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Measuring xylem hydraulic vulnerability for
long-vessel species: an improved
methodology with the flow centrifugation
technique

Régis Burlett' ®, Camille Parise’, Gaélle Capdeville', Hervé Cochard? Laurent J. Lamarque', Andrew King® and
Sylvain Delzon'

Abstract

Context: Understanding plant resilience and adaptation to drought is a major challenge in crop and forest
sciences. Several methods have been developed to assess the vulnerability to xylem embolism. The in situ flow
centrifuge (or cavitron) is the fastest technique allowing to characterise this trait for plants having vessel lengths
shorter than the rotor size.

Aims: We present (i) a series of changes to the earlier cavitron design, aimed at improving the accuracy and speed
of measurement through automated operations, and (i) a new development through the design of a large
diameter rotor expanding the range of species that can be measured.

Methods: Both hardware and software modifications to the original design have been developed. In order to avoid
artefacts caused by cut open vessels, a centrifuge with a large rotor (1 m) has been developed, and vulnerability
curves obtained with this new device were compared with those obtained using reference methods.

Results: The new set-up expands the range of conductance measurable with a cavitron and enables it to
accurately determine the absolute value of conductivity even for species having very low hydraulic conductivity.
The large rotor cavitron shows good agreement with the reference techniques for conifers and diffuse-porous
species but also for ring-porous species having long vessels.

Conclusion: The set-up described in this manuscript provides a faster, safer and more accurate method to
construct vulnerability curves, compared to the original cavitron design, and extends the measurement capabilities
to new species that are difficult to measure to date.

Key message: Recent improvements to cavitron setup enable to measure xylem vulnerability curves for an
expanded number of plant species, with longer vessels or lower hydraulic conductivity.
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1 Introduction

Xylem vulnerability to embolism has become one of the
main traits in the studies of drought resistance in plants
(Choat et al. 2012; Delzon and Cochard 2014; Anderegg
et al. 2016). Several techniques have been proposed in
the last few decades to establish vulnerability curves to
embolism (VC) for which the loss of hydraulic conduct-
ivity or the amount of embolised vessel are measured for
different levels of water stress and plotted against water
column tension (Tyree and Dixon 1986). The most com-
monly used techniques to estimate VC are based on
water mass movement measurement (Tyree and Dixon
1986; Cochard 2002), acoustic emission (Nolf et al.
2015) or direct observation with X-ray micro-computed
tomography (Choat et al. 2016), transmitted light attenu-
ation (Brodribb et al. 2017) or magnetic resonance im-
aging (Meixner et al. 2020). Among these techniques,
the fastest is the flow centrifuge method (Melcher et al.
2012; Cochard et al. 2013).

It has been demonstrated several times that centrifugal
force is an accurate and reliable way to impose a tension
in the water column inside the xylem of a plant (Hol-
brook et al. 1995; Alder et al. 1997). A few years after
this finding, the cavitron, an evolution of the “static”
centrifuge method enabling measurement of the con-
ductivity while the sample is spinning, has been pro-
posed (Cochard 2002). The cavitron technique and some
of its performances and limitations have been extensively
described (Cochard et al. 2005; Li et al. 2008; Cochard
et al. 2010; Beikircher et al. 2010; Cai et al. 2010; Wang
et al. 2014b; Bouche et al. 2015; Pivovaroff et al. 2016).
This technique is based on the measurement of hy-
draulic conductance of a xylem-bearing sample while
the water column in the xylem is kept under tension by
centrifugal force (P). The main advantage of the cavitron
technique is that it simultaneously enables to (i) generate
a controlled tension in the water column of the xylem
(maximal in the central part of the sample) due to cen-
trifugal forces and (ii) to measure the hydraulic conduct-
ivity with an optical method. Cavitron technique has
been successfully used to obtain VC curves of branches
(Delzon et al. 2010), trunk baguettes (Bouche et al.
2016), roots (Bouche et al. 2015, Schuldt et al. in press),
long needles (Charra-Vaskou et al. 2012) and floral
stems (Chacon Déria et al.,, 2019, Thonglim et al., 2021).
In earlier cavitron set-ups, the operator was required to
work very close to the centrifuge in order to (i) perform
measurements with a binocular, (ii) add water in the res-
ervoir for the measurements and (iii) change the centri-
fuge speed. This implied to work in a dark and noisy
environment, often in an uncomfortable position, and
close to a potentially dangerous fast spinning rotor.
These operating conditions do not comply with modern
health and safety rules and needed improvement. In
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addition, the size of the rotor of a standard cavitron, 27
cm, does not allow the measurement of long-vessel spe-
cies such as the vast majority of tropical species and
temperate ring-porous species. Indeed, it has been well
established that centrifuge techniques do not allow to
accurately determine the VC of samples having vessels
longer than the rotor size (Choat et al. 2010, 2016;
Cochard et al. 2010; Sperry et al. 2012; Martin-StPaul
et al. 2014; Torres-Ruiz et al. 2014). VC being altered by
the open vessel artefact (Martin-StPaul et al. 2014, Wang
et al. 2014a), leading to substantial overestimations of
xylem vulnerability (Torres-Ruiz et al. 2015).

