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Summary

� Vulnerability curves (VCs) describe the loss of hydraulic conductance against increasing

xylem tension, providing valuable insights about the response of plant water transport to

water stress. Techniques to construct VCs have been developed and modified continuously,

but controversies continue.
� We compared VCs constructed using the bench-top dehydration (BD), air-injection-flow

(AI), pneumatic-air-discharge (PAD), optical (OP) and X-ray-computed microtomography

(MicroCT) methods for tropical trees and lianas with contrasting vessel lengths.
� The PAD method generated highly vulnerable VCs, the AI method intermediate VCs,

whereas the BD, OP and MicroCT methods produced comparable and more resistant VCs.

Vessel-length and diameter accounted for the overestimation ratio of vulnerability estimated

using the AI but not the PAD method. Compared with directly measured midday embolism

levels, the PAD and AI methods substantially overestimated embolism, whereas the BD,

MicroCT and OP methods provided more reasonable estimations.
� Cut-open vessels, uncertainties in maximum air volume estimations, sample-length effects,

tissue cracks and shrinkage together may impede the reliability of the PAD method. In conclu-

sion, we validate the BD, OP and MicroCT methods for tropical plants, whereas the PAD and

AI need further mechanistic testing. Therefore, applications of VCs in estimating plant

responses to drought need to be cautious.

Introduction

The long-distance water transport of plants is under negative
pressure, as explained by the Cohesion-Tension theory (Dixon &
Joly, 1895; Tyree & Zimmermann, 2002). This metastable state
leads to a risk of cavitation (i.e. the appearance of a vapor phase
within the liquid phase), which occurs when water undergoes an
abrupt phase change from liquid to gas or air bubbles are pulled
into the conduits through bordered pits (air seeding). The phe-
nomenon that a xylem conduit becomes gas-filled (embolized),
obstructing the long-distance water transport, is termed
embolism (Zimmermann, 1983). Xylem dysfunction caused by
embolism is considered one of the main processes that occurs
under severe drought conditions which can result in a series of
problems and ultimately mortality of plants (McDowell et al.,
2008; McDowell, 2011; Anderegg et al., 2012, 2016; Choat

et al., 2018). Xylem embolism resistance is one of the most
important traits determining plant drought resistance, and a sig-
nificant factor in explaining massive drought-induced plant
deaths in recent years (Allen et al., 2010; Choat et al., 2012,
2018) and predicting forest response to future climate change
scenarios (Reichstein et al., 2013). An understanding of xylem
embolism resistance is one of the central interests in plant physi-
ology and ecology.

Xylem resistance to embolism is often determined by vulnera-
bility curves (VCs) which describe how the percentage loss of
hydraulic conductance (PLC) or xylem embolism increases when
xylem water potential decreases (xylem tension increases). Vul-
nerability curves can provide valuable information about the
drought responses of particular plants and have been used to
quantify plant drought resistance and ecological adaptations
(Tyree & Ewers, 1991). For example, xylem tensions at 50% (or
88%) loss of hydraulic conductivity (P50 or P88), and hydraulic
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safety margins (the difference between minimum xylem water
potential and P50) are widely used to quantify drought resistance
and the risk of hydraulic impairment (Choat et al., 2012; Skelton
et al., 2015; Anderegg et al., 2016, 2018).

In the past decades, significant efforts have been made to
develop reliable techniques to accurately detect and quantify
xylem embolism (reviewed by Cochard et al., 2013). Since the
first VC was published, a growing number of techniques have
been developed to construct VCs for different plant organs and,
consequently, a large number of VCs already have been produced
(Sperry et al., 1988; Choat et al., 2012; Cochard et al., 2013; Cai
et al., 2014). The VC techniques differ mainly in how xylem
embolism is induced or detected. Embolism induction tech-
niques include the bench-top dehydration method (Sperry et al.,
1988), the air-injection-flow method (Sperry & Tyree, 1990;
Cochard et al., 1992), and the static- (Alder et al., 1997) or flow-
centrifuge (i.e. Cavitron) method (Cochard et al., 2005). Both
the air-injection-flow and the centrifuge methods enable manual
control of the applied pressure (or xylem tension) with good
accuracy and lower sample and time consumption compared to
the bench-top dehydration method. However, they are both
prone to artifacts (Cochard et al., 2013; Wang et al., 2014;
Zhang & Holbrook, 2014). Embolism detection techniques
include the widely used hydraulic measurement method (i.e.
measure water flow through a stem segment using the apparatus
by Sperry et al., (1988) to estimate embolism level, hereafter ‘hy-
draulic method’), the acoustic detection method (Milburn &
Johnson, 1966), the pneumatic-air-discharge method (Pereira
et al., 2016, 2020), the optical method (Brodribb et al., 2016a,
2017) and the X-ray imaging method (Brodersen et al., 2010).
Despite having potential artifacts (Skelton & Diaz, 2020), the
bench-top dehydration method (measured hydraulically) often is
used as a reference method to validate other methods. The X-ray
imaging method includes synchrotron-based or benchtop-based
X-ray computed tomography (CT). The synchrotron-based CT
uses a much greater flux of X-rays with a parallel beam which
allows scanning of large samples in a shorter time compared to
the benchtop-based system which is restricted mostly to excised,
relatively small samples. Both the X-ray imaging and optical
methods enable researchers to visualize the process of embolism
occurrence and spread. Using a principally different approach,
the pneumatic-air-discharge (PAD) method (or its new version,
Pneumatron) quantifies xylem embolism based on gas diffusion
from embolized vessels and is a nonhydraulic, low-cost method
with high temporal resolution. The PAD method generated P50
values comparable to other methods (e.g. bench-top dehydration,
air-injection-flow and flow-centrifuge methods) in 18
angiosperms species, whereas two ring-porous angiosperm and
two gymnosperm species showed great differences between the
PAD and reference methods (Pereira et al., 2016, 2020; Zhang
et al., 2018).

