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Centrifuge-based techniques to assess xylem vulnerability to embolism are increasingly being used, although we are yet to reach a
consensus on the nature and extent of artefactual embolism observed in some angiosperm species. In particular, there is disagree-
ment over whether these artefacts influence both the spin (Cavitron) and static versions of the centrifuge technique equally. We
tested two methods for inducing embolism: bench dehydration and centrifugation. We used three methods to measure the result-
ing loss of conductivity: gravimetric flow measured in bench-dehydrated and centrifuged samples (static centrifuge), in situ flow
measured under tension during spinning in the centrifuge (Cavitron) and direct imaging using X-ray computed microtomography
(microCT) observations in stems of two species of Hakea that differ in vessel length. Both centrifuge techniques were prone to arte-
factual embolism in samples with maximum vessel length longer than, or similar to, the centrifuge rotor diameter. Observations
with microCT indicated that this artefactual embolism occurred in the outermost portions of samples. The artefact was largely elimi-
nated if flow was measured in an excised central part of the segment in the static centrifuge or starting measurements with the
Cavitron at pressures lower than the threshold of embolism formation in open vessels. The simulations of loss of conductivity in
centrifuged samples with a new model, CAVITOPEN, confirmed that the impact of open vessels on the vulnerability to embolism
curve was higher when vessels were long, samples short and when embolism is formed in open vessels at less negative pressures.
This model also offers a robust and quantitative tool to test and correct for artefactual embolism at low xylem tensions.
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Introduction

Xylem water transport is dependent upon water held in a meta-
stable state of water; evaporation of water from the leaf cell walls
generates tension, which is transmitted through the water col-
umn to the roots. Water under tension is prone to cavitation, i.e.,
the abrupt transition from a metastable liquid to a gas, resulting
in the formation of gas emboli that block the xylem conduits and
impair water transport (Tyree and Sperry 1988). As tension in
the xylem sap increases, for example during drought, so does
the probability of embolism formation. During severe or

prolonged droughts, hydraulic failure can result in the complete
loss of hydraulic conductance in the xylem and subsequent can-
opy dieback, or whole plant death (Brodribb and Cochard 2009,
Nardini et al. 2013, Urli et al. 2013, Venturas et al. 2016,
Rodríguez‐Calcerrada et al. 2017). Hydraulic failure is now con-
sidered a principal cause of drought-induced plant mortality and
forest die off (Sala et al. 2010, Choat et al. 2012, 2018). The
projected rise in global mean temperature and frequency of
extreme climate events over the next century will impact forest
ecosystems and shift species distribution ranges. In this sense,
resistance to embolism has emerged as a crucial parameter to
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understanding species ecology, differences in water use strat-
egies, and for predicting future mortality events (Brodribb 2017).
Xylem resistance to embolism is usually characterized with a

vulnerability curve (VC), showing the decrease in hydraulic con-
ductivity as a function of the xylem tension. Since the publication
of the first VCs for woody plants were published in 1985
(Sperry 1985) and 1986 (Tyree and Dixon 1986), a number of
techniques that allow for more rapid measurement of vulnerabil-
ity have been introduced (see Cochard et al. (2013) for a
detailed review). However, although the time required for con-
struction of a VC has been dramatically reduced, recent work
suggests that some of these methods are prone to experimental
artefact (Choat et al. 2010, Cochard et al. 2010, Sperry et al.
2012, Torres-Ruiz et al. 2014). This has led to re-examination
of methodology used to measure vulnerability to embolism
(Jansen et al. 2015).
The most straightforward technique for inducing embolism is

bench dehydration, wherein whole plants or long branches are
gradually dehydrated to various xylem tensions and hydraulic
conductivity of excised segments is measured gravimetrically
before and after removing air from embolized conduits (Sperry
and Tyree 1988, Tyree and Zimmermann 2002). Bench dehy-
dration relies on natural desiccation of plant tissues and is
therefore considered as the best reference method with which
to validate other techniques (Ennajeh et al. 2011, Sperry et al.
2012, Cochard et al. 2013). This method is not completely
free of artefacts and issues associated with disequilibrium in
water potential within a stem, blockage of flow by resin/muci-
lage (Cobb et al. 2007) and excision of samples under tension
can all alter the VC significantly (Wheeler et al. 2013).
Although most of these issues can be minimized by adoption of
suitable protocols (e.g., Torres-Ruiz et al. 2015), the bench
dehydration technique requires several days and a substantial
amount of plant material to obtain a VC for one species. As
such, Holbrook et al. (1995) and Pockman et al. (1995) pro-
posed the use of a centrifugal force to create a defined nega-
tive pressure in the xylem sap of excised plant stems, allowing
for rapid and consistent generation of VCs. Pockman et al.
(1995) constructed VCs for several species by comparing the
hydraulic conductivity before and after spinning branches with
their ends exposed to air, removing segments at both ends
before measuring conductivity in the remaining, middle section
of the sample. Alder et al. (1997) modified this technique with
a centrifuge rotor designed to keep the segment ends
immersed in water during spinning, allowing the conductivity of
a single segment to be remeasured at different tensions to cre-
ate an entire VC for a single sample. This important innovation
allowed repeated measurements to be made on the same plant
material, reducing the number of samples required for con-
struction of a curve and strengthening the results statistically.
Finally, Cochard (2002), Cochard et al. (2005) and Li et al.
(2008) further modified the centrifuge method and designed

new rotors which allowed measurement of conductivity of the
segment while it is spinning and under tension. This further
increased the efficiency of measurement and allowed for flow
measurements to be made under tension.

