
Letters

Reconciling discrepancies in
measurements of vulnerability to
xylem embolism with the
pneumatic method

A comment on Chen et al. (2021) ‘Quantifying
vulnerability to embolism in tropical trees and lianas
using fivemethods: can discrepancies be explained by
xylem structural traits?’

Chen et al. (2021) reported discrepancies between pneumatic and
other methods for measuring embolism vulnerability in plant
xylem tissue, leading them to caution against using the pneumatic
method. We show that this discrepancy arises from faulty
implementation: failing to measure air discharge to sufficiently
negative water potentials, they under-estimated maximum air
discharge (ADmax), and hence embolism resistance. Embolism
vulnerability methods identify how dehydrated a stem must
become (in water potential, P50) to cause a 50% loss in xylem
conductivity. Pneumatic methods require measurements to water
potentials roughly twice as dehydrated as P50. Yet Chen et al. often
stopped at magnitudes even less than what other methods showed
P50 to be, making it mathematically impossible for their pneumatic
implementation to measure true P50. Our simulations confirmed
that premature stopping causes large errors in derived P50,
accounting for reported discrepancies. Further, literature studies
show consistent agreement between pneumatic and othermethods.
Thus, Chen et al.’s pneumatic results are invalid, and should not be
taken to undermine confidence in pneumatic measurements. We
recommend best practices, including the ‘Pneumatron’ for auto-
mated measurements, that prevent the errors of Chen et al. and
make pneumatic measurements of embolism vulnerability that are
fast, replicable, and accurate.

Introduction

Drought-induced xylem embolism is a potentially important
mechanism of plant mortality during a severe drought in natural
and agricultural systems (McDowell et al., 2008; Brodersen &
McElrone, 2013; Choat et al., 2018), with debate on whether
embolisms are a primary causal mechanism, or an associated side
effect, of tree mortality (Körner, 2019). This has stimulated
research efforts to measure and understand the vulnerability of
plants to xylem embolism, which depend on methods for
consistent and accurate measurement of xylem traits related to
hydraulic failure of the transport system. The parameters
measured are often quantified as P50 (or P88), the water potential

at which plants lose 50% (or 88%) of xylem hydraulic
conductivity during a dehydration process (Sperry et al., 2002;
Meinzer et al., 2009).

In a recent paper entitled ‘Quantifying vulnerability to
embolism in tropical trees and lianas using five methods: can
discrepancies be explained by xylem structural traits?’, Chen
et al. (2021) (hereinafter simply Chen et al.) compared five
methods to estimate xylem vulnerability to embolism in terms
of P50. Chen et al. reported large discrepancies in vulnerability
curves obtained with the recently-developed rapid pneumatic
method (Pereira et al., 2016) in comparison with the bench-top
dehydration method (Sperry & Tyree, 1988), the optical
method (Brodribb et al., 2017) and X-ray-computed microto-
mography (microCT; Cochard et al., 2015). They argue that the
pneumatic method, which quantifies the relative increasing
volume of air discharged from embolized regions of a branch’s
xylem (relative to a maximum amount of air discharged, ADmax)
as the branch is dehydrated in the laboratory, underestimates
P50 and therefore xylem embolism resistance. Comparisons
among methods are important for advancing science, but must
be done carefully as there can be important differences in
methodological assumptions and practices that create apparent
differences in results, which are actually artefacts (Pereira
et al., 2016, 2020a,b, 2021; Zhang et al., 2018; Jansen
et al., 2020; Sergent et al., 2020).

Here, we show that Chen et al.’s reported discrepancy in P50
results obtained from the pneumatic vs other methods is an outlier
among all studies that have used it; we offer evidence that this
anomalous result is likely an artefact caused by inadequate
implementation of the pneumatic method by Chen et al. in
comparison with others who applied this method. Since the
pneumatic method is otherwise generally consistent with other
methods, we conclude that it in fact offers an effective and reliable
way to estimate P50 across angiosperm species.

The key problem with the Chen et al. implementation of the
pneumatic method is evident from their own data, which suggests
that a cause of their reported discrepancy is incorrect determi-
nation of the maximum air discharge (ADmax), a key step in the
pneumatic method. Chen et al’s fig. 1(d) (reproduced here as
Fig. 1) shows that they did not measure air discharge (blue points
and line in Fig. 1) to sufficiently negative water potentials to
achieve an accurate estimate of the maximum air discharge.
ADmax, the maximum amount of air discharged from a branch at
the end of a sequence of pneumatic method measurements, is
approached when water potential values decline to levels corre-
sponding to 100% loss of branch xylem conductivity. Correct
estimation of a true maximum for ADmax is necessary to
accurately normalize percent air discharge (PAD), the vertical
axis of the graph in Fig. 1. Good practice is thus normally to
continue measurements until evidence supports a conclusion that

374 New Phytologist (2023) 237: 374–383 � 2022 The Authors

New Phytologist� 2022 New Phytologist Foundation.www.newphytologist.com

Forum

http://crossmark.crossref.org/dialog/?doi=10.1111%2Fnph.18531&domain=pdf&date_stamp=2022-12-20


ADmax has in fact been reached (Pereira et al., 2016; Trabi
et al., 2021). If ADmax estimates are too low, the derived percent
loss of air discharge (PAD = AD/ADmax) will be consistently too
high, the 50% loss point will be reached too soon, at water
potential magnitudes that are too small (i.e. insufficiently
negative), and P50 will be consistently underestimated. Chen
et al.’s data (Fig. 1) show precisely this; indeed, their estimates of
ADmax were in some cases likely to be extreme underestimates, as
they were taken at water potentials that did not even reach values
as large as the P50 value that they were seeking to quantify. Since
the P50 derived by the pneumatic method should be less negative
than the water potential at ADmax, the pneumatic P50 estimated in
the example represented by the blue dashed line in Fig. 1 is forced
to be substantially less negative than the dehydration method P50
represented by the dashed red line. Chen et al.’s own analysis thus
demonstrates that it would not be mathematically possible for
their implementation to give an accurate pneumatically-derived
P50 estimate, regardless of the branch water status in the branches
being measured and regardless of other details or issues that may
be associated with the method.

