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ABSTRACT

e The increasing frequency of global change-type droughts has created a need for fast,

accurate and widely applicable techniques for estimating xylem embolism resistance to
improve forecasts of future forest changes.

We used data from 12 diffuse-porous temperate tree species covering a wide range of
xylem safety to compare the pneumatic and flow-centrifuge method, two rapid
methods used for constructing xylem vulnerability curves. We evaluated the agree-
ment between parameters estimated with both methods and the sensitivity of pneu-
matic measurements to the duration of air discharge (AD) measurements.

There was close agreement between xylem water potentials at 50% air discharged
(PAD), estimated with the Pneumatron, and 50% loss of hydraulic conductivity
(PLC), estimated with the flow-centrifuge method (mean signed deviation: 0.12 MPa,
Pearson correlation: 0.96 after 15s of gas extraction). However, the relationship
between the estimated slopes was more variable, resulting in lower agreement in the
xylem water potential at 12% and 88% PAD/PLC. The agreement between the two
methods was not affected by species-specific vessel length distributions. All pneumatic
parameters were sensitive to AD time. Overall agreement was highest at relatively short
AD times, with an optimum at 16 s.

Our results highlight the value of the Pneumatron as an easy and reliable tool to esti-
mate 50% embolism thresholds for a wide range of diffuse-porous temperate angio-
sperms. Further, our study provides a set of useful metrics for methodological
comparisons of vulnerability curves in terms of systematic and random deviations, as
well as overall agreement.

A better understanding of the physiological mechanisms
underlying tree mortality is necessary to improve predictions

Over the last decades, unprecedented climate fluctuations and
the resulting hotter drought events have led to large-scale tree
mortality events worldwide (Allen et al. 2010, 2015; Brando
et al. 2019). Such tree mortality events are increasingly likely
(Brodribb et al. 2020), given the global rise in frequency,
intensity and duration of drought spells predicted by current
climate projections (cf. Field et al. 2012; Trenberth et al.
2014).

of demographic and compositional changes in forest ecosys-
tems (Allen et al. 2010; McDowell et al. 2013a, 2013b). This has
created increased interest in traits quantifying the vulnerability
of xylem to drought-induced embolism (Choat et al. 2018;
Brodribb et al. 2020), usually expressed as the parameters of
xylem vulnerability curves (VCs). These curves describe the
consecutive loss of hydraulic conductance (percentage loss of
conductivity, PLC) with increasingly negative xylem pressures
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Agreement between the pneumatic and flow-centrifuge method

(cf. Sperry et al. 1988; Cochard et al. 2013). Most commonly,
VCs are quantified by the water potentials at 12% (P},), 50%
(Pso) or 88% (Pgg) loss of hydraulic conductance and the slope
of the curve at one of these points. These parameters have been
linked to mechanistic thresholds for xylem functioning (Bro-
dribb & Cochard 2009; Urli et al. 2013; Delzon &
Cochard 2014), and are closely coordinated with stomatal reg-
ulation (Martin-StPaul et al. 2017). Across biomes, xylem
embolism resistance is associated with the susceptibility of a
species to drought-induced mortality (Anderegg et al. 2016;
Adams et al. 2017), which mirrors the distribution of species
along aridity gradients (Blackman et al. 2014; Trueba
et al. 2017; Oliveira et al. 2019). Because of their direct mecha-
nistic interpretation, VC parameters and derived quantities,
such as hydraulic safety margins (Meinzer et al. 2009), are
increasingly incorporated in process-based vegetation models
to describe drought responses and associated drought-induced
tree mortality (see Li ef al. 2022 for a review).

Xylem VCs are measured using a large number of different
techniques. These include the bench dehydration (Sperry
et al. 1988), air injection (Cochard et al. 1992), flow-centrifuge
(Cochard et al. 2005), micro- computed tomography (CT; Bro-
dersen et al. 2010), pneumatic (Pereira et al. 2016), optical
(Brodribb et al. 2016) and relative water loss (Rosner et al.
2019) methods. However, at least some of these methods are
not fully reliable across species with differing wood anatomies;
for instance, due to measurement artefacts associated with ves-
sel length (Cochard et al. 2013; Jansen et al. 2015). Moreover,
not all methods are equally suitable for rapid measurements of
large numbers of samples (Cochard et al. 2013; Nolf et al.
2017). For a broader assessment of embolism resistance, the
development of methods for the measurement of xylem embo-
lism that are simple, accessible, reliable and applicable to a
wide range of taxonomic groups and xylem types is required.

In this work, we test the agreement between two rapid mea-
surement methods for vulnerability curves— the flow-centrifuge
method and the pneumatic method. Both methods have the
advantage of being able to obtain an entire VC based on a single
sample. In the flow-centrifuge method, a branch sample is placed
into a custom-built centrifuge rotor and spun at high rotational
velocities, for example, in a so-called Cavitron, to generate a neg-
ative xylem pressure, while simultaneously measuring conductiv-
ity by tracking the rate of water flow through the sample
(Cochard et al. 2005). This reduces the time for one VC mea-
surement to around 30—60 min. However, there is evidence that
the flow-centrifuge method is subject to vessel length-related
measurement artefacts and underestimates embolism resistance
for long-vesselled species (Li et al. 2008; Choat et al. 2010;
Cochard et al. 2010), which limits its applicability to conifers and
angiosperms with short vessels, unless longer centrifuge rotors
are used (cf. Burlett et al. 2022). An alternative is the pneumatic
method, a novel route for fast measurements of embolism prop-
agation in intact vessels (Pereira et al. 2016; Jansen et al. 2020).
The pneumatic method estimates the amount of xylem embo-
lism by measuring how the air volume in xylem conduits of
bench-dried plant samples changes with increasingly negative
xylem pressure. With the Pneumatron (Pereira et al. 2020a), an
automated device is available that can measure air discharge at a
high temporal resolution and permits high sample throughput
(Jansen et al. 2020; Pereira et al. 2020a). The pneumatic method
has already been used to construct VCs for a wide variety of
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species of differing origin and wood type (Pereira et al. 2016,
2020a; Zhang et al. 2018; de V Barros et al. 2019; Sergent
et al. 2020; Wu et al. 2020; Brum et al. 2023; Zhao et al. 2023).
As the measurement principle of the Pneumatron does not
directly depend on the measurement of xylem water transport,
and embolism is induced by bench dehydration, it is assumed to
be relatively robust against measurement artefacts related to sam-
ple excision and preparation, as well as vessel length-related arte-
facts (Pereira et al. 2016, 2020a). However, while there is good
evidence that the method is not sensitive to vessel length (Pereira
et al. 2021), methodological comparisons show that the pneu-
matic method does not work for torus-bearing conifer species
(Zhang et al. 2018; Sergent et al. 2020; Zhao et al. 2023). More-
over, its estimates are known to be sensitive to the choice of the
reservoir volume and the duration of the air discharge measure-
ment (Pereira et al. 2016, 2020a; Yang et al. 2023).