Although centrifuge-based techniques induce embolism by
increasing tension in sample xylem, the patterns of embolism
spread through the sample may differ from a naturally dehy-
drated sample (Cai et al. 2010). The tension profile in the centri-
fuged segment is highest in the axis of rotation (i.e., in the
middle section of the segment) and declines towards the seg-
ment ends (Cochard et al. 2005), while during natural dehydra-
tion the tension profile across the segment is expected to
remain approximately constant (Cai et al. 2010). Nevertheless,
the VCs generated by centrifugation agree well with the bench-
top method in conifers and short-vesseled angiosperm species
(Alder et al. 1997, Cochard et al. 2005, 2010, Li et al. 2008).
In contrast, inconsistent results have been obtained for species
with long vessels, specifically those in which a significant num-
ber of vessels in the sample are longer than the centrifuge rotor
(Choat et al. 2010, Jacobsen and Pratt 2012, Sperry et al.
2012, Torres-Ruiz et al. 2014).

Since 2005 the number of VCs constructed by centrifugation
has increased exponentially (see Figure 3 in Cochard et al.
(2013)). Accordingly, considerable effort has been devoted to
testing and validation of centrifuge techniques, whether measur-
ing the flow gravimetrically after spinning (static centrifuge
method) or while centrifuging (Cavitron method). However, we
are yet to reach a consensus on the nature and extent of artefac-
tual embolism observed with centrifuge techniques. In particular,
there is disagreement over whether these artefacts influence
both spin (Cavitron rotor) and static versions of the centrifuge
technique equally (Sperry et al. 2012, Hacke et al. 2015). In
recent years, the application of X-ray computed microtomogra-
phy (microCT) to the study of plant hydraulics has emerged as a
potentially powerful tool to validate hydraulic techniques. In add-
ition to providing a non-invasive assay of xylem function, it
allows for analyses of spatial and temporal patterns of embolism
formation (Brodersen et al. 2013, Dalla-Salda et al. 2014, Choat
et al. 2016, Torres-Ruiz et al. 2016).

In this study, we evaluated the performance of both centrifuge
techniques against bench dehydration in order to examine pos-
sible discrepancies associated with each technique. First, we
tested two methods for inducing embolism: bench dehydration
and centrifugation. We then tested three ways of measuring the
resulting loss of conductivity: gravimetric flow measured in
bench-dehydrated and centrifuged samples (static centrifuge),
in situ flow measured under tension during spinning in the centri-
fuge (Cavitron) and direct imaging using X-ray microCT observa-
tion. All experiments were carried out with two species of the
genus Hakea that differ in vessel length. Hakea dactyloides is a
short-vesseled species with maximum vessel length shorter than
14 cm, whereas Hakea leucoptera has longer vessels and
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maximum vessel length is ~25 cm. Additionally, we compared
results obtained using two rotor diameters (14 and 27 cm) to
assess the effect of sample length, and measured hydraulic flow
both in the whole, spun segments and excised middle sections.
Spatial patterns of embolism within samples were visualized
with X-ray microCT after centrifugation in order to provide fur-
ther insight into potential discrepancies. Finally, a new model,
CAVITOPEN, was developed to simulate the effect of vessel and
sample lengths on centrifuge estimates of embolism resistance.
We hypothesized that (i) both centrifuge techniques, the static
centrifuge and the Cavitron, are prone to similar artefacts when
constructing VCs of long-vesseled species; (ii) the shape of the
VC of centrifuged samples will depend on the amount of cut
open vessels; and (iii) image techniques and standard flow mea-
surements will produce similar VCs.

Materials and methods

Plant material

Experiments were carried out on branch material of two diffuse-
porous species of the same genus exhibiting different vessel
lengths, Hakea dactyloides (Gaertn.) Cav. and Hakea leucoptera R.
Br. Branches were sampled from natural populations of H. dacty-
loides at Mount Banks (33° 34′ 46′ S, 150° 21′ 56′ E; NSW,
Australia) and H. leucoptera at Binya State Forest (34° 11′ 16′ S,
146° 16′ 13′ E; NSW, Australia) from May to September 2016
(late autumn-winter in the southern hemisphere). Sun-exposed
branches of 1.5–2.0m length were collected in the field in the
early morning and immediately placed in black plastic bags with
moistened paper towels to prevent transpiration with their cut ends
covered with Parafilm. In the laboratory they were kept at 4 °C until
measured.

Midday xylem water potential in the field and native
embolism

Midday xylem water potential was measured in the field in
November 2015, February 2016 and June 2016. Two leaves of
five plants per species were covered with aluminium foil and
sealed with a plastic bag 1 h before excision and measurement
with a pressure chamber (PMS Instrument Co., Albany, OR,
USA).
Native embolism was determined in current-year, 1-year-old

and 2-year old segments of five branches per species to ensure
that the effects of previous natural water stress were minimized.
Note that segments containing 1 and 2-year-old growth were
necessary to fit in the 27 cm rotor of the centrifuge. Measuring
native embolism we also wanted to control for sample collection
date because branches were cut at different times during late
autumn-winter 2016 to avoid long storage. Branch proximal end
was cut under water to release tension for 30 min (Wheeler
et al. 2013, Torres-Ruiz et al. 2015) and then the branch was
progressively recut under water to segments 50 mm long. Note

that at least twice the maximum vessel length was removed from
the cut end after tension relaxation. Thereafter, the edges of
these segments were trimmed using a razor blade. Initial con-
ductivity (Kh) was measured in 50 mm long segments with fil-
tered, degassed 2 mmol KCl solution at low pressure (≤4 kPa)
with a liquid flowmeter (LiquiFlow L13-AAD-11-K-10S;
Bronkhorst High-Tech B.V., Ruurlo, The Netherlands). The seg-
ments were then flushed with the same solution at a minimum of
0.20 MPa for 15 min to remove embolism and subsequently
determine maximum hydraulic conductivity (Kmax). The native
percentage loss of conductivity (PLC) was calculated for each
segment as:

= × ( − ) ( )K KPLC 100 1 / 1h max

Specific hydraulic conductivity (KS) was calculated dividing
Kmax by the xylem cross-sectional area (average distal and prox-
imal xylem area measured with a calliper).