We will offer two independent lines of evidence that support the
inference (from Fig. 1) that Chen et al. underestimate pneumatic
P50. First, we conduct a simulation based on a new dataset that
demonstrates the P50 artefact caused by a variation in ADmax and
quantifies its magnitude. We use this simulation to show that the
discrepancies reported by Chen et al. could arise from stopping the
dehydration experiment too soon (as with the blue curve in Fig. 1).
Second, we present an analysis, compiled from other recent studies
and from our own measurements, that compares the deviation of

the P50 derived from the pneumatic method to values derived from
other methods, showing that Chen et al.’s data are anomalous
relative to others in the literature.

Materials and Methods

Datasets

We compiled P50 and P88 data from seven published or in-review
studies (Supporting Information Table S1). We added to these
datasets new vulnerability curves that we measured on eight tree
species from seasonal Amazon forests in Brazil, using both the
pneumatic and hydraulic methods as described in Table S2 and
Fig. S1.

Data analysis

We conducted two kinds of analyses: first, we conducted simula-
tions based on our Amazon tree species dataset to test the sensitivity
of pneumatically derived measurements (P50, P88) to variation in
ADmax; and second, we compared P50 and P88 measurements
derived from the pneumatic method to values derived from other
methods across multiple different studies. All data analyses were
performed in R software (v.3.5.1; R Core Team, 2020).

Simulating the sensitivity of embolism vulnerability measure-
ments to lower maximum air discharge (ADmax) in Amazon tree
species We used data from eight tree species from a seasonal
Amazon Forest (Table S2; Fig. S1) and started with ADmax.ref,
ΨPADmax.ref and P50.ref as reference values, corresponding to our
‘best’ estimates for the maximum air discharge, and associated
maximum water potential and P50, for each species (according to
the methods presented in the supplement). We then performed a
sensitivity analysis to quantify how sensitive estimates ofP50were to
artificially reduced values of ADmax and ΨPADmax that were at
lower magnitudes than ADmax.ref and ΨPADmax.ref (taken for the
purposes of this simulation as the ‘true’ values). We simulated
several curves for each species, repeatedly recomputing PAD and
vulnerability curve parameters for subsets of the curve with
consecutively lower ADmax values (and correspondingly less
negative xylem water potentials). We retained at least the first
three most hydrated points (least negative water potentials) in all
simulations to have enough points to fit an S-shaped curve. We
included all simulated subsets for which themodel fit converged (in
some cases, a particular subset did not generate a simulated P50,
because the fit did not converge due to a low number of points).We
used the derived P50 values corresponding to each ADmax for each
species and then quantified the error of this simulated value relative
to the ‘best’ estimate as the ratio P50.simulated : P50.ref, giving a ratio
less than one for simulations that underestimate P50.ref.

Quantifying early stopping of the branch dehydration process in
pneumatic experiments As a quantitative index of the likelihood
that pneumatic measurements of P50 were incorrect because of
stopping branch dehydration too early (as shown in Figs 1, S2), we
defined ‘Relative ΨADmax’, the ratio of ΨADmax (the water

Fig. 1 Reproduction of fig. 1(d) from Chen et al. (2021) that shows for the
pneumatic method (PAD, percentage of air discharge), xylem water
potentials were only taken to a maximum magnitude ΨPADmax (used to
estimate the maximum air discharge volume, ADmax, blue points at 100%
PAD on the vertical axis) of c. −3.8 MPa, less than half the maximum
magnitude of −9 MPa (upper right-hand red point) used for the reference
bench-top dehydration (BD) method (red symbols and curves). The water
potential value of ΨPADmax is even less than the reference BD method P50
value of c. −3.9 MPa (vertical dashed red line). This means that if the
reference BD estimate for P50 was correct, it would be impossible for the
implementation of the PAD method shown here to give a correct P50. The
shaded areas represent 95% confidence intervals. The other methods are
represented as AL, air injection; microCT, microCT imaging; OP, optical
method.
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potential of the ADmax value used to scale each vulnerability curve)
to P50.ref, the water potential of the reference ‘best estimate’ P50:

Relative ΨADmax ¼ ΨADmax

P 50:ref
Eqn 1

Thus, values of Relative ΨADmax lower than 1.0 indicate
measurements where quantification of air discharge unambigu-
ously stopped too early, at water potentials less negative than that of
the independently determined P50.ref. Since P50 estimated from a
vulnerability curvemust by definition be smaller inmagnitude than
ΨADmax (being the water potential where air discharge is 50% of
ADmax), it is mathematically impossible for such Relative
ΨADmax < 1 measurements (including the Chen et al. measure-
ment depicted in Fig. 1) to provide an estimate of the true P50.