Opver the last decade, considerable attention has been paid to
measurement artefacts in methods to quantify embolism resis-
tance. Much less attention has been dedicated to the ways
method agreement is quantified, and we still lack a rigorous sta-
tistical framework to compare embolism resistance methods. To
address this, we define a set of metrics to describe the agreement
between VC parameter estimates and entire curves, and use them
to compare the pneumatic and flow-centrifuge methods, with
special emphasis on the influence of the air discharge (AD) inter-
val on the outcome of the pneumatic method. We further inves-
tigate the influence of vessel length on the agreement between the
two methods. Based on a dataset of vulnerability curve measure-
ments from 36 trees belonging to 12 temperate, diffuse-porous
tree species, we (i) assess how well the parameters of the vulnera-
bility curves obtained with the pneumatic method (Pneumatron)
agree with estimates obtained from the flow-centrifuge method
(Cavitron) in terms of systematic deviations, random deviations
and overall agreement, and (ii) use these agreement metrics to
identify the optimal duration for air discharge measurements.

MATERIAL AND METHODS
Plant material

This study is based on plant material from 12 temperate
diffuse-porous tree species (Table 1). The samples for pneu-
matic and hydraulic VCs were collected between mid-July and
mid-September 2019 from the nursery in the Stutel-Arboretum
of the Bavarian State Institute for Viticulture and Horticulture
(LWG) in Veitshochheim, Germany (49°51'59” N, 9°51'8" E).
To assess anomalies in the VC data for some of the species (see
below), additional branch samples were obtained from adult
Tilia cordata and Tilia platyphyllos trees growing at Ulm Uni-
versity, Germany (48°2520.3” N, 9°57'20.2"” E) and of Tilia
japonica from the Wiirzburg Botanical Garden, Germany
(49°45'56.7"” N 9°55'58.1” E) in September 2020. The samples
for vessel length measurements were collected from the same
trees from the Stutel-Arboretum in October 2021. For all mea-
surements, one sun-exposed branch 70-120 cm in length was
collected per tree before 09:30 h to ensure sample excision in a
relaxed state. Before starting the measurements, the branches
were rehydrated in the laboratory for at least 1 h by placing
their basal end in water to relax the xylem. Complete rehydra-
tion of the samples was assumed when initial water potential
values reached ca. —0.1 MPa.

2 Plant Biology © 2023 The Authors. Plant Biology published by John Wiley & Sons Ltd on behalf of German Society for Plant Sciences, Royal Botanical Society of the Netherlands.
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Table 1. List of the 12 diffuse-porous tree species studied, average midday
leaf water potential (Wmigday) Measured in August 2020, and the average
diameter at breast height (DBH) of the selected trees per species
(mean = SE); np and ny indicate the number of xylem vulnerability curves
measured for the pneumatic and the flow-centrifuge method, respectively
(values in brackets indicate when branch samples were collected from a sin-
gle tree).

species family npe Ny Wrmidday (MPa)  DBH (cm)

Betula pendula Betulaceae 3 3 —1.60 £0.04 10.93+0.64
Betula utilis Betulaceae 3 3 —1.54+0.06 08.88+0.42
Carpinus betulus Betulaceae 3 3 —-2.474+0.06 10.75+0.44
Crataequs persimilis  Rosaceae 3 3 —3.42+0.18 07.55+0.16
Ostrya carpinifolia Betulaceae 3 3 —297+0.11 09.18 £0.11
Platanus x acerifolia  Platanaceae 3 3 —1.744+0.03 10.00 +0.24
Platanus orientalis Platanaceae 3 3 —1.51+£0.04 12.07+0.35
Pyrus calleryana Rosaceae 2 3 —3.52+030 11.88+0.32
Sorbus lalifolia Rosaceae 3 3 —3.64+0.19 09.30 +0.39
Tilia cordata* Malvaceae 5(1) 5(1) NA 28.00 + 0.00
Tilia cordata# Malvaceae 3 3 —1.90 £0.04 11.40+0.46
Tilia japonica Malvaceae 3(1) 4(1) NA 30.40 + 0.00
Tilia platyphyllos* Malvaceae 4(1) 7(1) NA 70.00 £+ 0.21
Tilia platyphyllos# Malvaceae 3 3 —1.80 £0.08 12.38+0.21

Asterisks (*) indicate xylem pressures measured with stem psychrometers;
hashes (#) indicate individuals from the same species measured with a pres-
sure chamber.

Air discharge measurements with the Pneumatron

Branch xylem vulnerability curves based on the pneumatic
method (Pereira et al. 2016) were obtained for 44 samples from
35 trees (Table 1) using a Pneumatron device. The reservoir
pressure was tracked with the Pneumatron in 0.5 s intervals over
a span of 2 min per measurement (including a pump time of
approximately 2 s in semi-automated mode and a few millisec-
onds in automated mode, which was subtracted later for compa-
rability). The amount of air discharged (AD) into the reservoir
was calculated based on the ideal gas law according to Pereira
et al. (2016). The semi-automated mode of the Pneumatron was
used to measure AD for the samples obtained from Veitshoch-
heim and Wiirzburg, whereas the additional branch samples of
T. cordata and T. platyphyllos processed in Ulm were measured
in automated mode. After each AD measurement, the xylem
water potential was measured (see below). The maximum detect-
able amount of AD is associated with a change of pressure in the
system by ~ 50 kPa (Pereira et al. 2020a). As the time necessary
for a pressure change of 50 kPa depends on the ratio between
the reservoir volume (including the volume of the air-filled, cut-
open conduits) and the volume of gas extracted from intact
embolized conduits, the choice of the optimal reservoir volume
is crucial (cf. Pereira et al. 2020a). For this study, reservoir vol-
umes of 1.7-3.3 ml were selected, depending on the species.