Maximum vessel length and vessel length distribution

Ten branches per species were sampled from the same plants as
used for hydraulic measurements to determine maximum vessel
length with the air perfusion technique (Ewers and Fisher 1989).
Once in the lab, 60 cm long segments were flushed for 1 h with
degassed, filtered 2mmol KCl solution at 0.18–0.20MPa to
remove any embolism. Then each segment was infiltrated with
compressed air at 0.05MPa at its distal end with an aquarium air
pump while the basal end was repeatedly shortened by 2 cm
under water until air bubbles emerged. The remaining sample
length was assumed as maximum vessel length.

An estimate of the amount of vessels longer than the centri-
fuge rotor diameter and longer than half the rotor diameter
(open to centre vessels) was assessed in four branches of H.
dactyloides and five branches of H. leucoptera by measuring the
decrease in PLC after air injection (Cochard et al. 1994, Torres-
Ruiz et al. 2014). Briefly, 35 cm long segments were flushed as
described above to remove embolism. Then, tubing was
attached to the distal end of these segments and compressed air
was injected into the samples at 0.1 MPa for 10 min using a
pressure chamber. This pressure was sufficient to empty the
open vessels but not high enough to move water through wet pit
membranes between adjacent vessels (Ewers and Fisher
1989). Percentage loss of conductivity was determined in 3 cm
long segments across the sample as described for native embol-
ism. At the injection point, PLC is close to 100% because all the
vessels are air filled and progressively decrease to 0 for a length
longer than the longest vessel in the sample. The PLC at each
distance from the injection point corresponds to the percentage
of contribution to flow from vessels longer than this distance. If
all the vessels were of equal diameter, this percentage would
correspond to the number of vessels longer than the distance
from the injection point. In this case the two Hakea species used
are diffuse porous and vessel diameters within the same sample
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did not vary greatly. Thus the curves in Figure 1 represent a
proxy of vessel distribution of the two species, although not as
accurate as anatomy, and allow to estimate the amount of open
vessels from a certain cut point.

Bench dehydration technique

Branches were dehydrated gradually in the laboratory at ~23 °C.
Xylem water potential (ΨX) was measured with a pressure
chamber (PMS Instrument Co.) in bagged leaves (wrapped with
aluminium foil and a plastic bag at least 1 h before sampling).
When the target ΨX to construct the VC was reached, branches
were sealed into a plastic bag with moistened paper towels for
1 h to equilibrate ΨX. Water potential was measured again in two
bagged leaves of the same branchlet to confirm homogeneous
ΨX in the sample. The ΨX of the sample was considered equili-
brated if the difference between the three ΨX (one measured
before sealing the branch and two measured after equilibration)
was not higher than 0.1 MPa. Afterwards tension was released
for 30 min by cutting the branch proximal end under water and
PLC was determined in 1-year-old segments as for native embol-
ism. Vulnerability curves were generated by plotting PLC against
ΨX. For H. leucoptera seven branches were dehydrated and four
different branchlets per branch were measured at different ΨX to
construct the VC and for H. dactyloides we used 12 branches
and two branchlets per branch. All branchlets were far apart (at
least four branch orders) and after collection the cutting surface
was covered with parafilm to avoid air entry in the rest of the
sample.

Centrifuge techniques

We compared two centrifuge techniques: (i) the static centrifuge
method described by Alder et al. (1997) and (ii) the in situ flow
technique (Cavitron (Cochard 2002, Cochard et al. 2005)). In
the static centrifuge two different sizes of custom-built rotors,

14 cm and 27 cm, were used to test the effect of segment
length and fraction of open vessels. All hydraulic conductivity
measurements were performed using filtered, degassed 2 mmol
KCl solution and a flow metre (see Minimum xylem water poten-
tial and native embolism in the field).

Static centrifuge measurements were carried out on 20
branches per species. Branches were trimmed under water and
both ends were shaved to a final length of 14 or 27 cm. The ini-
tial hydraulic conductivity was measured as described above
(see Midday xylem water potential in the field and native embol-
ism section) with a pressure head of 7.5 kPa. Subsequently, 14-
cm long branches were spun in the centrifuge (Sorvall RC 5 C
Plus) for 5 min at increasing pressure steps. Foam pads satu-
rated with the solution used for measurements were placed in
the reservoirs of the rotor to maintain sample ends in contact
with the solution even when the rotor was stopped (Tobin et al.
2013). After each step, samples were removed and Kh was
measured on the whole segment as described for native embol-
ism. In the 27 cm long branches we modified the single spin
method (Hacke et al. 2015) so that two measurements were
made in each centrifuged segment. The initial Kh was measured
before spinning in the 27 cm long sample. After spinning, Kh
was measured on the whole segment and the first PLC was cal-
culated. Subsequently, a 4 cm long segment was cut from the
middle section and its Kh was measured. The second PLC was
determined in this 4 cm long segment after flushing to obtained
the maximum Kh (Kmax) as described for native embolism.

In situ flow centrifuge measurements (Cavitron technique)
were carried out on six branches per species using a modified
bench top centrifuge (H2100R, Cence Xiangyi, Hunan, China).
For the static centrifuge, samples were trimmed under water to a
length of 27 cm to fit in the rotor. Initial conductivity, Ki, was
determined at a xylem pressure of –0.5 MPa in H. dactyloides
and 1.5 MPa in H. leucoptera. The xylem pressure was then low-
ered stepwise by increasing the rotational velocity, and Kh was
again determined while the sample was spinning. The PLC at
each pressure step was quantified as

= ⋅ ( − ) ( )K KPLC 100 1 / 2h i

X-ray microCT imaging

A subset of branches of H. leucoptera was transported to the
University of New England in Armidale (NSW, Australia). They were
gradually dehydrated to five different xylem water potentials ranging
from −4.8 to −9MPa as for the bench dehydration method. After
measuring Ψx, tension was relaxed by cutting the proximal end of
the branch under water leaving it submerged for 30min. Then the
branch was sequentially cut back under water and finally 10 mm
long segments were excised under water from current-year shoots,
wrapped in Parafilm, inserted into a plexiglass tube and then placed
in an X-ray microCT system (GE-Phoenix V|tome|xs, GE Sensing &
Inspection Technologies, Wunstorf, Germany) to visualize embolized