Although methods for constructing VCs have been continu-
ously developed or modified, the controversy about the reliability
of different methods is ongoing (Choat et al., 2010; Cochard et al.,
2013; Cai et al., 2014; Rockwell et al., 2014; Jansen et al., 2015;
Venturas et al., 2017, 2019; Pratt et al., 2020). One such example

is the VCs for grapevine, which has been intensively studied for
many decades, where no agreement has yet been reached because
different methods usually generate contrasting results (Cochard
et al., 2010; Gambetta et al., 2020). Another example is the widely
studied species Laurus nobilis which also is prone to methodologi-
cal artifacts, leading to largely inconsistent views regarding its vul-
nerability to embolism among studies (Charrier et al., 2016). Even
the bench-top dehydration method, the conventional ‘gold refer-
ence’, has often been challenged because of artifacts during the
sample preparation and measurements (Cochard et al., 2013;
Sperry, 2013; Wheeler et al., 2013; Torres-Ruiz et al., 2015; Skel-
ton & Diaz, 2020). As a consequence of artifacts during sample
preparation and/or measurement processes, many techniques are
argued to be species-dependent (Cochard et al., 2013; Venturas
et al., 2017). In the past decade, at least 19 studies have evaluated
the reliability of the different methods (Supporting Information
Table S1); however, compared to temperate species, species from
tropical wet forests with typically long vessels (Gao et al., 2019) are
relatively less studied. Moreover, studies testing different methods
using multiple species with a large range of conduit size are rela-
tively rare.

In this study, we first determined the VCs for five tropical
woody species with contrasting vessel lengths using five tech-
niques, including two widely used methods: the bench-top dehy-
dration and the air-injection-flow methods, as well as the recently
developed PAD, optical and X-ray imaging methods. Because
most species from tropical wet forests have long vessels (Ewers &
Fisher, 1987; Jacobsen et al., 2012), we excluded the centrifuge
method from our comparison as it appears to be suitable only for
short-vessel species (Cochard et al., 2013). Secondly, we deter-
mined the native embolism in the field and compared this to pre-
dicted values derived from the VCs constructed by different
techniques and xylem tensions. Additionally, we also tested
whether the discrepancies in results from different methods were
species-dependent and could be explained by the differences in
xylem structural traits. The main objectives of this study were to:
(1) quantify the variances in VCs generated using different tech-
niques for identical plant materials, (2) reveal the underlying arti-
facts or biases in some techniques when applied to long-vessel
tropical plants, and (3) explore whether the application of some
techniques is species-dependent, and can be explained by differ-
ences in xylem anatomy.

Materials and Methods

Site and species information

We conducted this study in a tropical limestone forest nearby
Xishuangbanna Tropical Botanical Garden, Chinese Academy of
Sciences (XTBG, lat. 21°410N, long. 101°250E, 570 m asl), Yun-
nan, Southwest China. This region has a typical tropical mon-
soon climate. The mean annual precipitation is approximately
1560 mm, and the mean annual temperature is 21.7°C (Cao
et al., 2006). Most precipitation (c. 80%) occurs in the wet sea-
son (May to October). There is a distinct dry period from
November to April.
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Based on our previous work (Gao et al., 2019), five common
species (three trees and two lianas) were chosen for this study to
cover a range of relatively short- to long-vessel species. The maxi-
mum vessel lengths (MVL, cm) were determined before all mea-
surements (see Methods S1). The five species differed in
maximum vessel length (Table 1) as follows – short-vessel species
(< 50 cm): Microcos paniculate and Lasiococca comberi (trees);
medium-vessel species (50–100 cm): Lagerstroemia tomentosa
(trees); and long-vessel species (> 100 cm): Combretum
yunnanense and Combretum griffithii (lianas). We tagged 20–30
mature, healthy, similar-sized individuals of each species in the
field and randomly harvested sun-exposed branch samples were
from these tagged individuals.

Vulnerability curve determinations using different methods

We used the bench-top dehydration technique (measured
hydraulically, likewise hereinafter; Sperry et al., 1988; Torres-
Ruiz et al., 2015), the optical method (Brodribb et al., 2016b),
the air-injection-flow method (Cochard et al., 1992), the pneu-
matic-air-discharge method (Pereira et al., 2016) and the X-ray-
computed microtomography (MicroCT) imaging method
(Cochard et al., 2015; Choat et al., 2016) to construct vulnerabil-
ity curves (VCs) for all five species during the 2019 wet season.

We collected all samples before sunrise (between 06:00 h and
07:00 h solar time). Tree and liana branch samples for VC mea-
surements were cut as long as possible (2–2.5 m and 4–5 m,
respectively). The excised branches were cut underwater c. 20 cm
from the basal ends (not necessary for VC determinations) and
then the cut ends of all excised branches were wrapped with wet
paper towels (notably, a better approach is keeping branches
underwater if feasible). The whole branches were sprayed with
water, placed in large black plastic bags to prevent water loss, and
transported to the laboratory within 1 h.

The bench-top dehydration (BD) method In order to construct
BD-VCs, we used 20–30 large leafy branches (harvested as
described above) from ≥ 10 tagged individuals of each species.
Under laboratory room conditions, all branches were dehydrated
to different dehydration conditions. Leaves from each branch
were sampled periodically to determine water potential (Ψleaf,
MPa) using a pressure chamber (PMS1505D-EXP, PMS Instru-
ment Company, Corvallis, OR, USA). Once a targeted dehydra-
tion condition was reached, branches were bagged with water

vapor saturated bags for ≥ 1 h to reach homogeneity in water
potential along the entire branch. Afterwards, two bagged leaves
(or terminal twigs) from different positions along each branch
were cut to test equilibrium in Ψleaf. We used the average of the
two Ψleaf measurements to represent xylem tension when the dif-
ference between them was < 0.3 MPa. To avoid ‘cutting under
tension’ artifacts (Wheeler et al., 2013; Torres-Ruiz et al., 2015),
the branches with all leaves bagged were cut underwater 30 cm
from the basal ends to release tension until Ψleaf was close to zero.
We cut two adjacent 10-cm-long segments (5–8 mm in diame-
ter) underwater at postions ~ 20 cm to 50 cm apart from the
apex, depending on the species. The two segments were used for
hydraulic measurements and MicroCT scans, respectively. In the
case of large samples with multibranching, we cut an additional
pair of 10-cm-long segments from a side branch to represent
within-branch variance.