Relative ΨADmax values greater than but still close to 1.0 are
likely suspect (because for a typical estimate using symmetric
vulnerability curves,P50may be c. 50%of theΨADmax, see Fig. S2).
AsRelativeΨADmax increases to 1.5 or 2.0 or higher,measurements
become ‘safer’ in the sense that they become less likely to suffer
errors due to the underestimation of ADmax.

We used the Relative ΨADmax index in our sensitivity analysis,
using P50.ref as the reference P50 value and calculating a separate
(simulated) ΨADmax for each simulated vulnerability curve as the
ADmax was consecutively lowered. We also used low values of
Relative ΨADmax to flag potential undermeasurement of air
discharge in studies in the literature (including Chen et al.), using
theP50 determined by a comparisonmethod asP50.ref (typicallyP50
hydraulic).We either used reportedADmax or, when the rawdatawere
not available, we estimated from graphs in each study (see
Table S1). Where measurements were made on multiple replicate
branches, each replicate produces an estimate of ADmax and a
corresponding water potential (ΨADmax). In this case, we took a
conservative approach, taking the most negative ΨADmax value
from among replicates for computing Relative ΨADmax for that
branch (since the idea was to quantify how negative was the
measurement of water potential, relative to the P50 parameter, and
the most negative of the replicates indicates this).

Assessing the accuracy of pneumatic embolism vulnerability
measurements by comparison with other methods in multiple
studies P50 values were compared across the compiled studies
(Table S1), based on the pneumatic, bench-top dehydration
(hydraulic), air injection, optical, flow-centrifuge and microCT
methods. Because previous studies show that pneumatic mea-
surements on gymnosperms can be difficult to achieve with the
manual pneumatic approach (Pereira et al., 2016; Zhang
et al., 2018; Sergent et al., 2020), we removed gymnosperm
species from our main analyses and included only angiosperm
data. Also, we did not distinguish in our analyses the manual
pneumatic method from the new automated pneumatic approach
using a Pneumatron device introduced to get more consistent
results and to reduce variability in the estimated volume of air
discharged (Pereira et al., 2020a).

We quantified the differences between values estimated for each
method in two ways. First, we directly estimated the difference

between values derived from different methods as the root-mean-
squared deviation (RMSD) (Piñeiro et al., 2008):

RMSD ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1

n�1
∑n Px pneumatic�Px other methodð Þ2

r

Eqn 2

where Px means P50 or P88, in MPa. In this analysis, we used the
bench dehydration hydraulic method as the reference method for
Chen et al., in order to simplify our analysis. This strategywas taken
because the bench dehydration hydraulic, X-ray-computed micro-
tomography (microCT) and optical (OP) methods yielded com-
parable P50 values in Chen et al.’s results.

Second, we tested the null hypothesis that the regression line
between pneumatic P50 and P50 derived by another method was
indistinguishable from the 1 : 1 line (i.e. that the slope of that line
was indistinguishable from one and the intercept was indistin-
guishable from zero), across all studies. We used the standardized
major axis (SMA) regression ANCOVA test using the SMART

package (v.3.4.8;Warton et al., 2012), with the categorical variable
used to distinguish the different datasets from the different studies.
We tested for differences in slopes (interaction structure) and
elevation (additive structure) in linear relationship between the
pneumatic and other methods in each study. Using a type II
regression approach (i.e. SMA) minimizes residuals in both
pneumatic and other methods without assuming (as in ordinary
least squaresANCOVA) that error estimates apply only to the y-axis
variable (Warton et al., 2006, 2012; Wehr & Saleska, 2017). In
particular, we were able to determine whether the relationship
between methods is consistent across studies, or whether a specific
study (e.g.Chen et al.) differed fromother studies. For that, we used
the SMA model to estimate the confidence intervals (CI) of the
modelled slope and elevation. When the CI of the estimated slope
and elevation overlapped with one and zero, respectively, the P50
and/or P88 estimates were indistinguishable among methods
(Warton et al., 2006). In addition, we also calculated Cook’s
distance in order to identify data points that have the largest
residuals (outliers) or high leverage in the linear regression models
fitted (using ordinary least squares) and might have an extreme
influence on the regression estimates given by the pneumatic
method and other methods (Cook, 1979).

Results

Sensitivity of embolism vulnerability measurements to
maximum air discharge (ADmax)

The simulations of the sensitivity of pneumatic vulnerability curves
(including their parametersP50 andP88) to using different values of
ADmax andΨPADmax are presented in Fig. 2.When we refitted the
embolism vulnerability curves scaled by ADmax values that were
successively less than the best estimate ADmax.ref, the correspond-
ingly estimated P50 values were systematically lower in magnitude,
on average, than the best estimate (P50.ref), as seen for each of the
nine species (Figs 2, S3). The relationship between the P50 error
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(simulated P50 as a fraction of the reference P50.ref, so that 1.0= no
error, and a value < 1.0 means an underestimate) and the index of
premature stopping (Relative ΨADmax = ΨADmax/P50.ref) across
all species (Fig. 2 lower right summary panel) showed that

simulated P50 was consistently lower than P50.ref when ADmax was
too low (with Relative ΨADmax < 1.0 indicating extremely low
values) and rose towards matching P50.ref (horizontal line at
Fraction P50.ref = 1.0) as Relative ΨADmax increased. This