To minimize air entry from outside the xylem, potential
leakage points of the Pneumatron samples were sealed using
a fast-drying contact adhesive (Loctite 431 with Loctite activa-
tor SF 7452; Henkel, Diisseldorf, Germany) before each mea-
surement and after unexpected increases in AD. Fruits present
on the branches were removed and the remaining scars sealed
with the same adhesive, as they easily detach at more negative
water potentials, which opens potential pathways for air entry.
In the case of Crataegus persimilis, thorns were removed and
sealed in the same manner to ease handling of the branches.

Agreement between the pneumatic and flow-centrifuge method

After rehydration, the basal ends of the branches were cleaned
with a sharp razor blade to clear obstructions for airflow (Per-
eira et al. 2016; Jansen et al. 2020). This cut was intentionally
performed in air to ensure the cut-open conduits were fully
embolized when starting pneumatic measurements (Pereira
et al. 2016). The branch was then connected to the pneumatic
apparatus using rigid and elastic tubing tightened with plastic
clamps (see Figuress S1 and S2). The volume of the elastic tube
was kept as small as possible to minimize pressure-dependent
changes in reservoir volume.

Between measurements, the branches were dehydrated at
room temperature on a laboratory bench to induce embolism
(Sperry et al. 1988). The drying intervals were initially about
15-30 min and subsequently increased to 1-4 h, depending on
how quickly the sample dried. To minimize transpiration and
to allow xylem water potential to equilibrate after each drying
interval, the samples were bagged in dark plastic bags for 30—
60 min between drying intervals, which is safely above the min-
imum sufficient equilibration time of 10-30 min reported by
Rodriguez-Dominguez et al. (2022). Pneumatron VCs were
constructed simultaneously for multiple branches (Figuress
S1-S3). The elastic tubing was always kept attached to the sam-
ples when switching branches to maintain the reservoir volume
constant throughout measurements. AD measurements were
taken until constancy in AD in consecutive measurements over
at least 24 h, or until the minimum xylem water potential mea-
surable with the Scholander pressure chamber (—10 MPa) was
reached. This resulted in measurement durations of 3-7 days
as well as in 10-20 AD and leaf water potential measurements
per branch when using the semi-automated mode of the Pneu-
matron. The percentage of air discharged (PAD) was calculated
as described by Pereira et al. (2016):

AD;—ADy;
PAD; = 100 - ———— ", (1)
ADmax_ADmin

where AD; is the amount of air discharged for measurement 7,
AD,i, is the minimum amount of air discharged from the fully
hydrated branch, and ADy,, is the maximum amount of air
discharged from the branch when completely desiccated.

Xylem water potential measurement

For the 35 branch samples measured with a Pneumatron in
semi-automated mode, the xylem water potential was mea-
sured on two excised leaves using a Scholander pressure cham-
ber (PMS Instruments, Corvallis, OR, USA) after every AD
measurement. When the petiole was too small for measure-
ment in the pressure chamber, small terminal twigs were used.
The cut was immediately sealed with instant adhesive (Loctite
431) to prevent leakage. For the nine branches of T. cordata
and T. platyphyllos measured using the automated mode, a
stem psychrometer (ICT International, Armidale, NSW Aus-
tralia) was installed at the basal part of the branch to record
xylem pressures in 15-min intervals. To obtain pressure esti-
mates for each point in time and to reduce the impact of mea-
surement uncertainty in the psychrometric water potentials,
the psychrometer measurements for each sample were
smoothed with shape-constrained additive models using
monotonically decreasing P-splines based on R package scam
version 1.2-8 (Pya & Wood 2015).
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Measurements of vulnerability curves with the flow-centrifuge
method

Vulnerability curve measurements based on the flow-centrifuge
technique (Cochard et al. 2005) were performed for 49 samples
from 36 trees using a Cavitron device built from a Sorval RC 5
series centrifuge with manual control of rotation speed, and
using the Cavisoft software (Cavisoft version 5.2.1, University
of Bordeaux, Bordeaux, France). The 2019 Cavitron measure-
ments were also used in Isasa et al. (2023). Samples were recut
several times under water to a final length of 27.5 cm to release
the tension in the xylem (Torres-Ruiz et al. 2015). Subse-
quently, the non-flushed branch segments were inserted in a
custom-made rotor after removing the bark at both ends. They
were then spun using the principle of centrifugal force to gen-
erate a negative pressure in the xylem segment while simulta-
neously measuring hydraulic conductance. Flow centrifuge
measurements were performed with filtered (0.2 pm) and
degassed demineralized water enriched with 10 mm KCI
and 1 mM CaCl,. Measurements began at xylem water poten-
tials of around —0.8 MPa and were continued under increas-
ingly negative xylem pressures until a PLC of at least 90%.

Vessel length measurements

To assess whether differences in VC parameters obtained with
the two methods result from vessel length-related measurement
artefacts, we estimated vessel lengths on three to four trees of
each study species (42 samples in total) with the pneumatic
method described by Pereira et al. (2020b). The fully rehy-
drated samples were connected to the Pneumatron with their
apical end (diameter 5-6 mm) and successively shortened from
the basal end while recording length and associated air dis-
charge rates. The resulting air discharge profiles were used to
estimate vessel length distributions using analytical solutions
for the expected discharge profile based on Link et al. (2018).