Using a sharp blade, one 10-cm-long segment was trimmed at
both ends then connected to a hydraulic measurement system
with a 1 kPa (10 cm hydrostatic pressure) and 10 mM degassed
and filtered (0.2 µm) KCl solution. The distal end of the segment
was connected to a pipette, then an initial conductance (K0) of
the segment was determined as:

K ¼ F =P Eqn 1

(F and P, water flux and hydrostatic pressure, respectively).
The maximum conductance (Kmax) was determined again after

flushing the segment with 100 kPa pressure KCl solution for over
1 h. The percentage loss of hydraulic conductance (PLC) was cal-
culated as:

PLC¼ 100� K max �K 0ð Þ=K max Eqn 2

Finally, 40–50 PLC values from 20–30 branches were
obtained for each species to construct VCs.

The air-injection-flow (AI) method Although the AI method
has been challenged (Ennajeh et al., 2011; Cochard et al., 2013;
Yin & Cai, 2018), it is still used by researchers and we included
it here to test if the reliability depends on xylem structural traits.
We used a commercial double-ended pressure sleeve
(PMS1505D-EXP, PMS Instrument Company) in this study.
The chamber was 2.5 cm in diameter and 8 cm in length. Six to
ten branches from at least six individuals per species were used to

Table 1 Species information for this study.

Species Family Phenology Lifeform
MVL
(cm)

Dh

(µm)

Microcos paniculate L. Malvaceae E Tree 37.3 � 2.6 60.69 � 3.0
Lasiococca comberi Haines Euphorbiaceae E Tree 39.3 � 1.6 53.73 � 1.8
Lagerstroemia tomentosa C. Presl Lythraceae D Tree 99.8 � 10.6 76.04 � 5.3
Combretum yunnanense Exell Combretaceae D Liana 126.5 � 8.3 87.82 � 2.36
Combretum griffithii Van Heurck & Müll. Arg. Combretaceae D Liana 141.0 � 15.2 108.92 � 10.0

E, evergreen; D, deciduous; MVL, maximum vessel length; Dh, hydraulic-weighted diameter.
Note: Values are mean � SE. Nomenclature of species follows The Plant Lists (http://www.theplantlist.org/).

� 2020 The Authors

New Phytologist� 2020 New Phytologist Trust
New Phytologist (2021) 229: 805–819

www.newphytologist.com

New
Phytologist Research 807

http://www.theplantlist.org/


construct AI-VCs. Xylem embolism was induced by applying a
series of increasing pressures using the pressure chamber after
flushing the segments using 100 kPa KCl solution. A total of
8–10 pressurization treatments were applied to construct VCs for
each segement (see Methods S2).

The pneumatic-air-discharge (PAD) method We used six
branches of each species from different individuals to construct
PAD-VCs following Pereira et al. (2016) and Zhang et al.
(2018). Branches were rehydrated over a period of 2–3 h with all
leaves bagged in black plastic bags. The distal 0.5 m to 1 m-long
leafy parts were excised from the branches underwater and con-
nected to a pneumatic apparatus (Pereira et al., 2016) through a
three-way valve connecting to a vacuum sensor (PX141-015V5V;
Omega Engineering, Swedesboro, NJ, USA). The vacuum sensor
was calibrated using a digital manometer (Xinsite HT-1895; Xin-
site Technology Development Co., Ltd, Beijing, China) before
taking measurements. We used a 5-mm-thick rigid silicone tube
as a vacuum reservoir and a 100-ml syringe to create a vacuum
pressure gradient (differential pressure against atmospheric pres-
sure) of about −55 kPa. The pressure changes during the 2.5
min period immediately following the opening of the branch-
reservoir valve were recorded using a datalogger (CR1000;
Campbell Scientific, Logan, UT, USA). Using one fully
dehydrated branch of each species prior to the PAD
measurements, we determined the volume of the reservoir
according to the branch size by changing the length of the reser-
voir tube to ensure that the final pressure gradient against atmo-
spheric pressure ranged from −20 to −35 kPa. The extracted air
(Δni; mol) was calculated as:

Δni ¼ðP f �Pi=RTÞ�106, Eqn 3

(Pf and Pi, initial and final pressures (kPa) during the 2.5
min extraction period immediately after opening the branch-
reservoir valve; R, gas constant (8.314 kPa l mol−1 K−1); and
T, room temperature (°C)). During the experiment, the room
temperature was maintained at 26°C using an air conditioner.
The value Δni was converted to air volume (ΔVi, μl) using
ideal gas laws at atmospheric pressure: 95 kPa at 550 m asl
in XTBG.

We conducted eight to ten repeat measurements for the same
branch during slow dehydration under room conditions, and
Ψleaf was periodically measured for each branch. The branches
were treated as for the BD method to ensure leaf and stem equili-
bration then water potential was determined using bagged leaves
(or terminal twigs). All cut surfaces were sealed with quick-drying
glue. The leakage from the apparatus was estimated by the pres-
sure change over the same time period (2.5 min) and subtracted
from ΔVi. We took two or three additional measurements after
ΔVi stopped increasing or even decreased.

The percentage of extracted air volume (PAD, %) from the
branches was analogous to PLC (%) of hydraulic methods as:

PAD¼ 100�ðΔVi �ΔV0Þ=ðΔVmax �ΔV0Þ, Eqn 4

(ΔV0 (µl), air volume extracted from the fully hydrated branches
initially; and ΔVmax, maximum air volume that can be extracted
from the dehydrated stems).

The MicroCT imaging (MicroCT) method We performed
MicroCT scans simultaneously with the BD method using a
MicroCT system (SkyScan1275; Bruker Corporation, Billerica,
MA, USA). Both ends of the branch segments (paired samples
with the BD method) were recut underwater to c. 8 cm in length
and connected with water-filled tubing (with a 1-cm-long water
column). We tightly wrapped whole segments with parafilm to
reduce dehydration during scanning. Compression was strictly
avoided during the whole sample preparation process, and once
prepared, segments were fixed vertically on the sample stage of
the MicroCT system. To test whether embolism inside the seg-
ment was refilled when connected with water-filled tubing over
time, we conducted a repeated scanning experiment for over 72 h
before applying MicroCT to construct VCs for each species. We
found no refilling of gas-filled vessels at least within the first 2 h;
however, some gas-filled vessels were refilled with water after c.
4 h in two of the tested segments (Fig. S1).