Fig. 2 Sensitivityof pneumatic air discharge (PAD)vulnerability curves (includingP50 andP88 values, thehorizontal rangeofpoints in eachpanel, at PAD=50%
and 88%) based on different (artificially reduced) maximum air discharge (ADmax) values for tree species in a seasonal Amazon Forest, FLONA-Tapajós, Pará,
Brazil. Each grey PAD curve is fitted using a different (progressively lower, relative to the ‘true’maximum)ADmax value to normalize PAD, hence simulating the
effectof incomplete curves,whicharise fromstopping thedehydrationprocess tooearly (aswearguewas the case in theChenet al. (2021)measurements). The
red line represents the ‘best’ measurement when the maximum air discharge is included. The lower right panel summarizes the simulated error in P50 (as a
fraction of P50.ref, P50.simulated/P50.ref, vertical axis) induced by the corresponding simulated underestimates of ADmax (horizontal axis) as quantified by the
Relative ΨPADmax index (lower values indicate undermeasurement of ADmax and its associated water potential), across the eight species and across all
simulations. Each grey point corresponds to one simulation and the black line the model fit of y= xn/(Km+ xn), where Km= 0.34, and n= 1.83. Dark blue and
blue outlined symbols represent the ‘best estimate’P50.ref for each species listed in thebottomkey. The reddots represent thedata fromChen et al. (2021),with
the fractional error (y-axis) computed relative to the hydraulic method (P50 pneumatic/P50 hydraulic).
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relationship is summarized by a fit to the curve y= xn/(Km+ xn) (the
generalized Michaelis–Menten model, with Km = 0.34, and
n = 1.83, Obs vs Pred2 = 0.47; P < 0.001). The magnitude of
theP50 discrepancies associatedwith the underestimation of ADmax

varied among species (as seen by the scatter in Fig. 2 lower right,
broken out in panels of Fig. S2).

We plotted the values of the Chen et al. measurements (taking
their hydraulic P50 asP50.ref for calculating the relative error of their
pneumatic P50 and the Relative ΨADmax) on the same summary
graph as our simulations (red points in Fig. 2 lower right summary
panel). We found that most (three of five) of the Chen et al.
vulnerability curves were based on Relative ΨADmax < 1.0 (indi-
cating impossible-to-estimate P50). The Chen et al. values showed
slightly more error, on average, than our simulated errors (fraction
of P50.ref was lower than the fitted curve in Fig. 2), so some portion
of their reported difference between pneumatic and other methods
may have been caused by other factors (or by moderate intrinsic
differences amongmethods). However, most Chen et al. points fell
within the cloud of our simulated points, suggesting that Chen
et al.’s pneumatic errors are consistent with errors due to premature
stopping.

Comparison of the pneumatic method to alternative
reference methods

Considering the full datasets of all studies (Table S1), we found
broad agreement between pneumatic estimates of P50 as compared

to estimates derived fromothermethods (Table S3) – except for the
Chen et al. study, which stands out as anomalous (Fig. 3a). Chen
et al. was the only study that did not show consistency between
pneumatic P50 estimates and those derived from other methods,
with a slope far different from 1 (Fig. 3b), the largest disagreement
between methods (RMSD = 2.7 MPa) and a greater difference in
the intercept, which had the largest error range of the studies
(Fig. 3b; Table S3). The other six studies’ regression lines agreed
with the 1 : 1 line within 95% confidence (except Paligi et al.
which, though its slope was indistinguishable from 1, had an
elevation just slightly statistically > 0 – Table S3), including
Sergent et al. (2020), which reported apparent discrepancies for
long-vessel species (but see Pereira et al., 2021), and presented the
second largest RMSD among all studies (1.57 MPa; Fig. 3b).
Considering individual points in the studies, one data point from
Chen et al. and three from Sergent et al. (2020) were considered as
outliers according to Cook’s distance (Fig. S4).

As indicated by the discussion in the Introduction section
regarding Fig. 1, the pneumatic measurements reported by Chen
et al. were mainly taken during early and middle phases of the
dehydration process, with none of the primary measurements
reaching the late stage of dehydration necessary to obtain complete
vulnerability curves and accurate estimates of ADmax and hence of
P50 (thoughwenote that one specieswas further analysed separately
in Chen et al. fig. 6, see the Discussion section). In all cases, the
xylemwater potentials corresponding to ADmax determined for the
pneumatic method were not even half of the water potentials

Fig. 3 (a) P50 derived from the pneumatic method plotted vs alternativemethods. Dashed black lines show the 1 : 1 relationship, and the seven coloured lines
represent different datasets as compiled from the indicatedpublications and treated in an standardizedmajor axis (SMA)ANCOVAas a categorical variable; (b)
the elevation (left) and slope (right) and 95% lower andmaximumconfidence interval (horizontal lines) derived from the SMAANCOVA test, with the vertical
black line representing the 1 : 1 slope and zero intercept. Overlapping 95% confidence intervals test the null hypothesis (slope = 1; elevation = zero) that the
pneumatic method is indistinguishable from the other methods (see also Supporting Information Table S3). Values on the right side represent the root-mean-
squared deviation (RMSD), which computes the square root of the mean of the squared deviations in P50 between the pneumatic method and alternative
methods. (c) Reproduction of the graph in (a) showing (in colour code) the value of RelativeΨPADmax (Eqn2).Here,we show that the one likely reason that the
Chen et al. (2021) data disagreewith other studies is that RelativeΨPADmax≲1 (see Eqn 1), indicating that they use a referenceADmaxmuchbefore the branch
was completely dehydrated. The continuous black line represents the 1 : 1 relationship.
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determining the maximum percentage of loss of hydraulic
conductivity with the other methods (Fig. 3c colour code), with
four out of five measurements stopping at water potential
magnitudes of 4.5 MPa or less (and one reaching a magnitude of
6.5 MPa). The lesser Relative ΨADmax (indicative of stopping
measurements sooner) the more insufficient was ADmax, and the
more the pneumatic method underestimated P50, (yellowish
colours with Relative ΨADmax lower than 1; Fig. 3c). By contrast,
when Chen et al. used nonpneumatic methods, they estimated the
embolism resistance using the maximum amount of embolized
vessels taken at more negative xylem water potentials (frequently
more negative than −6.5 MPa).