Statistical analysis

All data handling and statistical analyses were performed in R ver-
sion 4.0.2 (R Core Team 2020) in the framework of the tidyverse
(Wickham et al. 2019). Both the vulnerability curves based on
pneumatic and on flow-centrifuge measurements were described
with tree-level nonlinear regression models using the logistic
function of (Pammenter & Van der Willigen 1998). For the flow-
centrifuge method, vulnerability curves were based on the raw
conductivity measured from the Cavitron (cf. Ogle et al. 2009):

1
K; ~Normal | kg - | 1— - 0K |>»
( ! ( 1+€XP(S;)5H (Pi_pSOH))> >
(2)

where K; and P; are the measured hydraulic conductivity and
xylem pressure for observation i, respectively, kg, is the
hydraulic conductivity under fully saturated conditions, Psqy is
the water potential at 50% loss of conductivity, Ssop is the
slope at Psoy and oy is the residual standard deviation. For
the pneumatic measurements, analogous models were con-
structed based on PAD for estimating Psp (Equation 1):
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100
S ,6pAp | (3)
1+ exp (5—‘;’ (PifP50p))

PAD; ~ Normal (

To evaluate the effect of the air-discharge time on the agree-
ment of the estimates of vulnerability curve parameters, sepa-
rate pneumatic vulnerability curves were fit on PAD calculated
for all measurement durations between the initial pressure
immediately after pumping and variable final pressures at 0.5 s
intervals, from 4.5 to 115 s. The P}, and Pgg pressures were cal-
culated from the estimated model parameters (Psy and Ssp) as
Pg =25-1n(100/Q—1)/Ssp + Pso . Confidence intervals for
Py, and Pgg were based on 10,000 random samples from the
model variance—covariance matrix (¢f. “population prediction
intervals” in Lande et al. 2003; Bolker 2008). The uncertainty
in the estimates of VC parameters was propagated into species-
level estimates by inverse-variance weighting (cf. Hajek
et al. 2022).

For the vessel length estimates, we assumed vessel length to
follow an Erlang(2) distribution, which results in the following
model for the observed gas discharge profile:

Zi 22,‘
AD; ~ Normal (ADmax (— + 1) exp (f —) , 0'), (4)
p p

where AD; is the measured amount of air discharge for obser-
vation i, AD,, is the maximum amount of air discharged, z; is
the current length of the sample, p is the average vessel length,
and o is the residual standard deviation. Based on the equa-
tions in Table S1.1 in Link et al. (2018), we further computed
the 95th percentile of vessel length, and the fraction of open
vessels spanning over the 27.5 cm rotor length of the Cavitron.

We subsequently calculated a set of metrics that describe the
degree of agreement of the Pneumatron- and flow-centrifuge-
based VC parameter estimates in terms of systematic deviations
(the average differences between measurements), random devi-
ations (the degree scatter of these measurements around these
averages), and overall agreement (the sum of systematic and
random deviations; see Table 2). For the Pneumatron measure-
ments from Tilia japonica, T. cordata and T. platyphyllos, these
calculations were based on tree averages of the flow-centrifuge
parameters when replicate measurements were performed per
tree (Table 1).

In addition to these metrics, we formally tested the agree-
ment between the Cavitron-based estimates of P}, Psq, Pgg and
(natural log-transformed) S5, and their Pneumatron-based
equivalents for AD intervals of 15, 30, 60, 90 and 115s in a
model-based approach (cf. Carstensen 2004). Here, we mod-
elled each estimate y; for observation i from method j for sam-
ple k and species [ as draws from a normal distribution, with
mean jy and residual standard deviation o;.

y; ~ Normal (iji = XB, +ux +v,0; = exp(XBG))

u, ~ Normal(0, 7,),v; ~ Normal(0, 7)) (5)

where iy was expressed as a function of a linear predictor Xf,
and random sample (u) and species (v;) effects, while o; was

4 Plant Biology © 2023 The Authors. Plant Biology published by John Wiley & Sons Ltd on behalf of German Society for Plant Sciences, Royal Botanical Society of the Netherlands.
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Table 2. Metrics to quantify the agreement between vulnerability curve estimates with their mathematical definition, use and interpretation.

metric definition use interpretation

Mean signed MSD =13 (6p—64) Systematic deviations Average difference between the two parameter estimates (" additive
deviation between two bias” — not affected by variance in estimates). High values indicate a

parameters high average difference between the estimates.

Pearson p= % Random deviations Amount of shared variation in the two sets of measurements (not
correlation between two affected by systematic differences). Values close to one indicate a
coefficient parameters close linear association.

Root mean RMSD = %Z(GP—GH)Z Overall agreement Total amount of variation in the difference between measurements

between two
parameters

square deviation
. o0 2 172
L, distance Ly = (f,m(PLCH(P)*PLCP(P)) dP)

curve

Overall agreement over
the entire vulnerability

(both systematic and random deviations). High values indicate low
agreement between estimates.

Generalization of RMSD to describe the degree of similarity over the
entire curves. Identical curves have an L, distance of 0; high values
indicate a mismatch between curves (cf. Cramér 1928).

05 and 0 sets of parameter estimates obtained with the pneumatic and the flow-centrifuge method, respectively; SD: standard devation; cov: covariance;
PLC4(P) and PLCx(P): functions describing the expected percentage loss of conductivity based on the pneumatic/hydraulic measurements in dependence of

the water potential P, in this example given by the logistic model of Pammenter & Van der Willigen (1998): PLC(P;) = T

2 and 3).

expressed as a log-linear function of an analogous predictor
XBs. The predictor matrix X encoded the effect of the different
estimation methods based on treatment contrasts (i.e., using
the flow-centrifuge as a baseline and estimating its average dif-
ference to the estimates based on different Pneumatron dis-
charge times). This formulation permits us to estimate the
average systematic deviations between the methods (differences
in p,). Analogously, differences in the degree of random devia-
tions of a method around its average (and hence its repeatabil-
ity) can be estimated via f;. The model was fit using linear
mixed effects models based on R package glmmTMB version
1.0.2.1 (Brooks et al. 2017) using maximum likelihood estima-
tion. Model assumptions were checked based on residual diag-
nostic plots.