Figure 1. Distribution of PLC in air-injected branches or H. dactyloides
(black circles) and H. leucoptera (open circles) at different positions from
the injected end. Vertical bars represent the standard error. Dashed lines
indicate the two sample lengths used for the centrifuge methods, 14 cm
and 27 cm and dot lines indicate their respective half sample length.
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vessels. Another subset of branches of H. leucopterawas centrifuged
to five (−5, −6, −7, −8, −9MPa) and three (−5, −6, −7MPa) dif-
ferent water potentials in the static centrifuge using 27 cm and
14 cm long segments, respectively. They were immediately sub-
merged in liquid paraffin wax and preserved at 4 °C for 3 days until
measured in the same facility (Cochard et al. 2015). Seven branches
of H. dactyloides were also centrifuged at four (−3, −4, −5,
−6MPa) and three (−3, −4, −5MPa) water potentials with the 27
and 14 cm rotors, respectively, following the same protocol. One
branch of H. leucoptera was prepared as the centrifuged samples but
was not spun in the centrifuge to detect any possible artefact due to
sample preparation. All samples were scanned at the middle of the
sample. Additionally, in three 27 cm long samples we scanned at
6 cm and 12 cm from the axis of rotation to examine embolism pro-
files across a sample.
X-ray scan settings were 90 kV and 170mA, and 1800 projec-

tions, 600ms each, were acquired during the 360° rotation of the
sample. The resultant images covered the whole cross-section of the
sample in 8.7mm length with a spatial resolution of 8.7 μm per voxel.
At the end of the scan, the sample was cut back to 30mm length,
injected with air at >1MPa pressure and rescanned at the same loca-
tion as before to visualize all empty vessels in the fully embolized
cross-section. After three-dimensional reconstruction with Phoenix
datos| x 2 Reconstruction Version 2.2.1-RTM (GE Sensing &
Inspection Technologies), volumes were imported into ImageJ 1.49k
(Schneider et al. 2012). A median Z projection of ~100 μm along the
sample axis was extracted from the middle of the scan volumes follow-
ing the protocol in Nolf et al. (2017). Percentage loss of conductivity
of each sample was estimated calculating the theoretical hydraulic con-
ductance based on the conduit dimensions of embolized and func-
tional vessels (Choat et al. 2016). To measure conduit dimensions, a
radial sector of the transverse section was selected in the same
microCT scan and all their embolized vessels were measured manu-
ally. The image of this sector was then binarized so the dimensions of
the selected embolized vessels matched with the manually drawn ves-
sels. This threshold value was then used for binarizing the image of
the whole cross-section and all the embolized vessels were measured
using the Analyse Particles function in ImageJ. Theoretical specific
hydraulic conductivity (Ksth) was calculated as:

( )
=

∑ ⋅
( )

π
η

Δ
Δ

K
A

3

D p

x
sth

128

4

where D is the equivalent circular vessel diameter based on ves-
sel area, η viscosity of water, Δp/Δx pressure gradient per xylem
length and A xylem cross-sectional area.
The current theoretical specific hydraulic conductivity (Ksth)

for each sample was calculated by subtracting the summed spe-
cific hydraulic conductivity of embolized vessels from the Ksth(max)
of that sample, calculated as the Ksth of the sample after air injec-
tion. The pressure gradient used for calculations of Ksth was

similar to the pressure gradient used in the hydraulic measure-
ments, 0.06 MPa m−1.

Vulnerability curve fitting and statistical analysis

Vulnerability curves were fitted using a Weibull function (Ogle et al.
2009) in R 3.2.0 (R Development Core Team, 2015) using the fitplc
package (Duursma and Choat 2017). Confidence intervals of P12,
P50 and P88 (Ψx at 12%, 50% and 88% loss of conductivity,
respectively) and the slope of the curve at 50% loss of conductivity
(S50) were used to compare between methods. Confidence intervals
(CIs) for the bench dehydration and the static centrifuge techniques
were obtained using bootstrap resampling (999 replicates). Methods
were considered to be statistically different if the 95% CIs did not
overlap.

Differences in native embolism and specific initial conductivity
between sampling dates were tested with a one-way ANOVA.
Means were compared using a Tukey test at 95% confidence.
Vulnerability curve parameters across methods were compared
at the Ψx corresponding with three levels of loss of conductivity:
12%, 50% and 88% (P12, P50 and P88, respectively) and the
slope of the VC at 50% loss of conductivity (S50).

CAVITOPEN-simulation of the effect of open vessels
in a centrifuged sample

To disentangle the effects of centrifugation on ‘true’ vessel
embolism at the centre of the samples, where more vessels are
closed at both ends and tension is maximum, from draining of
open vessels at both sample ends a new model, CAVITOPEN,
was developed. In a centrifuged sample, the variation of xylem
pressure (P) with distance from the axis of rotation (r) is given
by the following equation (Alder et al. 1997):

ρω= ( )P r rd /d 42

where ρ is the density of water and ω the angular velocity.
Integrating this equation from R (distance from the axis of

rotation to the water reservoir) we can obtain the pressure at
r(Pr):

ρω= ( – ) ( )P R r0.5 5r
2 2 2

The effect of vessel length on ‘true’ vessel embolism in a spun
sample has already been modelled by Cochard et al. (2005).
Briefly, if the vessels are infinitely long, the VC obtained by cen-
trifugation should yield the correct P50 value. When the vessels
are infinitely short the P50 value is underestimated due to the
variation of xylem pressure inside the spun sample (Eq. (4)) and
the consequent gradient of embolism along the sample: xylem
pressure is minimum in the middle of the sample and null at the
extremities (Eq. (5)). Since the loss of conductivity is measured
on the whole sample, an underestimation of the degree of
embolism in the middle of the sample is predicted. This effect of
vessel length was further tested with the CAVITOPEN model and
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found marginal, i.e., the shift in the VC was negligible, compared
with the draining effect. For the sake of simplicity, this effect was
no longer considered in the simulations. To simulate the draining
effect at both sample ends, we first hypothesized that vessel
ends follow a logarithmic distribution following the vessel length
probability density function proposed by Cohen et al. (2003)
and assuming vessel ends uniformly distributed across the
length of the sample:

= (− ) ( )N N x L. exp / 6x x0 ma

where Nx is the number of open vessels at the distance x from
sample ends, N0 the total number of vessels and Lmax the max-
imum vessel length.
The second assumption of the model is that open vessels

drain when the minimum pressure in the vessel exceeds a
threshold value Popen. Because of the quadratic distribution of
the pressure in the sample, vessels having their end wall located
closer to the sample ends, i.e., further from the centre of rotation,
will drain at a higher rotational velocity.
The branch segment was discretized in 0.1 mm thick sections

arranged in serial. The xylem pressure in the middle of the seg-
ment was set to a pressure varying from 0 to −12MPa in 1 MPa
steps. The model then computes the pressure at steady state in
each 0.1 mm section and determines the PLC caused by ‘true’
embolism (non-open vessels) and by draining (open vessels).
Finally, the PLC of the whole segment is computed which
enables the construction of the VC. We tested the model for dif-
ferent theoretical Lmax values and the four rotors sizes used in
our experiments. To validate the model we used the values of
PLC obtained for H. leucoptera in the static centrifuge with the
27 cm rotor. The CAVITOPEN model was fit to the measure-
ments using constrained numerical optimization to estimate four
parameters: P50, S50, Lmax and Popen. All routines were imple-
mented as an R package (available from Duursma 2017).

Results

Native embolism and minimum xylem water potential
in the field

Midday xylem water potential decreased from −1.02 to
−1.51 MPa in H. dactyloides and from −1.35 to −2.62 MPa in
H. leucoptera from November 2015 to February 2016. In June
2016, the water potential was −1.16 MPa in H. dactyloides and
−1.42 MPa in H. leucoptera. Native embolism remained low in
both species across the sampling dates. We measured higher
PLC in 2-year-old branch segments (<13%) than in current-year
growth (<2%) in H. leucoptera whereas in H. dactyloides native
embolism was lower than 2% in all samples. Maximum xylem
specific conductivity (Ksmax) was 0.87 ± 0.10 kg m−1 s−1

MPa−1 in H. leucoptera and 1.29 ± 0.09 kg m−1 s−1MPa−1 in
H. dactyloides (mean ± SD). No significant differences in native

PLC or Ks (P > 0.05; see Table S1 available as Supplementary
Data at Tree Physiology Online) were detected between sam-
pling dates.

Maximum vessel length and vessel length distribution

Maximum vessel length as determined by air injection was
25 cm (SD = 5) in H. leucoptera and 10 cm (SD = 3) in H. dac-
tyloides. Air-injected branches of H. dactyloides showed 17%
PLC at 7 cm from the injection point, 5% at 14 cm and less than
1% at 28 cm, whereas in H. leucoptera the PLC was always high-
er, 50%, 25% and 5% at 7, 14 and 28 cm, respectively (Figure
1). Thus the number of open vessels at both ends when using
the centrifuge technique differed between species.

Vulnerability curves

Vulnerability curves obtained with the bench dehydration tech-
nique were s-shaped for both species, with significant embolism
only occurring once a threshold water potential had been
reached. This threshold was more negative in H. leucoptera
(−6.3 MPa) than in H. dactyloides (−3.8 MPa) (Figure 2).
Vulnerability curves obtained with bench dehydration had the
most negative P12 and the steepest slopes of all methods (see
Table S2 available as Supplementary Data at Tree Physiology
Online), meaning that embolism formation started at more nega-
tive Ψx and conductivity was lost across a narrower range of Ψx

compared with VCs generated by centrifugation.
When the centrifuge was used to induce embolism, results in

the shorter-vesseled species, H. dactyloides, were similar for the
three techniques used to measure loss of conductivity, flow-
meter, Cavitron and microCT (average P50 with the 27 cm rotor
in the static centrifuge and the Cavitron −4.8 MPa), and the CI at
95% overlapped with bench dehydration (P50 = −5.0 MPa).
The VC generated with the 14 cm rotor for H. dactyloides yielded
slightly less negative values (P50 = −4.3 MPa; Figure 2; see
Table S2 available as Supplementary Data at Tree Physiology
Online). In contrast, VCs for H. leucoptera differed considerably
depending on the method and the sample length. Vulnerability
parameters (P12, P50, P88) obtained with the Cavitron (−5.0,
−7.1 and −9.0 MPa, respectively) matched more closely with
the bench dehydration VC (−6.3, −7.4 and −8.2 MPa). For
samples spun in the static centrifuge, we found a significant
effect both of the rotor size and the segment used to measure
flow (whole, spun segment or excised middle section in the
27 cm rotor) on apparent vulnerability to embolism: segments
measured across their entire length exhibited higher vulnerability
to embolism compared with the bench-dehydration VC as shown
by P12 (−1.2 and −2.6 MPa for 14 and 27 cm rotors, respect-
ively) and P50 (−5.3 and −6.0 MPa, respectively), but seemed
less vulnerable towards the dry end of the curve (P88 of −14.2
and −10.4 MPa, respectively; see Table S2 available as
Supplementary Data at Tree Physiology Online). Both VCs were
almost linear when flow was measured across the whole
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segment with a shift towards more vulnerable values with the
14 cm rotor, but became s-shaped when only the middle section
of the 27 cm segment was measured (Figure 2). Removing the
segment ends resulted in a steeper slope and significantly more
negative values of P12 and P50. The Cavitron and the middle seg-
ment techniques yielded similar results and agreed well with the
dehydration technique in P50 and P88 and with microCT image
analysis (red triangles in Figure 2).