Discussion

Our primary finding is that the large discrepancy between the
pneumatic and other methods reported by Chen et al. is
inconsistent with previous studies comparing pneumatically
derived embolism resistance to other methods in angiosperm
species, including six published studies and a new dataset updated
from that of Brum et al. (2019) (Figs 3, S2). The discrepancies
reported by Chen et al. are almost certainly due to incorrect
implementation of the pneumatic method, namely underestima-
tion of the maximum amount of air discharged from xylem
(ADmax) due to stopping the measurements before reaching
sufficiently negative water potentials. This conclusion is supported
here by simulations (Fig. 2) and by the fact that deviations between
pneumatic and hydraulic methods occur precisely for measure-
ments with Relative ΨPADmax < 1.0 (indicating ADmax taken
before sufficient branch dehydration, which pulls those pneumatic
data points far away from the 1 : 1 relationship) (Fig. 3c). In many
cases, Chen et al. halted their pneumatic measurements at
potentials so low in magnitude that they fell short of the xylem
tissue’s putative P50, making it mathematically impossible for their

pneumatic estimates to match that putative value (which was
obtained by othermethods that they implemented in away that did
achieve sufficiently negative water potentials). We conclude that
Chen et al.’s reported results for the pneumatic method are invalid
and should not be used for scientific analysis of embolism
vulnerability and, in particular, should not be taken to undermine
confidence in pneumatic measurements of embolism resistance.

Wenote here that a significant recent advance in the application of
the pneumatic method (the automated Pneumatron device, Jansen
et al., 2020;Pereira et al., 2020a)makes thepneumaticmethodmuch
easier touse andmakes it virtually impossible (even for inexperienced
users) to create the kind of implementation error found inChen et al.
The Pneumatron generates more data of much greater internal
consistency and thus less noise, compared with manual measure-
ments (Fig. 4), and the achievement (or lack) of a saturating level of
air discharge is evident from the data directly. The Pneumatronmay
also allow the pneumatic method to be applied more generally,
including to gymnosperms, which previously had given problematic
results (it is for this reason we focussed only on angiosperm species
within the cited studies) (Sergent et al., 2020; Pereira et al., 2021).
For detailed practical advice on the construction and use of the
Pneumatron (including open-source software for study, modifica-
tion and distribution by anyone), and guidance on best practices for
implementing high-quality pneumatic measurements generally, we
refer readers to Trabi et al. (2021).

Chen et al. offer a list of potential causes of their reported
underestimates of pneumatically derived P50, which they suggest
cautions against trusting the pneumatic method generally. Given
the analysis presented here, however (that no other study finds the
discrepancy reported by Chen et al. and that this discrepancy likely
arises from inadequate implementation of the methods that render
the results invalid artefacts), the evidence suggests caution should
rather be applied to the Chen et al. measurements. However, as it is
generally important to consider all potential sources of error in a

Fig. 4 Comparison of datasets generated by (a) themanual implementation of the pneumatic (in red, as used here and by Chen et al., 2021) and hydraulic (in
black)methodsvs (b) theautomatedmethod (inblue,Pneumatron,data fromPereiraet al., 2016,2020a) foraSchinus terebinthifolius tree (see referredpapers
tounderstandmethods). Thepoints areobservations of air discharged, and the lines are thefittedvulnerability curvesbasedon the logistic function (Pammenter
& Vander Willigen, 1998) with the respective P12, P50 and P88 highlighted (triangles). The Pneumatron measures more frequently and precisely the air
discharged and can give a reliable estimate of embolism vulnerability parameters (P12, P50 and P88) directly from the data without fitting, and these can be
estimated for individual branches (not shown here), whereas the noisiness of the manual approach requires multiple replicates to produce good estimates.
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given measurement, and Chen et al. do raise much-discussed issues
that we agree are important for users of embolism vulnerability
estimates to be aware of, we review them here, drawing on earlier
work (Pereira et al., 2016; Guan et al., 2021; Yang et al., 2021)
including references to ‘best practice’ for implementing the
pneumatic method.

The concerns listed by Chen et al. are: (1) that the pneumatic
method may be biased towards measuring the vulnerability of
vessels at the cut end of a measured branch and these vessels are
supposed to be made more vulnerable by the cutting; (2) that there
are systematic uncertainties in estimating the ADmax, which Chen
et al. illustrate with a more detailed analysis on one of their species
whose embolism vulnerability curve purportedly exhibits two
distinct plateaus during the dehydration process, raising a question
as to how investigators can tell when saturation in air discharge has
been reached (see fig. 6 in Chen et al.); (3) that there are
uncertainties regarding the source of air discharged in the
pneumatic measurements; and/or (4) that branch vessel shrinkage
or cracks may allow gas leaks which undermine pneumatically-
derived quantities.