At each stage of dehydration, we scanned twice to visualize
gas-filled vessels and all vessels in the stem segments. Scans were
performed at 36–50 kV and c. 200 μA energy at 5–8 μm voxel
size depending on the diameter of the sample. Stem segments
were scanned for 180° at a 0.2° rotation step and 1056 images
were generated. Each scan took 12–18 min depending on the set-
tings. The images were reconstructed and one slice at the middle
position per segment was selected for analyses. Immediately after
the first scan, we used 100 kPa compressed air to flush the stem
segments. In a preliminary test, we found a 3–5 min air flushing
from both ends of the segments was sufficient to ensure that all
vessels were completely filled with air. Air-flushed segments were
re-scanned following the same protocol described above to gener-
ate images showing all vessels in the same position. We estimated
the theoretical hydraulic conductivity (Kt) for the two images of
each sample according to the Hagen–Poiseuille equation:

K t ¼ðρ �πÞ=ð128 �ηÞ �∑n
i¼1D

4
i , Eqn 5

(ρ, water density (kg m−3), η, water viscosity coefficient at a
given temperature (MPa s); and Di, conduit diameter (m) of
embolized vessels).

We estimated the PLC (%) at each stage of dehydration as:

PLC¼ 100�K t�i=K t�max , Eqn 6

(Kt-i and Kt-max, theoretical hydraulic conductivity of each stem
segment before and after air flushing, respectively).

The optical (OP) method We constructed the OP-VCs for leaf
midribs, which contain the closest xylem tissue in the laminar to
the stem xylem. We scanned 6–12 leaves of each species.
Branches were collected following the same protocol as described
above for the BD method. The basal ends of the harvested
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branches were recut underwater and rehydrated for 1–2 h in the
laboratory until Ψleaf was close to 0 MPa. One healthy, mature
leaf from each branch was placed under a stereomicroscope
(M205A; Leica Microsystems, Wetzlar, Germany) and, following
the protocol as described by Brodribb et al. (2016), grayscale
images of the midribs were captured. The upper surface of each
leaf was carefully fixed to the microscope stage using transparent
double-sided adhesive tape. The illumination intensity was
adjusted to make sure a clearly transmitted light image was visible
under the stereomicroscope. Images of the midribs of each leaf
were captured at 10-min intervals using a digital camera
(DFC450; Leica Microsystems) attached to the microscope. We
chose the midrib (first-order vein) as the region of interest
because of the possibility of long vessels extending from the stem
into the midrib and the potential lack of segmentation in vulner-
ability to embolism (Skelton et al., 2017, 2018; Klepsch et al.,
2018; Lamarque et al., 2018; Li et al., 2020; Smith-Martin et al.,
2020). The OP method also has been used to scan stems (Bro-
dribb et al., 2017). However, it can only scan conduits on the
surface, and debarking to expose xylem for scanning can result in
the overestimation of vulnerability to embolism (Venturas et al.,
2019; notably a different image analysis method was used com-
pared to Brodribb et al., 2016a, 2017).

In order to monitor the water potential during dehydration, a
small square of bark was removed from the stem adjacent to the
targeted leaf to enable the installation of a PSY1 stem psychrome-
ter (ICT International, Armidale, Australia) following Brodribb
et al. (2017). The psychrometer was set to log at 10-min inter-
vals. Measurements were taken for 3–5 d until the leaf samples
were fully dehydrated and no more embolism events occurred.
We maintained the room temperature at c. 26°C, and a 45% rel-
ative humidity under laboratory lighting. Because water loss
occurs at very low rates after stomatal closure under room condi-
tions, leaf and stem water potentials should equilibrate unless the
leaves are completely isolated from the stems under high levels of
embolism (Zhang & Brodribb, 2017). Moreover, given that Ψleaf

is reported to decline linearly over time after stomatal closure
(Brodribb et al., 2016b), we were able to get a good estimation of
Ψleaf at certain points in time.

We used an image subtraction method to estimate cumulative
embolism throughout the midribs over time (Brodribb et al.,
2016b). The percentage of embolized area (PLA, %) was quanti-
fied as the ratio of embolized pixels at a given water potential to
the numbers of embolized pixels at the fully embolized stage.
Finally, 5–10 OP-VCs were constructed for each species.

Midday xylem tension and native embolism

We followed the protocol used by Chen et al. (2017) and Torres-
Ruiz et al. (2015) to measure the native embolism of 1–2-yr-old
stems during the 2019 dry season. Thereafter, we evaluated the
differences between the directly measured native embolism levels
and the predicted values from the laboratory determined VCs
constructed using five different methods and water potential data.
Six sun-exposed canopy branches per species were selected and
marked one day before sampling. In addition, six fully expanded

newest leaves from a neighboring branch were bagged with sealed
bags and covered with aluminum foil on the previous evening.
These leaf samples were harvested for water potential determina-
tion. We collected samples between 12:30 h and 13:30 h (solar
time) from 23 to 25 March 2019. The branch samples (more
than two times the MVLs) for PLC measurements were cut from
the canopy using a 12-m-long pruner. The basal ends of the
branches were wrapped with parafilm and the branches were
sprayed with water and enclosed in black plastic bags. Samples
were transported to the laboratory within 30 min. All samples
were cut off 20 cm underwater from the base then kept in a dark
room to release xylem tension (Wheeler et al., 2013; Torres-Ruiz
et al., 2015) until Ψleaf > −0.2 MPa. The remaining segments
were cut underwater to obtain two adjacent segments, each 10
cm in length (as described above for the BD method). These two
segments were used for the determination of native PLC using
both the hydraulic and MicroCT imaging methods, respectively.
The native PLC was calculated as:

PLC¼ 100 � ðK max �K 0Þ=K max , Eqn 7

(K0 and Kmax, native and maximum hydraulic conductances,
respectively (determined using the hydraulic method), or the the-
oretical conductivity of visible vessels to all vessels in the cross-
section, respectively (determined using the Micro-CT method)).

Finally, the MicroCT images scanned after air flushing were
analyzed to determine hydraulic-weighted diameter
(Dh ¼∑D5=∑D4, µm) using IMAGE J software (National Insti-
tute of Health, New York, NY, USA) .