RESULTS
Vulnerability curves

In general, there was a good visual agreement in overall shape
between the flow-centrifuge and pneumatic vulnerability
curves (VCs) for most of the species studied (Fig. 1). The aver-
age Psoy estimates obtained from the flow-centrifuge method
covered a wide range of embolism resistance, ranging from
—1.85 MPa for Platanus x acerifolia to —6.02 MPa for Cratae-
gus persimilis. Parameters estimated with the pneumatic
method largely fell into the same range (Table S1). The
observed midday water potentials were all less negative than
the Psopy, and less negative than the P;,y for all species except
Platanus x acerifolia (Table 1, Table S1), indicating the mea-
sured VC parameters were consistent with field observations.
However, the estimates in Pj,p, Psop and Pggp for T. cordata
and T. platyphyllos based on the pneumatic method were, on
average, at least 0.5 MPa higher than the corresponding esti-
mates of the flow-centrifuge method when their xylem pressure
was measured using a pressure chamber (Table S1). As we
assumed these differences resulted from inaccurate xylem water
potential measurements obtained with the pressure chamber,
the subsequent results for these species are based only on the

100 i
TTexp(s0/25 (P —Ps0))) (compare Equatlons

psychrometer-based observations. Additional measurements
performed to explain this discrepancy showed that the differ-
ence to the flow-centrifuge based curves largely disappeared
when xylem pressure was determined by stem psychrometers
(with the exception of Pggp for T. cordata; Table S1; Figure S4).

Agreement between methods

The parameters of the vulnerability curves estimated with the
two methods were generally highly correlated, with Pearson
correlations above 0.54 for all parameters, and over 0.74 for
Py,, P5y and Pgg for all AD times considered and all 12 tree spe-
cies (Table S2). In particular, this was true for the Ps, esti-
mates, where correlations exceeded 0.95 in all cases. Moreover,
the Ps, estimates of the two methods were very close to the 1:1
line (cf. Fig. 2b, Table S2). The Pneumatron-based estimates of
the slope of the vulnerability curve, however, showed on aver-
age a negative systematic deviation, which ranged from
—25.5% (retransformed from log scale, 15sAD time) to
—28.1% (115 s AD time; cf. Figs 1 and 2d; Table S2). The devi-
ation was larger in samples with lower slopes (Fig. 2). Due to
the direct relationship between slope and Ps, the systematically
lower slope estimates translated to a less negative Pyp (by up
to 0.77 MPa on average at 115 s AD time) and, in some cases, a
more negative Pggp (by up to —0.26 MPa on average at 15 s AD
time; Fig. 2, Table S2). For Psg, the RMSD (a measure of overall
agreement) was between 0.52 and 0.54 MPa for all considered
AD times (Table S2).

Influence of discharge time

The pneumatic estimates of all VC parameters were sensitive to
the chosen discharge time (Figs 3 and 4). However, the change
in agreement with air discharge time was neither consistent
between parameters nor between species (Figs 3 and 4,
Table S2). Consequently, there were major differences between
species in the AD interval at which the lowest deviation
between flow-centrifuge and pneumatic estimates of Psg
(Fig. 3) occurred. Deviation increased with discharge time for
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Fig. 1. Xylem vulnerability curves obtained with the pneumatic method after a measurement duration of 15 s (green) and the flow-centrifuge method (blue)
for 12 diffuse-porous tree species. Circles: observed values (for centrifuge data, rescaled from conductance to PLC using the estimated ks.y); solid lines: pre-
dicted PLC/PAD; dashed lines: estimated Psq. Asterisks (*) at the end of species names indicate xylem pressure measurements with stem psychrometers.

some species (Betula pendula, B. utilis, Crataegus persimilis, T.
japonica, and T. platyphyllos) and decreased for others (Ostrya
carpinifolia, P. orientalis, P. x acerifolia, Pyrus calleryana, and
Sorbus latifolia). After accounting for random variation
between species and trees, significant systematic differences
between the methods remained for all VC parameters at all
analysed AD times, except for Ps, at shorter measurement
intervals (Table 3). In addition, the pneumatic method had a
significantly lower repeatability (significantly higher random
deviations) for all parameters at long AD times (Table 3).

The response of the pneumatic estimates of the VC parame-
ters to AD time was not consistent between parameters
(Fig. 4). Depending on the parameter, the overall agreement
with the flow-centrifuge method was either highest at short
AD times (P;,), remained relatively stable over a wide range
of AD times (Psq, Sso) or increased continuously with increas-
ing AD time (Pgg; Fig. 4, Table 3). The L, distance, which
describes the overall match of the vulnerability curves over
their entire range instead of focusing on a point estimate,
reached a minimum at 16 s, although with a relatively broad
range of very similar values (Fig. 5). This indicates that the
lowest degree of dissimilarity between the curves corresponded

to the AD times associated with the lowest systematic differ-
ences in Ps, estimates (Table 3, Table S2; Fig. 4).

Vessel length estimates

The estimated vessel length distributions for the species studied
are shown in Fig. 6. The overall mean vessel length was below
11 cm for all species, and below 5 cm when excluding the two
Platanus species. In addition, the average 95% percentile of ves-
sel length did not exceed the Cavitron rotor length for any of
the species studied, although the length of a small fraction
of vessels exceeded the rotor length for two species, with on
average 2.6% of the vessels exceeding rotor length for P. orien-
talis and 3.1% for P. x acerifolia. However, there was no signif-
icant relationship between the fraction of open vessels over the
rotor length and systematic deviations in Ps, (Figure S5) or in
any other VC parameter.

DISCUSSION

Our results suggest a good agreement between Ps, estimates
obtained with the pneumatic method and the flow-centrifuge

6 Plant Biology © 2023 The Authors. Plant Biology published by John Wiley & Sons Ltd on behalf of German Society for Plant Sciences, Royal Botanical Society of the Netherlands.
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method for constructing vulnerability curves. However, there
were higher random and systematic deviations in the slope, P,
and Pgg estimates. The overall agreement between curves
depended on the air discharge time for the Pneumatron mea-
surements, as had been predicted based on the unit pipe pneu-
matic model (Yang et al. 2023), with the lowest mismatch
found at relatively short measurement durations of around
16 s. Moreover, our vessel length estimates indicate that a ves-
sel length-related bias in the flow-centrifuge measurements can
be ruled out as an explanation for the observed differences
between methods.