With regard to (1), the potential special susceptibility of the cut
end of the branch due to the cutting itself: it is important to clarify a
potential confusion here and distinguish cut-open conduits from
intact ones. Conduits that have been cut open for the purposes of
making the pneumatic measurements quickly become gas-filled
and should be considered an extension of the discharge tube. They
are effectively not a part of the sample being measured and should
not bias the measurement. Indeed, the quantification of the
minimum air discharged, ADmin (at the beginning of the measure-
ment), accounts for air in the cut-open vessels. The proximity of gas
in cut-open conduits may slightly facilitate embolism propagation
in the early stages of measurement (a possible explanation for why
P12 values based on pneumatic measurements can be more
vulnerable than embolism spreading in intact samples, Pereira
et al., 2016; Paligi et al., 2021). However, the available evidence
shows that the detection of xylem vulnerability in the whole branch
should not be limited to the cut end, or exacerbated by the cutting
beyond the initial stages, because embolism propagates throughout
the whole branch from previously embolized vessels (Choat
et al., 2016; Hochberg et al., 2016), to others, but this happens
only so long as the water potential is low enough to nucleate large
bubbles whose propagation is derived from an embolized to an
adjacent vessel (which is what the measurement itself induces by
design, with increasing dehydration). In the end, the user should, in
any case, find confidence in the consistency that is generally seen
between the pneumatic and other methods in the literature beyond
Chen et al. (Fig. 3), which suggests there is not a significant or
special vulnerability introduced at the cut end of branches
measured with the pneumatic method.

Regarding (2), uncertainties in estimating ADmax: these are quite
possible when the manual pneumatic method is incorrectly
implemented (as illustrated by the problems in the Chen et al.
dataset), but also, with careful attention to detail, quite avoidable,
as illustrated by the other, non-Chen et al. studies reviewed here
(which have all managed to produce pneumatic method estimates
consistent with other methods), and also by the automated

Pneumatron, which makes it difficult to underestimate ADmax

(Fig. 4). Chen et al. do conduct a measurement test to greater
dehydration on one of their species, arguing that the resultant
embolism vulnerability curve exhibits two distinct plateaus in air
discharge (thereby introducing ambiguity about what ADmax

should be) when dehydration is carried out to extreme negative
water potentials, which they report reached−20 MPa (see Fig. S5,
which reproduces panels from Chen et al. fig. 6).

Putting aside the question of the reliability of water potential
measurements to extreme values like −20 MPa, Chen et al’s fig. 6
(Fig. S5 here) seems to illustrate our point: when they stopped at an
early water potential value (blue points and curve in Fig. S5), Chen
et al. calculated a P50 of −1.58 MPa. Including all the points to
−20 MPa, and rescaling (red points and curve), they calculate aP50
of −6.32, which is right in the middle of the range of values from
other methods they reported earlier in themanuscript (from−5.38
for hydraulic to −5.45 for optical to −7.48 for microCT).
However, scepticism is warranted: (1) water potentials more
negative than −10 MPa are outside the range of the instruments
used by Chen et al. (ICT electronic psychrometers and pressure
bomb), and these stem water potentials were not observed, but
extrapolated from a relationship between drying time and water
potential (parameters andmodel were not shown in their paper and
raises questions about how such extrapolations, of a nonlinear
process, might have been validated); (2) water potentials between
−10 and −20 MPa, if real (they are rarely seen in the plant
hydraulic literature), would bring branches close to a desiccation-
induced destabilization of cell interior lipid bilayers, which limits
the tolerable negative pressures in plants to values above−10 MPa,
thereby limiting plant functioning (Kanduč et al., 2020). This
desiccation point would likely make branches subject to cracking
and air leakage through tight-fitting hose clamps from the
pneumatic apparatus. Finally, (3) the reported double plateau
(Fig. S5) is hard to discern amidst noisy data (Chen et al. make no
statistical or other objective test of the existence of two plateaus, and
we would challenge anyone looking at Fig. S5 to consider whether
separate plateaus are clearly evident with respect to the salient
variable of water potential, either within individual replicates in
panel b, or in the whole dataset of panel c). In any case, the putative
second plateau (between −10 and −20 MPa) consists only of
extrapolated water potentials, while the first plateau’s water
potentials are directly observed, raising the question of whether
the double plateau, if it exists, might be an artefact of a mismatch
between observation and extrapolation. We are sceptical that the
second plateau is really useful, or a problem to fit the pneumatic
curve, or that would be also a problem for any othermethod. In any
case, we believe that especially with the advent of new approaches
(e.g. Pneumatron, Fig. 4b) that automatically continue the
measurement until a plateau is reached, the issue of uncertainties
in identifying ADmax will beminor for futuremeasurements via the
pneumatic method.

It is important to keep in mind that the issue of identifying a
reliable benchmark for scaling datasets is not unique to the
determination of ADmax for the pneumatic method, but also
applies to other methods, including the optical method, which uses
the maximum embolized area based on pixels, an area that is
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determined only at the end (Brodribb et al., 2017; Guan
et al., 2021). This contrasts with hydraulic conductivity-based
measurements of embolism resistance, in which the maximum
hydraulic conductivity is obtained in the beginning (assuming
PLC = 0%), while ADmax can only be obtained at the end of a
pneumatic experiment when the slope of AD in response to a
decrease in xylem water potential is close to zero. Therefore,
methods that rely on hydraulic conductivity have a clear difference
in temporal sequence in reaching these two reference points for
normalization. Users of the pneumatic method must be careful to
have a good starting point (Khmax; ADmin in the more hydrated
water potential state), as well as a defined endpoint (ADmax), which
is clear only when a stable plateau of ADmax is obtained.