Patterns of embolism across a centrifuged sample

Within 27-cm-length centrifuged samples of H. leucoptera, microCT
scans revealed that embolism levels were consistently at their

highest near the sample ends (at 12 cm from the axis of rotation)
when spun at equivalents of −5, −7 and −9MPa in the static cen-
trifuge (Figure 3). At −5 and −7MPa loss of conductivity
decreased from the basal end to the centre, contradicting theoret-
ical expectations. This trend was observed even at Ψx inducing less
than 40% PLC based on the bench dehydration VC (Figure 3).
Only at −9MPa, that is, below P88 on bench dehydration, did levels
of embolism converge along the length of the sample at 80–90%.

Influence of open vessels in the VC of a centrifuged sample

The simulations produced by the CAVITOPEN model confirmed
that the shape of the VCs generated by the centrifugation was

Figure 2. Xylem vulnerability to embolism curves and 95% CIs (grey shaded areas) of H. dactyloides (left panels) and H. leucoptera (right panels)
obtained with two methods to induce cavitation in the xylem, bench dehydration and centrifuge force and three methods to measure the loss of conduct-
ivity, flowmeter (closed circles), in situ flow method (open circles) and X-ray microCT visualization (red triangles). Vertical solid lines indicate P50 and
vertical dashed lines indicate the 95% CI for P50. Horizontal dashed lines indicated native xylem embolism measured in the field. Two rotor sizes, 14 cm
and 27 cm, were used in the static centrifuge, and water flow in the whole segment or only in the central part was measured (see Materials and methods
for details).
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largely dependent on vessel and sample lengths. As maximum
vessel length decreased, PLC of the whole sample decreased at
a given Ψx, and the shape of the VC shifted from exponential to
sigmoidal (Figure 4A). The same pattern was observed when
the sample length increased (Figure 4B). For instance, with 14
cm length centrifuged samples, P50 ranged from −0.6 MPa to
−7.7 MPa varying the maximum vessel length of the sample
from 50 cm to 5 cm. Likewise, the P50 of a centrifuged sample
with maximum vessel length of 15 cm ranged from −2.1 MPa in
the 14-cm rotor to −7.7 MPa using a 40-cm rotor. Embolism of
vessels open from the cut surface (see Figure S1 available as
Supplementary Data at Tree Physiology Online) influenced values
of PLC at high negative pressures, even in short-vesseled sam-
ples, resulting in rapid loss of conductivity followed by a plateau.
The more open vessels and the less negative the threshold of
embolism of open vessels (Figure 4C), the higher is this plateau
and stronger the impact on the VC (Figure 4). Vulnerability
curves can be corrected if the first inflection point of the curve is
considered the starting point for initial conductivity (Ki), i.e., 0%
loss of conductivity. This is shown in Figure 4D with actual mea-
surements of PLC obtained in 27-cm centrifuged samples of H.
leucoptera. When the CAVITOPEN model was fit (black circles
and grey solid line, respectively) and we used the inflection point
as starting point for Ki, the corrected curve matched the refer-
ence VC obtained with bench dehydration (Figure 4D black solid line
and orange dashed line, respectively). Alternatively, by fitting the mod-
el using numerical optimization we estimated values of P50 =
−6.9MPa, S50= 49.7, Lmax= 15.21 and Popen=−0.75.

Discussion

We evaluated the reliability of two centrifuge-based techniques
commonly used to measure vulnerability to embolism in angio-
sperm species and present a protocol that mitigates experimen-
tal artefacts associated with open xylem vessels. Both the static
centrifuge method and the in situ flow centrifuge method
(Cavitron) were prone to artefactual embolism caused by open
vessels, although the errors were significantly greater in the sta-
tic centrifuge method. In a species with maximum vessel length
longer than or similar to the centrifuge rotor diameter, the static
centrifuge significantly overestimated xylem vulnerability to
embolism if the whole spun segment was used to measure flow.
Observations with microCT indicated that artefactual embolism
caused by centrifugation of samples occurred in the outermost
portions of samples. However, we demonstrated that artefactual
embolism was largely eliminated from static centrifuge if flow
was measured in an excised central part of the segment. This
altered protocol yielded VCs similar to those obtained on the
same species with bench dehydration thus allowing these centri-
fuge techniques to accurately measure vulnerability to embolism
in longer vesseled species. We also present a new model
(CAVITOPEN) that simulates the impact of vessel draining at the
cut end on the whole VC curve and showed that errors were
largely dependent on vessel length and rotor diameter. This
model allows researchers to quantitatively test and avoid errors
associated with the artefactual embolism. The bench dehydration
technique indicated that significant embolism was only initiated
in both species after water potential dropped below a threshold

Figure 3. Transverse slices from X-ray micro-CT scans of branches of H. leucoptera (maximum vessel length = 25 ± 5 cm) scanned at three positions
before spinning (left column) and after spinning in the centrifuge at 5, 7 and 9 MPa. Embolized vessels appear as black and water-filled conduits appear
as grey. The estimated PLC is shown in each picture. Scale bar, 1 mm.
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value, −3.8 MPa in H. dactyloides and −6.3 MPa in H. leucoptera.
Percentage loss of conductivity then increased rapidly and
hydraulic conductivity was lost almost completely within a span
of 1 MPa (Figure 2). These VCs have been classified as sig-
moidal or s-shaped as opposed to exponential or r-shaped
curves, characterized by rapid conductivity losses as soon as the
water potential declines below zero (Sperry et al. 2012,
Cochard et al. 2013). A third type of VC, intermediate between
these two, exhibits a linear response, and is mainly found in dif-
fuse porous species when using centrifugation to induce embol-
ism (Cochard et al. 2013).
Our results showed that VCs obtained with the static centrifuge

technique and the Cavitron are similar to bench dehydration in a
short-vesseled species, i.e., a species with no through vessels
(open at both ends) in the segment and with few vessels open
from the cut surface to the middle of the segment. All centrifuge
generated VCs for H. dactyloides were sigmoidal and similar to
bench dehydration VCs, with a slight shift towards more vulner-
able values when using the 14 cm rotor (Figure 2; see Table S2
available as Supplementary Data at Tree Physiology Online) as