Agreement between flow-centrifuge and pneumatic
vulnerability curves

The agreement in Ps, between the Cavitron and Pneumatron
estimates found in our study is in line with results found in
similar methodological comparisons involving the pneumatic
method (Pereira et al. 2016, 2020a; Zhang et al. 2018; Sergent
et al. 2020; Zhao et al. 2023; Brum et al. 2023; but see also Chen
et al. 2021). However, we find evidence for high variance and

systematic differences in the estimates of the slope of the VC
(Fig. 1), which were on average at least 25.5% (15 s air dis-
charge time, cf. Table S2) lower for the pneumatic method.
Moreover, this difference also resulted in lower agreement in
the estimates of P,p and Pggp. Similar conclusions were found
based on experimental evidence by comparing the pneumatic
to the optical method (Pereira et al. 2020a; Guan et al. 2021),
and to a pneumatic modelling approach (Yang et al. 2023).
While hydraulic measurements are generally not artefact-free
(De Baerdemaeker et al. 2019), a potential mechanistic expla-
nation for the difference in Py, and Pgg values could be the
presence of gas under atmospheric pressure in the cut-open
vessel lumina of the Pneumatron stem samples. It has been
shown that embolism spreading from these cut-open vessels to
interconnected, intact vessels can be enhanced by the proximity
to atmospheric gas in the cut-open conduits (Guan et al.
2021). A second explanation for the discrepancy observed is
that both methods induce negative pressure in different ways,
which affects the time to achieve embolism propagation, and
thus the overall embolism resistance. While samples in the
pneumatic method follow a slow bench dehydration process
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over many hours to a few days, the same embolism propaga-
tion in a centrifuge is assumed to occur over a short spinning
time of minutes, which may overestimate embolism resistance.

From a theoretical point of view, the gradual loss of con-
ductance and the accompanying increase in the amount of gas
in the xylem that occurs when a plant dries (quantified by the
PLC and PAD, respectively) are almost certainly positively
associated, as during progressive dehydration, they both
change monotonously from 0% to 100% over the same range
of water potentials. However, as PAD quantifies the gas volume
inside intact (non-cut open), embolized vessels, while PLC
measures the effect of embolism on conductance, both can be
expected to scale with different powers of vessel dimensions
(cf. Pereira et al. 2016). For a vessel of a given length, the vol-
ume scales with the square of its diameter, while its conductiv-
ity according to the Hagen-Poiseuille law scales with the
fourth power of diameter. Due to these different scaling rela-
tionships, the relationship between PAD and PLC is unlikely
to be linear. This may induce systematic differences between
the parameters of vulnerability curves obtained with different
methods, even without any measurement artefact. Specifically,
if wider vessels were more vulnerable (cf. Isasa et al. 2023), this
would lead to a steeper increase in PLC per vessel in the less
negative pressure range compared to the increase in PAD,
which can result in a reduced slope (and potentially a more
negative Psy estimate) in a volume-based VC compared to a
conductance-based VC.

An additional attenuation of the slope of pneumatic VCs can
result from treating the unknown true minimum and maximum
amount of air discharged (AD,;, and ADy.x, ¢f. Equation 1) as
fixed quantities measured without error. For hydraulic vulnera-
bility curves, problems induced by treating maximum conduc-
tivity as fixed can be circumvented by treating the saturated
hydraulic conductivity as an additional model parameter (kg in
Equation 2; ¢f. Ogle et al. 2009). Implementing a similar solu-
tion for the pneumatic method is not straightforward, as treat-
ing both the lower and upper bound as model parameters in
sigmoidal models often leads to identifiability issues.

Given the direct mathematical relation between the model
parameters, a systematic deviation in the slope will also shift
Py, and/or Pgg. This may be problematic, for example, in stud-
ies that examine the coordination between stomatal closure
and the onset of embolism formation (¢f. Martin-StPaul
et al. 2017) or use Pgg as a proxy for critical desiccation thresh-
olds (cf. Blackman et al. 2019). Our results indicate that, while
the Ps5, estimates of diffuse-porous tree species are relatively
consistent between the two methods, the curves obtained may
not always be interchangeable.

Effect of the air discharge interval on the agreement between
measurements

The optimal air discharge time of 16 s identified in our study
is at the lower end of the values typically used in earlier
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pneumatic studies, ranging from 150 s (Pereira et al. 2016;
Chen ef al. 2021), over 120s (Zhang et al. 2018; Sergent
et al. 2020; Wu et al. 2020), to only 30 s (Pereira et al. 2020a).
However, both the observed sensitivity of the method to AD
time and the optimal value at short AD times are consistent
with simulation results from the unit pipe pneumatic model,
which predicts an optimal time of 15 s or even lower (Yang
et al. 2023). According to this model, gas extraction times
should be relatively short because gas movement from intact,
embolized vessels to cut-open vessels is relatively fast across
axially interconnected vessels, while diffusion of gas dissolved
in conductive vessels is much slower (Yang et al. 2023). Indeed,
gas diffusion via intervessel pit membranes is typically ca. 100
times faster than gas diffusion across secondary walls (Sorz &
Hietz 2006; Wang et al. 2015). On the other hand, while the
amount of gas extracted from the aqueous phase increases pro-
portionally over time, it was found to contribute only 9% to
the total AD after 15 s of simulation (Yang et al. 2023). In addi-
tion, although modelling suggests a low influence of radial gas
transport (Yang et al. 2023), the effect of leakage from potential
air entry points outside the xylem will accumulate over time, as
the pressure differential over the sample will equilibrate rapidly
while the influx from the outside will continue until the sample
has reached ambient pressure. Our results illustrate that gains
in accuracy due to integrating the change in AD over a larger

time interval are overcompensated by an increasing influence
from dissolved gas and, potentially, leaks. The higher agree-
ment between methods at lower AD times observed here con-
trasts with the higher accuracy for longer AD times reported in
earlier works using the manual pneumatic method (cf.
Figure S3 in Pereira et al. 2016). This difference likely results
from the higher temporal resolution and more accurate AD
time measurement possible with the Pneumatron.