With respect to (3), the source of discharged air: both
experimental work and models on gas diffusion kinetics across
xylem conduits provide evidence that the pneumatic method
measures directly gas that is extracted from embolized, intact
conduits due to the fast movement of gas across pit membranes
(Jansen et al., 2020; Pereira et al., 2020b; Guan et al., 2021; Paligi
et al., 2021; Trabi et al., 2021; Yang et al., 2021; Avila et al., 2022;
Peng et al., 2022), while gas diffusion across conduit cell walls is
much slower (Sorz & Hietz, 2006; Wang et al., 2015). Although
the mass flow of gas is 10 000 times faster than the diffusion of gas
through a liquid, the thin nature of pit membranes makes the
diffusion of gas across pitmembranes still very fast (within seconds)
(Yang et al., 2021). There is solid evidence that the gas source is
mainly and directly extracted from embolized, intact conduits
during the first 15 s (Yang et al., 2021), well supporting the
theoretical basis for the pneumatic method. However, there are
some cases where leakage may nonetheless be a source of
uncertainty in the pneumatic method (see the next point).

With respect to (4), gas leakage due to shrinking or cracks: we
agree that cracks or leaky pith tissue can be problematic, especially
in nonwoody plants, or when the water potential is more negative
than−10 MPa (as in the second plateau ofChen et al., Fig. S5), but
we have not seen evidence in our own work with woody plants and
measurable water potentials (despite our careful attention to the
risk of leaks), and are not aware of evidence from others, that
possible cracks are substantially connected to the cut-open conduits
and thence to the pneumatic apparatus. However, we think that
difficult-to-detect micro-cracks or shrinkage-induced leakage
might nonetheless be contributing to the range of uncertainties
normally seen in even correctly applied implementations and that
these do warrant continued attention as the method develops. For
example, shrinkage near the cut-open tissue might cause potential
small air leaks through tight-fitting hose clamps (Trabi et al., 2021).

In sum, we agree that there are many nuances to xylem
anatomical function under hydraulic stress that are not fully
understood and that these nuances likely contribute to the normal
range of uncertainty seen in this and all methods that focus on
characterizing xylem vulnerability. However, based on pneumatic
experiments with many species, we do not think that any of these
nuances (aside from the large errors in ADmax identification
exhibited in Chen et al.) raise concerns that undermine the value of
pneumatic measurements per se, any more than comparable errors
in the other methods negate the careful application of those

methods. As in all methods, careful application of best practices, in
this case including careful checking (or alternatively, use of the
Pneumatron apparatus, Fig. 4) to assure that an ADmax plateau has
been reached, and examination of samples during and after
measurement to assess signs of degraded sample quality (presence of
visible cracks, resins, etc.) should give users confidence in the results
of pneumatic measurements (Trabi et al., 2021).

Beyond these specific issues, an important theoretical question is:
why should we expect these diverse methods (pneumatic,
hydraulic, microCT observations of embolism and optical) to
converge on a common estimate of embolism resistance? Address-
ing this question requires careful consideration of our mechanistic
understanding of the anatomy and biological functioning of xylem
tissue in plants, and what exactly is being measured. More work,
however, is needed to fully understand gas movement in the xylem
(including diffusion and mass flow), which affects the duration of
pneumatic experiments, and how gas movement relates to
embolism propagation from an embolized to a neighbouring
conduit (Jansen et al., 2022). At the same time, a rather limited
mechanistic understanding of embolismmeasurements also applies
to other methods, such as the flow-centrifuge method (López
et al., 2019). While the traditional approach of measuring
embolism resistance is strongly based on hydraulic conductivity
measurements, potential problems that may affect hydraulic
measurements include the ionic effect, wounding response
(including resin or latex production), artificial induction of
embolism, clogging of pit membranes over time, temporal decline
of hydraulic conductivity and embolism propagation that is not
only pressure-driven (De Baerdemaeker et al., 2019; Bonetti
et al., 2021; Guan et al., 2021). However, embolism resistance
depends arguably as much on gas availability as on xylem sap
presence, with the gas phase having been largely neglected in earlier
discussions. As such, one of the major strengths of pneumatic
experiments is that gas in embolized conduits – the specific
mechanism of xylem conductivity breakdown – is directly
addressed. In this sense, the pneumatic method helps unveil
differences in the gas diffusion kinetics inside plants due to
anatomical differences, a subject largely unexplored (Pereira
et al., 2020b; Trabi et al., 2021; Jansen et al., 2022; Peng
et al., 2022).