Data analysis

For each species, the percentage loss of hydraulic conductivity
(BD, AI and MicroCT methods), percentage of extracted air vol-
ume (PAD method) and embolized area (OP method) derived
from different methods were fitted against corresponding stem
water potentials (applied pressures) using a sigmoid function
(Pammenter & Vander Willigen, 1998). We applied a random
intercept model for the OP data to account for the large variation
among leaves (Fig. 1, right column). Based on the derived VCs,
we calculated the water potentials (or applied pressure, P50) at
50% loss of hydraulic conductivity (for BD, AI and MicroCT),
50% extracted air volume (for PAD) and 50% embolized area (for
OP), and then compared P50 between methods using nonparamet-
ric bootstrap following Gauthey et al. (2020). Bootstrap 95% and
99.5% confidence intervals (CIs) for the predicted PLC and P50
were calculated using 2000 resamples. Because there were 10
method combinations for each species for P50 comparisons, 99.5%
CIs were used to test for significant differences at the P < 0.05
level. All statistical analyses were conducted using R 3.6.3 (R Core
Team, 2020 ) and the FITPLC package (Duursma & Choat, 2017).

Results

The MVLs of the five selected species ranged from relatively
short vessels in M. paniculate (37.3 � 2.6 cm) and
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(a)

(b)

(c)

(d)

(e)

(a′)

(b′)

(c′)

(d′)

(e′)

Fig. 1 Comparison of vulnerability curves (VCs) constructed using five different methods. BD, bench-top dehydration method (red symbol); PAD,
pneumatic-air-discharge method (blue symbol); AI, air-injection-flow method (green symbol); MicroCT, MicroCT imaging method (purple symbol); OP,
optical method (orange symbol, right column). The VCs were determined from branches using the BD, AI, PAD and MicroCT methods (left column, a–e)
but from leaf midribs using the OP method (right column, a0–e0). For PAD method, the extracted air volume at the plateau 1 in Fig. 6 was used as Vmax.
Vertical dashed lines represent xylem water potentials at 50% loss of conductivity (for BD, AI and MicroCT), 50% extractable air volume (for PAD), and
50% embolized area (for OP), respectively. Regression lines are fitted by a three-parameter Sigmoid equation. The 95% confidence intervals are presented
as shaded areas.M. paniculate,Microcos paniculate; L. comberi, Lasiococca comberi; L. tomentosa, Lagerstroemia tomentosa; C. yunnanense,
Combretum yunnanense; C. griffithii, Combretum griffithii.
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L. comberi (39.3 � 1.6 cm) to long vessels (> 120 cm) in
C. yunnanense and C. griffithii. The Dh ranged from 53.73 �
1.8 µm in L. comberi to 108.92 � 10.0 µm in C. griffithii
(Table 1).

Comparison of VCs among techniques

Although all VCs constructed using five techniques were S-
shaped, generally, the VCs constructed using the BD, MicroCT

(a)

(b)

(c)

(d)

(e)

(f)

Fig. 2 Relationships between xylem water potentials at 50% loss of conductivity for the bench-top dehydration (P50-BD) and MicroCT (P50-MicroCT)
methods, and 50% embolized area in leaf midrib for the optical methods (P50-OP), respectively (a, b, c). Colored points represent mean P50 values
estimated from sigmoidal fittings. Error bars indicate 95% confidence intervals (CIs) determined from 2000 nonparametric bootstraps. The dashed gray
lines indicate 1 : 1 lines. CIs for difference between two methods (d–f). Black points, thick colored bars and thin gray bars represent means, 95% CIs and
99.5% CIs, respectively. If the 95% CIs overlap zero, then the two methods are not significantly different. Asterisks indicates the significant differences
between methods.M. paniculate,Microcos paniculate; L. comberi, Lasiococca comberi; L. tomentosa, Lagerstroemia tomentosa; C. yunnanense,
Combretum yunnanense; C. griffithii, Combretum griffithii.
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and OP methods reached 100% PLC or embolism at more nega-
tive water potentials than those constructed using the AI and
PAD methods. Both the BD and MicroCT methods produced
more scattered PLC values than the other methods, which pro-
duced some high PLC values even at high (> −1 MPa) water
potentials (Fig. 1).

There was considerable variation in P50 values produced by the
five techniques for all five species (Figs 2, S2; Table 2). Lasiococca
comberi showed the greatest variances in P50 among methods,
ranging from −1.78 MPa (95% CI: −1.87, −1.71) produced by
the PAD method to −7.48 MPa (95% CI: −10.06, −6.40) gener-
ated by the MicroCT method. However, the BD, MicroCT and
OP methods generally produced comparable P50 values (Figs 2,
S3; Table 2). There were discrepancies in P50 values produced by
the MicroCT and BD methods but only for L. comberi (Figs 2,
S2; Table 2). The PLC discrepancies between the BD and
MicroCT methods increased against increasing embolism level,

showing lower BD-PLCs than MicroCT-PLCs (Fig. S3). Among
the methods, the most vulnerable VCs were derived from the PAD
method. The AI method produced comparable P50 values for two
of the five species but more negative P50 values for the other three
compared to the PAD method (Figs 1, S2; Table 2). With refer-
ence to P50-BD, the discrepancy ratios of P50-AI but not P50-PAD
decreased with increasing MVL and Dh (Fig. 3). By contrast, the
discrepancy ratios of P50-AI and P50-PAD against P50-MicroCT
were independent of xylem structural traits (Fig. S4).

Prediction of native xylem embolism using the five different
methods

The five species showed a wide range in xylem tension during the
dry season, with the minimum midday water potential varying
from −0.99 MPa in C. yunnanense to −2.93 MPa in L. comberi
(Fig. 4a). The observed PLCs in situ (measured hydraulically)
ranged from 10.8 � 5.5% in C. griffithii to 42.3 � 10.8% in
L. tomentosa. By contrast, the observed PLCs using MicroCT
scanning ranged from 6.9 � 1.3% in C. griffithii to 25.8 �
9.3% in L. tomentosa (Fig. 4b). Generally, in most species, the
PLCs predicted by BD-, MicroCT- and OP-produced VCs were
lower than those predicted by the PAD- and AI-VCs.