recently found by Pengxian et al. (2018) in Acer mono when com-
paring in the static centrifuge the 14 cm and 27 cm rotors.
Vulnerability curves of other short vesseled angiosperms such as
Betula pendula (Cochard et al. 2010), Fagus sylvatica (Aranda
et al. 2014), Populus tremuloides (Schreiber et al. 2011) or Acer
negundo (Christman et al. 2009) were also sigmoidal when the
static centrifuge or the Cavitron were used. In contrast, the VC
shape obtained for H. leucoptera samples differed significantly
depending on methodology resulting in a shift of P50 of 2MPa in
samples from the same population (Figure 2; see Table S2 avail-
able as Supplementary Data at Tree Physiology Online). This dra-
matic change was observed previously in peach (Prunus persica)
when the length of the centrifuged samples was varied in a Cavitron;
shorter samples were more vulnerable to embolism (P50 shifted
from −4.5 to −1MPa) and VCs became r-shaped (Cochard et al.
2010). However, when using the static centrifuge to measure the
same population, Sperry et al. (Sperry et al. 2012) found that VCs
were linear and relatively insensitive to the number of open vessels
with P50 less negative than −2MPa using 14 cm and 27 cm sam-
ples. This difference in sensitivity to the proportion of open vessels in

Figure 4. Simulations with the CAVITOPEN model of the effect of threshold of embolism formation (MPa) of cut open vessels (A), maximum vessel
length (cm) (B) and rotor size (cm) (C) on xylem vulnerability to embolism curves generated with centrifugation. In red, VC of close vessels at both
ends. (D) The CAVITOPEN model was fit to measurements in H. leucoptera using numerical optimization to estimate all four parameters: water potential
at 50% loss of conductivity (P50), slope of the VC (S50), maximum vessel length (Lmax) and threshold of embolism formation of cut open vessels
(Popen). Circles represent the values obtained in our study with the static centrifuge, 27 cm rotor in H. leucoptera when flow was measured in the whole
segment (see Materials and methods for details); grey solid line is the fitted curve with the CAVITOPEN model; black solid line represents the curve after
correction and orange dashed line is the reference curve obtained with bench dehydration for the species.
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the centrifuged samples has led some to conclude that the original
centrifuge method and rotor design are not subject to the open ves-
sel artefact (Sperry et al. 2012, Hacke et al. 2015). However,
Torres-Ruiz et al. (2017) demonstrated that if the amount of open
vessels is relatively high in both rotors, 14 and 27 cm, VCs could be
equally biased and would appear statistically indistinguishable.
Recent publications have addressed this controversy, show-

ing that long-vesseled species such as grape vine, oaks, Robinia
or olive, with a high proportion of open vessels, produce simi-
larly biased results with both the static centrifuge and the
Cavitron when compared with reference curves generated by
dehydration or non-invasive imaging (Choat et al. 2010, 2016,
Torrez-Ruiz et al. 2014), Pengxian et al. 2018, Li et al. (2008)
and Pengxian et al. (2018) tested the two centrifuge methods
head to head and found close correspondence in VCs across
species with different xylem anatomy. An extended literature
survey of methods to measure vulnerability to embolism
showed that when using the centrifuge, VCs were sigmoidal in
conifers and in long-vesseled species exponential, whereas in
diffuse porous species VCs varied from sigmoidal to linear or
exponential (Cochard et al. 2013). Our measurements and
simulations made with the CAVITOPEN model explain the differ-
ent shapes of VCs and some disagreements between the static
centrifuge and the Cavitron. In short-vesseled angiosperms, we
have shown that VCs by centrifugation agreed with each other
and closely matched the curves based on bench dehydration
and microCT (Cochard et al. 2010, Choat et al. 2016). In
angiosperms with a proportion of vessels open to the middle
but not the whole way through, the standard protocol in the sta-
tic centrifuge produces linear VCs (Sperry et al. 2012). Here
the initial conductivity is measured before spinning, thus if the
native embolism is low, all the vessels are conductive, regard-
less of their length. As soon as the sample is spun, the conduct-
ivity would be artificially reduced relative to the native state in
proportion to the amount of vessels open to centre. Samples
with open vessels thus become artificially vulnerable to embol-
ism at the beginning of the VC (i.e., at less negative water
potentials). For H. leucoptera, this translated into less negative
values of P12 in all centrifuged samples compared with those
measured with the bench dehydration technique creating a lin-
ear response or a plateau at high water potentials. Higher differ-
ences in P12 were observed in H. leucoptera than in H.
dactyloides in accordance with a higher proportion of vessels
open to centre in the former species (Figure 1). In the Cavitron,
the initial measurement was made while spinning at low tension
and many open to centre vessels would already be embolized in
the initial measurement of conductivity, resulting in a lower arte-
factual loss of conductivity in the subsequent water potentials of
the VC. This may bias the curves slightly, pushing them to more
negative values but it did not appear to be significant effect here
as the Cavitron curves for H. leucoptera were similar to bench
dehydration curves.

The simulations of PLC with the CAVITOPEN model confirmed
that the impact of open vessels on the VC was higher when ves-
sels were long, samples short and when open vessels cavitated
at less negative pressures (Figure 4). If the samples were much
shorter than the maximum vessel length of the branch (see the
results in Figure 4 for the 14 cm rotor with Lmax 50 cm), the
resulting VC was exponential (r-shaped), as observed in long-
vesseled angiosperms, and shifted to more linear or s-shaped
when Lmax was decreased or the sample length increased. One
of the assumptions in the model is that vessels open at the cut
surface cavitate when they reach a threshold value that is far less
negative than intact vessels whose two ends are included within
the spun segment. This influences the shape the VC at higher
pressures creating a ‘bump’ in the VC followed by a plateau. This
effect can be corrected to some extent if the first inflexion point
of the VC is considered to be the 0% point for loss of conductiv-
ity. In this case the initial conductivity (Ki) value is shifted to a
lower value corresponding to the hydraulic conductivity of the
plateau (Figure 4D). The estimated values of P50 and S50 when
the CAVITOPEN model was fit to actual measurements agreed
quite well with those obtained with reference techniques and
confirmed that this model can be used to correct open vessel
artefacts for centrifuge-based VCs. The estimated Lmax was,
however, significantly shorter than Lmax measured with the air
injection technique. The air injection technique has shown to
produce higher Lmax than the rubber injection method (Pan et al.
2015); thus our values could be overestimated. On the other
hand, the model assumed that vessel lengths in a sample follow
the density function proposed by Cohen et al. (2003), which
can be sensitive to the clustering of vessel lengths (Cai and
Tyree 2014). It is clear that the actual distribution of vessel
lengths, network topology and connectivity are crucial for the
sensitivity to an open vessel artefact.