In conclusion, we found multiple lines of evidence (both from
simulations of mechanisms of error and from comparisons among
datasets of other studies) supporting the inference that Chen et al.’s
pneumatic method implementation was deeply flawed and
produced invalid results for pneumatically derived embolism
vulnerability curves. Thus, being required to put the Chen et al.
results to the side, we find no basis for experimentalists or plant
scientists to doubt the scientific value and utility of embolism
resistance measurements obtained via properly conducted pneu-
matic experiments. Finally, we would like to emphasize that
progress in science frequently relies on novel methods to address
long-standing questions, and we believe that the pneumatic
method for characterizing embolism resistance in the xylem tissue
of plants (especially as now augmented by automated measure-
ments that can be made with the Pneumatron apparatus) is one of
these that offers cost-effective improvements inmeasurement speed
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and ease of implementation in field settings. We caution that
incorrect application of methods could falsely make even well-
grounded novel approaches appear faulty and can propagate
prejudices about the method. Although strengths, weaknesses and
limitations of methods should always be carefully assessed, the
extensive and growing literature of such careful assessments
supports the use of pneumatic experiments as a solid foundation
for advancing our understanding of the gas phase in plant xylem
and embolism resistance.
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KandučM, SchneckE,LocheP, JansenS, SchenkHJ,NetzRR.2020.Cavitation in

lipid bilayers poses a strict negative pressure stability limit in biological liquids.

Proceedings of the National Academy of Sciences, USA 117: 10733–10739.
Körner C. 2019.No need for pipes when the well is dry – a comment on hydraulic

failure in trees. Tree Physiology 39: 695–700.

New Phytologist (2023) 237: 374–383
www.newphytologist.com

� 2022 The Authors

New Phytologist� 2022 New Phytologist Foundation.

LettersForum

New
Phytologist382

 14698137, 2023, 2, D
ow

nloaded from
 https://nph.onlinelibrary.w

iley.com
/doi/10.1111/nph.18531, W

iley O
nline Library on [28/03/2023]. See the Term

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons License

https://orcid.org/0000-0002-1618-9077
https://orcid.org/0000-0002-1618-9077
https://orcid.org/0000-0002-1618-9077
https://orcid.org/0000-0002-9790-254X
https://orcid.org/0000-0002-9790-254X
https://orcid.org/0000-0002-9790-254X
https://orcid.org/0000-0002-4476-5334
https://orcid.org/0000-0002-4476-5334
https://orcid.org/0000-0002-4476-5334
https://orcid.org/0000-0002-6392-2526
https://orcid.org/0000-0002-6392-2526
https://orcid.org/0000-0002-6392-2526
https://orcid.org/0000-0003-2225-2957
https://orcid.org/0000-0003-2225-2957
https://orcid.org/0000-0003-2225-2957
https://orcid.org/0000-0002-1148-6777
https://orcid.org/0000-0002-1148-6777
https://orcid.org/0000-0002-1148-6777
https://orcid.org/0000-0002-4974-3628
https://orcid.org/0000-0002-4974-3628
https://orcid.org/0000-0002-4974-3628
https://doi.org/10.17632/w25bfb8wcz.1
https://orcid.org/0000-0002-9790-254X
https://orcid.org/0000-0002-9790-254X
https://orcid.org/0000-0002-9790-254X
https://orcid.org/0000-0003-2225-2957
https://orcid.org/0000-0003-2225-2957
https://orcid.org/0000-0003-2225-2957
https://orcid.org/0000-0002-1148-6777
https://orcid.org/0000-0002-1148-6777
https://orcid.org/0000-0002-1148-6777
https://orcid.org/0000-0002-4476-5334
https://orcid.org/0000-0002-4476-5334
https://orcid.org/0000-0002-4476-5334
https://orcid.org/0000-0002-1618-9077
https://orcid.org/0000-0002-1618-9077
https://orcid.org/0000-0002-1618-9077
https://orcid.org/0000-0002-6392-2526
https://orcid.org/0000-0002-6392-2526
https://orcid.org/0000-0002-6392-2526
https://orcid.org/0000-0002-4974-3628
https://orcid.org/0000-0002-4974-3628
https://orcid.org/0000-0002-4974-3628
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Supporting Information

Additional Supporting Information may be found online in the
Supporting Information section at the end of the article.

Fig. S1 Vulnerability curves based on the percentage of air
discharge and percentage loss of hydraulic conductance for eight
angiosperm species from a seasonal Amazon Forest, FLONA-
Tapajós, Pará, Brazil.

Fig. S2 Example of how we calculated the effect of stopping the
branch desiccation process early using the pneumatic method in
contrast to another method.

Fig. S3 Fraction of the P50.ref induced by the corresponding
simulated underestimates of ADmax as quantified by the Relative
ΨPADmax index, across the eight species and across all simulations,
and the P50.simulated as a function of the simulated ADmax, showing
how they covary in each simulation.

Fig. S4Cook’s distance (calculated for each observation) identifies
observations that most strongly influence the statistical model fit
between pneumatically-estimated P50 and P50 determined by a
different method, along with the corresponding scatterplot of P50
(pneumatic) vs P50 (reference method).

Fig. S5 Reproduction (annotated) of fig. 6 of Chen et al. (2021),
showing (quoting the caption of Chen et al.), ‘The kinetics of
extracted air volume (ΔVi, μl)’ against a broader range of water
potentials than used in their standard approach (Fig. 1).

Table S1 Studies that compare P50 or P88 values from the
pneumatic method with other methods.

Table S2 Taxonomic of eight tree species studied at the Tapajos
National Forest, km 67 LBA study area, Brazil.

Table S3 Fit using standardized major axis regression.

Please note:Wiley is not responsible for the content or functionality
of any Supporting Information supplied by the authors. Any
queries (other thanmissingmaterial) should be directed to theNew
Phytologist Central Office.
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