To understand how the AD interval can affect the shape of
the resulting vulnerability curves, it is helpful to analyse the
conditions that would have to be met to ensure AD time does
not have an effect. A central assumption of the pneumatic
method is that the amount of air discharged into the vacuum
reservoir over a given time span is a function of the amount of
air inside embolized conduits (Jansen et al. 2020; Yang
et al. 2023). To further guarantee that different AD times result
in identical vulnerability curves, it is necessary to assume that
the shape of the relationship between AD volume and duration
of the gas extraction at different dehydration steps is identical
up to a constant that is proportional to the total air volume in
embolized conduits. However, during the drying process, the
xylem undergoes substantial changes that may affect the rate of
change in AD over time, such as a change in gas conductivity
depending on the number of embolized vessels axially con-
nected. This indicates that the second assumption is likely only
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Table 3. Parameter estimates of the linear mixed effect models for the xylem water potential at 12%, 50% and 88% loss of conductivity (P;, Psp and Pgg,
respectively) and the natural log-transformed slope at 50% loss of conductivity (Sse).

fixed effects

variance covariates

random effects

Resp. Par. Est. 2.5% 97.5% Est. 2.5% 97.5% Par. Est. 2.5% 97.5%
P12 Hydr. —2.947 —3.622 —2.266 —3.724 —4.388 —2.890 Samp. SD 0.729 0.430 0.669
A15s 0.642 0.344 0.941 1.292 0.315 2.172 Spec. SD 1.025 0.717 1.694
A30s 0.730 0.438 1.024 0.840 -0.117 1.701
A60s 0.830 0.536 1.124 0.919 —0.031 1.769
A90s 0.900 0.601 1.200 1.387 0.424 2.251
A115s 0.957 0.651 1.262 1.719 0.756 2.581
Pso Hydr. —3.635 —4.625 —2.644 —4.180 —4.830 —3.383 Samp. SD 0.535 0.229 0.363
A15s 0.073 —0.099 0.245 1.247 0.312 2.100 Spec. SD 1.266 1.119 2.546
A30s 0.143 -0.024 0.308 0.767 -0.161 1.615
A60s 0.218 0.053 0.382 0.594 —0.315 1.419
A90s 0.264 0.096 0.431 0.868 —0.054 1.709
A115s 0.291 0.120 0.461 1.140 0.213 1.986
Pgs Hydr. —4.335 —5.681 —2.986 —3.953 —4.612 -3.129 Samp. SD 0.769 0.485 0.738
A15s —0.497 -0.818 -0.178 0.930 —0.049 1.815 Spec. SD 1.471 1.505 3.446
A30s —0.446 —0.764 -0.129 0.543 —0.409 1.404
A60s -0.394 -0.714 -0.076 0.775 —0.158 1.611
A90s -0.373 —0.695 —0.052 1.095 0.155 1.941
A115s -0.376 —0.699 —0.053 1.261 0.319 2.106
In(Ss0) Hydr. 4.437 4.055 4.820 —4.583 —5.246 —3.752 Samp. SD 0.582 0.275 0.427
A15s —0.508 —0.706 —0.310 1.817 0.869 2.665 Spec. SD 0.764 0.395 0.947
A30s —0.521 -0.718 -0.324 1.739 0.800 2.577
A60s —0.541 —0.740 —0.343 1.840 0.905 2.672
A90s —0.558 —0.760 —0.357 2.020 1.084 2.854
A115s —0.581 -0.784 -0.378 2.115 1.179 2.950

Estimates and 95% profile-likelihood based confidence intervals for the flow-centrifuge baseline values (Hydr.) and the deviations from that baseline for differ-
ent discharge times measured with the Pneumatron (A15-A115 s) for the fixed effects (limits of agreement) and variance covariate model (differences in mea-
surement variance) as well as the standard deviations of the sample- and species-specific random effects. Values in italics indicate differences that are not

significant at 95% level.
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Fig. 5. Average L, distance between the pneumatic and flow-centrifuge
vulnerability curves versus air discharge time as a measure of overall agree-
ment (raw averages and + 5 s running average). Vertical lines indicate mini-
mum of the running average at 16 s; shaded area indicates the range with a
running average differing from the minimum by <1% (6.0-62.5 s).

approximately met under typical measurement conditions.
Moreover, it is possible that air-filled spaces that were discon-
nected from the cut surface at earlier drying steps subsequently
become connected to the network of open vessels connecting
to the vacuum reservoir (Pereira et al. 2016). In such cases, the
amount of air in these spaces would not be included in earlier
AD estimates, which indicates that the first assumption may
not always be met. For these reasons, the relationship between
the AD measured after a certain discharge interval and the total
amount of air within the xylem is likely empirical. This may
explain the pronounced species differences in the response to
AD time (Table S2, Fig. 3), and contribute to the previously
reported differences in method agreement for species with dif-
ferent types of wood anatomy (Zhang et al. 2018). For the rea-
sons discussed above, this variability between species will likely
be more pronounced at longer AD times. The choice of short
AD times is therefore a simple and pragmatic way to improve
the measurement accuracy of pneumatic VCs with automated
Pneumatron devices.

Species-specific drying behaviour

As noted previously (Zhang et al. 2018; Sergent et al. 2020), the
agreement between VCs measured with the pneumatic method
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and hydraulic reference methods differs between species. This
species specificity is also visible in our results. Importantly,
while we find that on average there is a low systematic devia-
tion in Ps, estimates between the methods, there is a consider-
able variability between species, independent of AD time.
Hence, our results do not rule out pronounced differences in
estimated Ps, for measurements on a particular species, which
cannot be attributed with certainty to either of the two
methods. However, it is important to consider the different
ways water potential is induced and measured in both
methods. In this study, we observed a mismatch for T. cordata
and T. platyphyllos when xylem water potential was approxi-
mated by leaf water potentials measured with a pressure cham-
ber. This difference largely disappeared when a stem
psychrometer was used to determine xylem pressure, indicating
that the differences are induced by the water potential mea-
surements. A possible explanation is the presence of mucilage
in the xylem tissues of Tilia species (Franz & Kram 1985;
Pigott 2012), which may affect xylem pressures measured with
the pressure chamber technique (Rodriguez-Dominguez
et al. 2022).