Origin of the open-vessel artefact

The physical mechanisms underlying this open-vessel artefact are
yet to be fully elucidated. Some studies suggest that microbubbles
and particles can act as nucleation sites when they flow through
the sample as it spins in the Cavitron, causing premature embol-
ism (Cochard et al. 2010, Sperry et al. 2012, Wang et al. 2014).
In the static centrifuge, bubbles might be drawn into vessels while
starting the spin or while mounting or dismounting the stems to
measure flow (Wang et al. 2014). In both centrifuge techniques
bubbles in open vessels can move by buoyancy while spinning
toward the region of lowest pressure at the centre of rotation
(Rockwell et al. 2014). Draining from open vessels as a conse-
quence of artefactual embolism when the centrifuge starts spin-
ning appears to be a common phenomenon in both rotors. Our
microCT images showed that after spinning in the centrifuge,
most of the vessels were empty near the ends even though ten-
sion ought to be zero (Cochard et al. 2005). The use of water
saturated foam pads to avoid desiccation did not prevent this
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(Tobin et al. 2013, Hacke et al. 2015). We discarded the possibil-
ity that sample manipulation before spinning or during wax
embedding had triggered vessel draining because we scanned
control samples that were not spun. These samples showed no
embolism (Figure 3). Furthermore, patterns of embolism did not
follow theoretical expectations based on the distribution of ten-
sion within the spun sample. The embolism levels decreased from
the ends to the centre in a fashion consistent with the amount of
vessels open to centre, opposite to that expected from profile in
tension and in agreement with the assumption of the CAVITOPEN
model than open vessels artificially cavitate when they reach a
threshold pressure that is much less negative than in intact ves-
sels. This pattern was observed at water potentials inducing less
than 40% loss of conductivity based on the VC obtained using
the middle segment of the centrifuged sample (Figure 3), even
though the centre of the sample experienced the highest tensions.
Embolism levels converged within the sample at −9MPa at
80–90%. These results confirm that centrifugation drains open
vessels and only reliably measure the vulnerability of intact xylem
vessels within the sample (see Figure S1 available as
Supplementary Data at Tree Physiology Online). This is consistent
with observations made previously by Cochard et al. (2010)
using the Cavitron; they reported that embolism was higher in the
basal and upstream ends relative to the centre of samples from
species with vessels that are predominately at least half as long as
the spun segment. Cai et al. (2010) and Pengxian et al. (2018)
also reported higher PLC values than predicted by theory at both
ends after spinning samples in a Cavitron. Given that our results
were obtained with the static centrifuge it is clear that the overesti-
mation of vulnerability for open to centre vessels occurs in both
versions of the centrifuge technique.
The hydraulic continuity between vessels cut open at each end

of the sample and vessels with their terminal ends in this portion
of the sample is probably re-established by refilling of vessels
immersed under water at both ends (Figure 2 in Cochard et al.
(2010)). This refilling would occur by capillarity either while spin-
ning in the Cavitron or while flow is measured gravimetrically (see
Figure S2 available as Supplementary Data at Tree Physiology
Online). Since the middle of the centrifuged sample contains the
majority of intact vessels, VCs constructed with the static centri-
fuge technique of angiosperm species using only the central seg-
ment are more reliable and in closer agreement with PLC
generated by natural dehydration (Figure 2). This modification is
technically easy to achieve and mitigates the open vessel artefact;
however, it carries the disadvantage that samples cannot be spun
repeatedly to construct replicate curves for each sample and thus
more plant material is needed to construct each curve.

Conclusion

We confirmed the validity of VCs constructed with both centri-
fuge methods for short conduit angiosperm species, those with

most conduits shorter than half the length of the centrifuge rotor.
A new model, CAVITOPEN, was developed to simulate the effect
of vessel length, rotor size and vulnerability of open vessels in
loss of conductivity of centrifuged samples. In species with max-
imum vessel length similar to the centrifuge rotor, we recom-
mend constructing VCs with the Cavitron or measuring flow
exclusively in the central part of the spun segment when using
the static centrifuge. Alternatively, artefactual embolism at low
xylem tensions can be corrected if the first inflexion point of the
VC is considered to be the starting point for Kmax (0% loss of
conductivity) or by fitting the CAVITOPEN model to the measure-
ments to estimate P50 and S50. When samples contain a high
proportion of open to centre vessels, the centrifuge technique is
prone to error and overestimates vulnerability to embolism.
Determining the proportion of open to centre vessels or per-
forming the simple test recently proposed by Torres-Ruiz et al.
(2017), which compares changes in Ks before and after spin-
ning in the centrifuge at low tensions, are highly advisable before
using any of the centrifuge techniques.

The shape of the VCs obtained with bench dehydration was
always sigmoidal while in centrifuged samples the shape was deter-
mined by the presence of open vessels. While previous studies
have demonstrated that species with the longest vessel classes
(e.g., lianas, ring porous trees) open vessels tend to exhibit expo-
nential curves when measured in the centrifuge. Here we showed
that VCs with a linear shape are symptomatic of species with inter-
mediate vessel lengths in which a higher proportion of vessels
open to centre of the test segment. The occurrence of this incipient
open vessel artefact can be mitigated by measurement of the
excised central portion of the segment.

Supplementary Data

Supplementary Data for this article are available at Tree
Physiology Online.
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