The directly measured PLCs were comparable with the values
predicted using the BD-VCs for three of the five species but
lower in L. tomentosa and C. yunnanense. For M. Paniculate,
L. comberi and C. griffithii, the PLCs predicted using the PAD-
VCs were much higher than the directly measured values and
those predicted using the other methods. Likewise, the PLCs pre-
dicted using the AI-VCs were higher than the measured PLCs for
three of the five species but comparable in C. griffithii and
C. yunnanense. The PLCs predicted from the MicroCT-VCs
were similar to those from the OP-VCs (Fig. 4b).

Discussion

Our findings provide clear evidence that, for trees and lianas from
tropical wet forests (known as long-vessel species), vulnerability
curve (VC) characteristics strongly depend on the techniques that
used. The maximum vessel lengths (MVLs) of all five species
(37–141 cm) were distinctly longer than those of most species
investigated in previous studies (0.015–66 cm; Pereira et al.,
2016; Zhang et al., 2018; Venturas et al., 2019). We found that
the newly developed pneumatic-air-discharge (PAD) method
tended to substantially overestimate the vulnerability of all five
species included in this study, whereas the bench-top dehydration
(BD), X-ray-computed microtomography (MicroCT) and opti-
cal (OP) methods yielded comparable P50 values. Moreover, the
validity of the air-injection-flow (AI) method appears to be
species-specific and its discrepancy against the BD method can be
explained partly by the vessel length and diameter.

The underlying biases of different methods

The BD method generated S-shaped VCs for all species in this
study, showing a general similarity with the VCs constructed

Table 2 Comparison of the mean P50 values derived from sigmoidal
fittings.

Species Method
P50 (95% CI)
(MPa)

Microcos paniculate BD −3.67 (−4.22, −3.24) c

PAD −1.79 (−2.02, −1.55) a

AI −1.99 (−2.22, −1.76) b

MicroCT −3.38 (−4.03, −2.76) b

OP −3.08 (−3.40, −2.73) b

Lasiococca comberi BD −5.38 (−5.91, −4.99) c

PAD −1.78 (−1.87, −1.71) a

AI −2.12 (−2.36, −1.78) b

MicroCT −7.48 (−9.88, −6.36) d

OP −5.45 (−5.93, −5.05) d

Lagerstroemia tomentosa BD −3.71 (−4.38, −3.11) b
PAD −2.11 (−2.31, −1.91) a

AI −3.02 (−3.32, −2.71) a

MicroCT −3.08 (−3.63, −2.37) a

OP −4.72 (−5.36, −4.16) c

Combretum yunnanense BD −3.86 (−4.55, −3.44) d

PAD −1.80 (−1.88, −1.71) a

AI −2.81 (−3.17, −2.45) b

MicroCT −4.92 (−6.04, −3.94) e

OP −3.10 (−3.60, −2.55) c

Combretum griffithii BD −3.93 (−4.80, −3.51) b

PAD −1.51 (−1.66, −1.32) a

AI −3.22 (−3.52, −2.93) a

MicroCT −3.10 (−4.77, −2.48) a

OP −3.64 (−4.38, −2.98) a

BD, bench-top dehydration method; PAD, pneumatic-air-discharge
method; AI, air-injection-flow method; MicroCT, X-ray-computed
microtomography imaging method; OP, optical method; P50, xylem water
potentials at 50% loss of conductivity for the bench-top dehydration (BD,
AI and MicroCT), 50% extracted air volume (PAD) and 50% embolized
area in leaf midrib (OP), respectively. The VCs are from branches in the
BD, AI, PAD and MicroCT methods, but from leaf midribs in the OP
method. Confidence intervals (CIs) for P50 were determined from 2000
nonparametric bootstraps. Values in brackets are 95% CIs. P50 values
sharing the same letters are not significantly different at the P < 0.05 level
based on 99.5% CIs for differences between two methods. See Supporting
Information Fig. S3 for 99.5% CIs.
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using the MicroCT and OP methods. In addition, the percentage
losses of hydraulic conductance (PLCs) predicted from the BD-
VCs and midday xylem tensions showed agreement with the
directly measured PLCs. Notably, there were some high PLC val-
ues even under high water potentials (e.g. > −1.0 MPa;
Fig. 1b–c) which did not match the MicroCT-generated PLCs,
even when using neighboring segments from the same branch.
Therefore, our results suggest the overall validity of the BD
method for constructing VCs in tropical plants; however, the
absolute PLC values of the BD-VCs should be interpreted with
caution (Skelton & Diaz, 2020).

The reliability of the AI method is reported to be species-specific
and prone to overestimating the vulnerability to embolism, espe-
cially for long-vessel species (Choat et al., 2010; Ennajeh et al.,
2011; Martin-StPaul et al., 2014). All segments analyzed in this
study were much longer than the MVLs of the species and, hence,
segment length could not account for why the AI method gener-
ated highly vulnerable VCs for the two short-vessel species (Micro-
cos paniculate and Lasiococca comberi). However, we did find that
the P50 discrepancy ratio of the AI against the BD method could
be explained by vessel length and diameter (Figs 3, S4), which
may be attributed to an ‘effervescence’ mechanism (Yin & Cai,
2018). Air bubbles may form in the water-filled vessels during the
fast release of positive pressure after pressurization. This ‘efferves-
cence’ effect may have different influences on long- and short-ves-
sel species. Because long-vessel species possibly have greater
numbers of longer vessels which are open from the pressurized part
to the cut ends than short-vessel species, the air probably can flow
out via the open ends of the cut vessels, resulting in less air

dissolved in the sap water under the same pressure gradient. By
contrast, short-vessel species can have more dissolved air in the sap
under the same applied pressure because there is a higher resistance
to air passing through entire closed vessels for a given length.
Therefore, during the release of positive pressures, more air dis-
solved in the sap of short-vessel species could result in more ‘effer-
vescence’ and higher PLCs compared with long-vessel species.