A further explanation for the observed differences between
the two Tilia species is premature termination of measure-
ments (Brum ef al. 2023). The truncated shape of the pressure
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chamber-based Pneumatron VCs for the Tilia species (espe-
cially T. cordata, cf. Figure S4), as well as the fact they
never reached water potentials substantially more negative
than —3 MPa, may indicate that the measurements were termi-
nated before the samples were fully dehydrated. This underesti-
mates ADp,.,, which shifts the curve towards less negative
water potentials (Brum et al. 2023). As detailed earlier, desicca-
tion was continued until near constancy in AD values over at
least 24 h. This criterion to finish AD measurements may not
be ideal, as drying may slow down considerably after full sto-
matal closure, which, especially for isohydric species, may
occur in a relatively well-hydrated state. Notably, while Tilia
species have often been considered to be relatively anisohydric
(¢f. Moser et al. 2016; Gillner et al. 2017; Kiorapostolou et al.
2018), recent work by Leuschner et al. (2019) indicates that at
least T. cordata has a fairly stringent, more isohydric stomatal
control mechanism. Given the stronger hydraulic segmentation
between leaf petioles and stem xylem anticipated in drought-
avoiding and more isohydric species (Hartmann et al. 2021),
this may have contributed to the mismatch between flow-
centrifuge and pneumatic VCs. It is well documented that
certain species rely on early leaf shedding as a drought
response strategy (Wolfe et al. 2016; Hochberg et al. 2017),
most likely enabled by a pronounced hydraulic segmentation
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(cf. Pivovaroff et al. 2014; Zhu et al. 2016; Klepsch et al. 2018).
As these processes decouple leaf and branch water potentials,
measuring leaf water potential with a Scholander pressure
chamber may result in extreme water potential readings that
do not reflect the actual status in the xylem. Conversely, the
slowdown of dehydration induced by leaf shedding may result
in prematurely terminated measurements when measuring
branch water potentials with a stem psychrometer, or when
assuming full dehydration based on the state of the leaves. As a
cautionary example, the leaves of C. persimilis were almost fully
dehydrated on the third day of measurements, while the
branch water potential values continued to decline for 7 days.
Similar behaviour was reported by Wolfe et al. (2016) for the
tropical species Genipa americana.

Because of these species-specific differences in drying behav-
iour, the stability of AD,,, can have a strong influence on the
shape of the vulnerability curves as all pneumatic PAD values
are normalized against AD,;, and AD,,,,x (¢f. Brum et al. 2023).
It may therefore be advantageous to continue the drying process
until the constancy of AD,, has been confirmed based on sev-
eral measurements to avoid bias resulting from underestimating
ADpp.x Notably, an important implication of these problems
with water potential measurements is that the same bias in
water potential may also affect hydraulic VC measurements
in other methods that rely on bench dehydration.

Implications for future vulnerability curve method
comparisons

An important limitation that affects all VC method comparisons
— as well as many other methodological comparisons in biology
— is the lack of true reference values. In this study, we used the
flow-centrifuge method to obtain reference values for the esti-
mated VC parameters. However, there are many indications that
this method is affected by measurement artefacts that arise dur-
ing sample excision (Wheeler et al. 2013) and preparation
(Torres-Ruiz et al. 2015), or as a result of vessel lengths exceed-
ing the sample dimensions (Choat et al. 2010; Martin-StPaul
et al. 2014; Torres-Ruiz et al. 2014). While our vessel length data
suggest no length-related bias in the species studied, it is impor-
tant to point out that a mismatch between curves obtained with
the pneumatic method and the flow-centrifuge can result from
inaccuracies of either method. While there is rarely a way to
overcome the limitation of imperfect reference values, we argue
that methodological comparisons of VC methods may benefit
from adopting a more principled approach of quantifying the
agreement between methods. To our knowledge, none of
the previously published VC method comparisons (Li
et al. 2008; Choat et al. 2010; Hacke et al. 2015; Brodribb et al.
2017; Lopez et al. 2019; Venturas et al. 2019; Pratt et al. 2020;
Sergent et al. 2020; Zhao et al. 2020; Chen et al. 2021) differenti-
ate between systematic and random differences in parameter
estimates, and neither do they provide metrics that quantify the
similarity over the entire curves. This is problematic, as high cor-
relations between methods do not imply the absence of system-
atic differences (c¢f. Bland & Altman 1986), while average
differences alone do not contain information about the strength
of the relationship. Explicitly separating different components of
method agreement, for instance, with the metrics in Table 2,
allows us to more clearly identify how — and why — methods
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differ. Our study shows that this information can be used to
identify optimal AD intervals to maximize agreement in specific
parameters or over the entire curve, or to assess whether vessel
lengths exceeding the Cavitron rotor size result in stronger devia-
tions from the Pneumatron-based measurements. Model-based
approaches, as in Equation 5, moreover, allow formal tests of
systematic deviations or differences in repeatability between
methods (¢f. Carstensen 2004).

CONCLUSIONS

The high agreement between the Ps, estimates with the pneu-
matic and flow-centrifuge methods indicates that for studies
focusing on Ps, as a proxy of xylem embolism resistance, the
Pneumatron provides a valid approach, particularly if short gas
discharge times are considered. However, the systematic devia-
tions in VC slope illustrate that the two methods measure differ-
ent (albeit closely related) processes, which can have important
implications for the use and interpretation of parameter esti-
mates, especially in mechanistic models of plant water relations.

Our study further provides new tools for method compari-
sons when comparing VC methods. Separating overall agree-
ment into systematic deviations (quantifying bias with respect
to a reference method) and random deviations (quantifying
the repeatability of measurements) allows for more well-
informed decisions about the equivalence of different measure-
ment methods, and can be used to decide on best measurement
practices, such as the choice of optimal AD intervals.
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Table S1. Comparison of the estimated xylem water poten-
tial at 12%, 50% and 88% loss of conductivity/percent air dis-
charged (P;;, Pso and Pgg, respectively) and slope of the
vulnerability curve (Ssq) for the 12 studied diffuse-porous tree
species for the pneumatic (15 s AD interval) and flow-centri-

fuge method.

Table S2. Summary of a set of metrics describing the agree-
ment between the two analysed methods for the estimated
parameters for the xylem water potential at 12%, 50% and 88%
loss of conductivity (P, Psy and Pgg, respectively), and the

slope at 50% loss of conductivity (Ssp).
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