below (Fig. 5, insert).
After 4 h at −0·8 MPa, no evidence for a conductance recov-
ery was noticed. Our objective was not to solve the issue of
xylem refilling in Laurel, which would require a much more
comprehensive study, but simply to show the usefulness of
our technique for solving such issues. The failure to observe
repair under our experimental conditions does not neces-

sarily imply that it would not occur in an intact plant. With
this technique, it is possible to reproduce experimentally
the in planta xylem water status and provoke xylem cavi-
tation. The water status can then be manipulated at will,
which would help to define the conditions under which
xylem refilling can occur in such species.

The technique could also potentially be employed to
measure xylem conductances of porous or irregularly

Figure 3. Water flow through a Cedrus sample versus pressure 
difference across the sample. The circles represent the 
experimental data and the line is a computation assuming a 
constant xylem conductance. The insert shows the same graph on 
log–log scales.

Pressure difference, MPa

0 0.1 0.2 0.3

W
at

er
 f

lo
w

0

0.1

0.2

0.3

0.4

0.5

0.6

∆P, MPa
0.01 0.10

F
lo

w

0.01

0.10

1.00

Figure 4. Relative change in xylem hydraulic conductance of a 
Cedrus sample exposed to different centrifugal pressures. 
Conductances were normalized by their average value. The error 
bars represent ±1 SE.

Centrifugal pressure, MPa

0 -0.5 -1.0 -1.5 -2.0

R
el

at
iv

e 
hy

dr
au

lic
 c

on
du

ct
an

ce
 

0

0.2

0.4

0.6

0.8

1.0

1.2

Figure 5. Time course of hydraulic conductance (circles) and 
negative centrifugal pressure (line) for a Laurus sample. The 
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error bars represent ±1 SE.
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shaped plant parts. Indeed, the ends are simply immersed in
water and no seals are necessary. Furthermore, the xylem
pressure in the apoplasmic compartment is always negative
in the sample, which prevents artifacts caused by intercel-
lular air spaces refilling during conductance measurement
(Martre, Cochard & Durand 2001).

The technique provides an alternative method for estab-
lishing xylem vulnerability curves. It is, comparatively,
rather rapid but would probably be difficult to use with
large samples. It is not appropriate to directly determine
the native levels of embolism. However, it is still possible to
measure the native k as described in this paper, apply the
conventional method to refill the xylem conduits, and mea-
sure a new value of k.

In conclusion, the technique we have developed enables
continuous and prolonged measurements of xylem hydrau-
lic conductance of excised plant parts while exposed to neg-
ative pressures. The technique can be employed to generate
cavitation and construct vulnerability curves. In planta
xylem pressures can be reproduced, which will help to iden-
tify the mechanisms of xylem refilling under negative pres-
sure that have been hypothesized for several species.

ACKNOWLEDGMENTS

Marc Bonhomme and Marc Vandamme were indulgent
when I took apart their centrifuge. The complicity of
Christian Bodet and Maurice Crocombette was then
appreciated.

REFERENCES

Alder N.N., Pockman W.T., Sperry J.S. & Nuismer S. (1997) Use of
centrifugal force in the study of xylem cavitation. Journal of
Experimental Botany 48, 665–674.

Canny M.J. (1998) Transporting water in plants. American Scientist
86, 152–159.

Cochard H. (1992) Vulnerability of several conifers to air embo-
lism. Tree Physiology 11, 73–83.

Cochard H., Améglio T. & Cruiziat P. (2001a) Vessel content
debate revisited. Trends in Plant Science 6, 13.

Cochard H., Améglio T. & Cruiziat P. (2001b) The cohesion theory
debate continues. Trends in Plant Science 6, 457.

Cochard H., Bodet C., Améglio T. & Cruiziat P. (2000) Cryo-
scanning electron microscopy observations of vessel content
during transpiration in walnut petioles. Facts or artifacts? Plant
Physiology 124, 1191–1202.

Cochard H., Coll L., Leroux X. & Améglio T. (2002) Unravelling
the effects of plant hydraulics on stomatal closure during water
stress in walnut. Plant Physiology 128, 282–290.

Cochard H., Cruiziat P. & Tyree M.T. (1992) Use of positive pres-
sures to establish vulnerability curves. Further support for the
air-seeding hypothesis and implications for pressure-volume
analysis. Plant Physiology 100, 205–209.

Cruiziat P., Cochard H. & Améglio T. (2002) The hydraulic archi-
tecture of trees: an introduction. Annals of Forest Sciences in
press:.

Holbrook N.M. & Zwieniecki M.A. (1999) Embolism repair and
xylem tension. Do we need a miracle ? Plant Physiology 120, 7–
10.

Martre P., Cochard H. & Durand J.L. (2001) Hydraulic architec-
ture and water flows in a growing grass tiller (Festuca arundina-
cea Schreb.). Plant, Cell and Environment 24, 65–76.

Pockman W.T., Sperry J.S. & Oleary J.W. (1995) Sustained and
significant negative water pressure in xylem. Nature 378, 715–
716.

Sperry J.S. (2000) Hydraulic constraints to plant gas exchange.
Agricultural and Forest Meteorology 104, 13–23.

Sperry J.S., Donnelly J.R. & Tyree M.T. (1988) A method for mea-
suring hydraulic conductivity and embolism in xylem. Plant, Cell
and Environment 11, 35–40.

Stiller V. & Sperry J.S. (1999) Canny’s compensating pressure the-
ory fails a test. American Journal of Botany 86, 1082–1086.

Tyree M.T. & Dixon M.A. (1983) Cavitation events in Thuja occi-
dentalis L. Ultrasonic acoustic emissions from the sapwood can
be measured. Plant Physiology 72, 1094–1099.

Tyree M.T., Salleo S., Nardini A., Lo Gullo M.A. & Mosca R.
(1999) Refilling of embolized vessels in young stems of laurel.
Do we need a new paradigm? Plant Physiology 120, 11–21.

Tyree M.T. & Sperry J.S. (1989) Vulnerability of xylem to cavita-
tion and embolism. Annual Review of Plant Physiology and
Plant Molecular Biology 40, 19–38.

Received 16 October 2001; received in revised form 11 February
2002; accepted for publication 14 February 2002