In this study, the PAD method consistently generated more
vulnerable VCs for all five species than VCs produced using the
BD, MicroCT and OP methods. Discrepancies in results
between the PAD method and the other methods also have been
found by a recent study in two conifers and three long-vessel
angiosperms (Sergent et al., 2020). We propose four mechanisms
that may cause uncertainties in the PAD method. First, the PAD
method may measure the vulnerability of only those vessels close
to the cut end. These vessels are likely to be vulnerable because
they are in direct contact with air sources. We found that extract-
ing pressure cannot be detected at the distal ends when there are
no cut vessels connecting both ends of the stem, suggesting that
vacuum pressure that used to extract air from the xylem mainly
extracts air from those cut vessels and vessels close to the cut end
(Figs 5, S5–S8). This result corroborates the finding that air vol-
ume from distal end cavitated vessels isolated by water-filled
intact vessels contributed little to extractable air volume (ΔVi)
(see Fig. S4 in Pereira et al., 2016). Therefore, the VCs produced
by the PAD method probably represent the vulnerability of
neighboring vessels of cut ones, and the embolized cut vessels are
likely to make the neighboring vessels more susceptible to
embolism. This may occur according to the ‘air-seeding’

(a) (b)

(b′)(a′)

Fig. 3 The relationships between xylem
structural traits and the discrepancy ratios
(%) of P50-PAD (a, b) and P50-AI (a

0, b0)
against P50-BD. P50-PAD, xylem water
potentials at 50% extractable air volume for
PAD method; P50-AI, applied pressure at
50% loss of conductivity for AI method; P50-
BD, xylem water potential at 50% loss of
conductivity for BD method. PAD,
pneumatic-air-discharge method; AI, air-
injection-flow method, BD, the bench-top
dehydration method; Dh, hydraulic-weighted
diameter; solid lines are regression lines.
M. paniculate,Microcos paniculate;
L. comberi, Lasiococca comberi;
L. tomentosa, Lagerstroemia tomentosa;
C. yunnanense, Combretum yunnanense; C.
griffithii, Combretum griffithii.
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hypothesis because the pits of the neighboring vessels are in direct
contact with emboli (Zimmermann, 1983; Christman et al.,
2009).

Secondly, there are uncertainties in estimating the maximum
extractable air volume (ΔVmax) and percentage embolism. In an
additional test using L. comberi (Methods S3), we found two
pronounced plateaus of ΔVi in all six branches during the dehy-
dration process (Fig. 6). Distal embolized vessels, which were not
connected to the cut-open vessels via embolized vessels (Fig.
S9b), were excluded from the estimation because air cannot be
extracted from them (the first plateau in Fig. 6). The high vulner-
ability of the vessels neighboring the cut ones (as discussed above)
could explain why the PAD method generated more vulnerable
VCs than the other methods. The second plateau suggested that
the ΔVmax was from all vessels (Fig. S9c) and potential cracks in
the pith and xylem tissues. In this case, the embolism level might
have been substantially underestimated for stages under moderate
dehydration owing to exclusion of the distal embolized vessels.
The selection of ΔVmax from different plateaus generated a four-
fold difference in P50 (−1.58 vs −6.32 MPa; Fig. 6c).

Thirdly, there are uncertainties regarding the source of the air.
Pereira et al. (2020) showed a stable ΔVmax in Citrus sinensis after

all vessels were fully cavitated. However, the ΔVmax may include
substantial air volume from outside the vessels, especially for
species with a large pith and/or high parenchyma fraction in the
xylem, which would potentially crack under desiccation. The
MicroCT images of samples in different dehydration stages
showed evidence of cracks both in the pith and xylem tissue dur-
ing the dehydration process. Air also may be extracted from these
areas external to the vessels and calculated as part of the air vol-
ume from cavitated vessels. Moreover, the extent of cracking dur-
ing dehydration differed among species. For example, species
with a large pith fraction were prone to crack during desiccation.
In this study, Combretum griffithii showed cracks in the pith
when the xylem water potential decreased to −3.48 MPa. By
contrast, no cracks were detected in L. comberi (Fig. 7). In
another test, we found that there was an further increase in

(a)

(b)

(c)

Fig. 4 The minimummidday xylem water potential (a, values are
mean � SE) and the percentage loss of conductivity (PLC) (b, values are
mean � SE). In (b), bars are directly measured values in situ using the
hydraulic meauements (Hydraulic-PLC, black solid), directly measured
values using the MicroCT imaging (MicroCT-PLC, white bar) and values
predicted (PLCpred.) from vulnerability curves constructed using five
different methods and xylem water potential. Different color bars indicate
values from different methods, as indicated in the figure. BD, bench-top
dehydration method; PAD, pneumatic-air-discharge method; AI, air-
injection-flow method; MicroCT, MicroCT imaging method; OP, optical
method. Inset (c) shows the maximum vessel length (MVL, values are
mean � SE) for each species. MP,Microcos paniculate; LC, Lasiococca
comberi; LT, Lagerstroemia tomentosa; CY, Combretum yunnanense; CG,
Combretum griffithii.

(a)

(b)

(c)

(d)

Fig. 5 Diagram of the pneumatic-air-discharge apparatus for testing the
sample length effect (a) and the differential vacuum pressure changes over
2.5 min for samples with different sample-length spans for three stems of
Lagerstroemia tomentosa (b–d). Closed and open symbols in (b–d)
represent the vacuum pressure at the basal (gauge no. 1) and the distal
(gauge no. 2) ends, respectively. The red shadows highlight when the
sample length (L, cm) being shorter than the maximum vessel length of
the segment.
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extracted air volume after vessels were fully embolized by pressur-
ization in two species with a large pith: C. griffithii (c. 33%) and
Bauhinia tenuiflora (c. 28%; Y.J. Chen et al. unpublished).

Fourthly, there is a shrinkage effect that may have influenced
the validity of the PAD method. In C. griffithii and B. tenuiflora,
we found that tissue shrinkage due to dehydration caused a
decline of c. 36.6% and 40.65% in phloem area, 11.9% and

(a)

(b)

(c)

Fig. 6 The kinetics of extracted air volume (ΔVi, µl) (a) of one
representative stem sample of Lasiococca comberi using the pneumatic-
air-discharge (PAD) method; (b) percentage of extractable air volume
against xylem water potential for different stem segments; and (c)
comparison of the PAD method vulnerability curves (VCs) using the
maximum extractable air volume at plateaus 1 (blue) and 2 (red),
respectively, in Lasiococca comberi. Symbols of different colors in (b)
represent different stem samples (n = 6 stems). The gray areas indicate
two plateau stages (when a stable extractable air volume was reached)
during the drying process. Data from six stems were pooled together in (c)
to construct the VCs. Vertical dashed lines in (c) represent the xylem water
potential at 50% extracted air volume (P50).

Fig. 7 MicroCT images of stems at different desiccation stages for
Lasiococca comberi (left column) and Combretum griffithii (right column).
Numbers are xylem water potentials. The arrows indicate cracks in the pith
and xylem tissue.
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30.9% in xylem area, 11.9% and 30.9% in pith area, and, by
contrast, an increase of 8.1% and 3.5% in vessel lumen area,
respectively (Fig. S10).

Taking these four mechanisms with opposite effects
together, the resultant VCs may depend largely on which
mechanism dominates as the main effect. In the present study,
the first mechanism may dominate, resulting in more vulnera-
ble VCs. Therefore, although PAD is a low-cost and experi-
mentally simple method, it should be used cautiously owing to
these uncertainties.

We found that the MicroCT-VCs and OP-VCs generally
matched the BD-VCs in most species, showing high resistant
VCs (Fig. 2). Our findings are consistent with Losso et al. (2019)
that PLCs derived from hydraulic measurements closely matched
the MicroCT-PLCs. We also noted great intraspecific differences
when using the OP method, which is consistent with previous
studies (Fig. 1; Rodriguez-Dominguez et al., 2018; Cardoso
et al., 2020; Gauthey et al., 2020). Although previous studies
showed that the MicroCT method tended to generate more resis-
tant VCs compared to the BD method (Lopez et al., 2019), this
was only evident in L. comberi. Therefore, we conclude, along
with Gauthey et al. (2020), that these visual techniques provide
promising estimates of xylem cavitation resistance. However, the
MicroCT and OP methods also may be associated with potential
errors and artifacts produced during experiments or through the
way the images are converted into the levels of xylem dysfunc-
tion. Caution is needed when using these two methods to esti-
mate the absolute value of conductivity because both methods
actually estimate 2D embolism pixels or theoretical values based
on lumen diameters but ignore the resistance of the other compo-
nents in the vessels, such as pits and end walls (Gauthey et al.,
2020).

The application of VCs generated using different methods
confound the predicted performance in ecological research

In our study, the highly vulnerable VCs constructed using the AI
and PAD methods indicate that cavitation occurs routinely in the
focal plants; however, this finding contradicts our understanding
of plant hydraulic performance in the field. Our findings suggest
that methodological issues can result in incorrect explanations of
plant physiological performance and ecological adaptations. For
instance, L. comberi is one of the most dominant evergreen
species in the tropical limestone forests of the study region where
severe water stress occurs frequently during the dry seasons (Chen
et al., 2015). Previous studies have shown high xylem vulnerabil-
ity to embolism in this species using the AI method including
P50 = −1.66 MPa in Fu et al. (2012), and P50 = −2.0 MPa in
Zhu et al. (2017). This also was the case in the present study
(P50 = −1.78 MPa). However, this species experienced rather
low water potentials during the dry season: −3.77 MPa in Fu
et al. (2012), −6.58 MPa in Chen et al. (2015) and −2.92 MPa
in this study. Interestingly, whole-plant mortality or branch
dieback of this species is rarely observed in the field which is
inconsistent with the predictions based on the AI-VCs or PAD-
VCs that suggest full (100%) xylem embolism. If the AI- and

PAD-VCs are accurate, the existence of novel embolism-refilling
mechanisms is essential for the survival and ecological dominance
of this species in tropical limestone forests. However, routine
daily cycles of embolism-formation and night-refilling have not
been confirmed in many studies (Charrier et al., 2016; Lamarque
et al., 2018). We propose that the VCs generated using the BD,
MicroCT and OP methods (Fig. 4) can better explain the domi-
nance of this species and absence of dry season branch or tree
dieback without the need for novel embolism-refilling mecha-
nisms.

Because of the methodological issues related to how VCs are
generated, methods and experimental protocols have been a
major concern for many years (Cochard et al., 2013). The
insight that there is a convergence in the vulnerability of forests
to drought (Choat et al., 2012; Anderegg et al., 2019) may
need to be revisited in consideration of the great uncertainties
about P50 in the literature. In this study, we found that the
VCs generated using the BD (with tensions relaxed before
hydraulic measurements), MicroCT and OP methods were
generally similar and could predict the performance of the
plants in the field. By contrast, the AI and PAD methods
showed a number of uncertainties. Whereas overestimation of
vulnerability to embolism, predicted by vessel size, occurs for
the AI method, the uncertainties associated with the PAD
method can result in either an overestimate or underestimate
of the vulnerability. Our findings highlight the need for cau-
tion when using VCs to explain or predict plant responses to
drought or drought-induced tree mortality under future climate
change scenarios.
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Fig. S1 A test to determine how the length of time samples are
immersed in the water affects the gas-filled vessels over time when
using MicroCT scanning.

Fig. S2 Confidence intervals for differences between the mean
P50 values for each method.
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Fig. S3 Comparison of embolism levels derived using the
hydraulic and the MicroCT methods applied to the same stem
segments.

Fig. S4 The relationships between xylem structural traits and
the discrepancy ratios of P50-PAD and P50-AI against P50-
MicroCT.

Fig. S5 The differential vacuum pressure changes over 2.5 min
in samples with different sample lengths for three stems of
Microcos paniculate.

Fig. S6 The differential vacuum pressure changes over 2.5 min
in samples with different sample lengths for three stems of
Lasiococca comberi.

Fig. S7 The differential vacuum pressure changes over 2.5 min
in samples with different sample lengths for two stems of
Combretum griffithii.

Fig. S8 The differential vacuum pressure changes over 2.5 min
in samples with different sample lengths for two stems of
Combretum yunnanense.

Fig. S9 A diagrammatic representation of air sources extracted
from a stem and the spread of embolisms with use of the pneu-
matic-air-discharge method.

Fig. S10 Shrinkage of xylem tissue at different stages of desicca-
tion as recorded in MicroCT images.

Methods S1 Methods for determining the maximum vessel
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Methods S2 The AI method.

Methods S3 Methods for the tests of sample length and shrink-
age effects when using the PAD method.
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ability curves.
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