We propose in this manuscript a new experimental
set-up, enabling completely remote operation of the
cavitron, by means of a camera-based image vision sys-
tem and a software which controls all the parameters re-
quired for hydraulic conductivity measurement, logs
data and computes variables of interest, in a safer and
more user-friendly environment. A detailed assessment
of the hydraulic conductivity measurement achieved
resolution is also proposed for different sample sizes and
measurement conditions. Finally, we hypothesise that
these improvements, together with the development of a
larger rotor, will allow us to extend the technique to
long-vessel species. We therefore developed a new in-
strument specially designed to measure long-vessel spe-
cies (called CAVI1000) and carried out a series of
experiments to validate this set-up. This manuscript
additionally presents general guidelines for selecting
sample dimensions and establishing vulnerability curves
with the cavitron technique.

2 Material and methods

2.1 Hydraulic conductivity measurement

Hydraulic conductance (k) is defined as the amount of
water flowing through a sample during a certain amount
of time (water flow F in kg s71) at a defined pressure dif-
ference between the sample ends (AP in MPa).

F
kpy =P (1)

In the cavitron, the pressure difference (AP) is ob-
tained by immersing the extremities of a sample in small
transparent water-filled reservoirs, fitted with holes at
different levels, while spinning. Water flow measurement
is done by measuring the time taken by the air-water
meniscus to cover a given distance. Distance and time
are measured automatically with a camera (see Section
2.3) several times as the water flows from the upstream
reservoir to the downstream reservoir (from 10 to 50
points depending on the water flow). Measurement fre-
quency and duration are user-defined. Water delivery to
the reservoir is provided through a 2-way normally
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closed PTFE solenoid valve (130 series, Biochem Valve)
operated by a relay.

To compute the conductance in SI unit (kg MPa~
s7'), without approximation, the analytical solution de-
scribed in detail in Wang et al. (2014b) is used. In short,
we use the result of the integral of Eq. 1 between two
measurement points (Eq. 2), scaled by the cross-section
of water in the reservoir (Ajpo in m?), defined as the
cross-section area of the reservoir minus the cross-
section of the sample.

1

1 X L 2R-x,

n— n

X0 2R-x
Rpo?(t—ty)

kn = An,0 (2)

where x is the position of the meniscus at time ¢ (m);
X0 is the initial position of the meniscus (m); R is the dis-
tance between the centre of the rotor and upstream
water-air meniscus (m); o is the angular velocity (rad
s); p is the density of water (998.30kg m™> at 20°C)
and Apo cross-section of water in the reservoir (m?).

In practice, computation is made by plotting the me-
niscus position-dependent function y (defined in Eq. 3)
against time.

(3)

We can extract the hydraulic conductance (k) from
the slope () of this curve according to Eq. 4:
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m Ap,0
k.:_ 2 . 4
h Rpw2 ( )

Specific hydraulic conductivity (Ks) is computed in kg
m ™' MPa™' s™! according to the following:

L
K, =ky.— 5
s h A, ( )

where L is the length of the sample (m), kj, is the hy-
draulic conductance and A,,, is the cross-section area of
conductive sapwood (m?)

2.2 Instrumental set-up

An overview of the new experimental setup is presented
in Fig. 1. A high-speed temperature-controlled centri-
fuge has been used to instal a custom cavitron rotor. In
order to measure a wider range of sample lengths, we
developed a series of four rotors that can be fitted in
three configurations of centrifuges (see Table 1). Two of
these centrifuges are modified from commercially avail-
able instruments (RC5 series, Sorvall, USA, or J6, Beck-
mann Coulter, USA) and one of them is a custom device
(CAVI 1000) described in this manuscript. For all con-
figurations, a similar methodology has been used, except
for the control of rotation speed (see below).

All operations are controlled through a custom soft-
ware (Cavisoft, Univ Bordeaux, France). A screenshot of
the main window is presented in Fig. 2. Input/output (I/
O) management, except images, is done through a multi-
function data acquisition systems DAQ (USB 6008,

~N

a
IE\_E:#

centrifuge

Fig. 1 General schematic of the setup: (a) camera; (b) light source, (c) ultrapure water source, (d) solenoid valve, (e) multifunction DAQ, (f) digital
I/0 board, (g) universal relay board, (h) KVM emitter, and (i) KVM receiver
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Table 1 Limits of pressure imposed at the centre of the sample according to sample size for the most commonly used cavitron

rotor

Sample length (mm) Centrifuge model

Maximum imposed pressure/
rotation speed (Mpa/rpm)

Minimum imposed pressure/
rotation speed (Mpa/rpm)

Maximum sample
diameter (mm)

160 Sorvall R C series —0.2/2300
270 Sorvall RC series —-0.2/1500
400 Beckman Coulter J6 —0.5/1500
1020 Custom —-0.7/700

—6/13,000 10
—22/15,400 10
—13/8100 21
—13/3000 24

National Instruments, USA) and a Digital I/O board
(USB 6501, National Instruments, USA), both interfaced
directly in .NET through a dedicated library (NI DAQmx
v 9.4, National Instrument.,, USA). This software also
logs metadata (sample name, diameter, organ type, sam-
pling location, date, etc.) and relevant computed values
(see Appendix Table 3 for a complete description of the
data output).

The computer used for data acquisition and control is
located next to the centrifuge. It is remotely operated
with a keyboard, video and mouse (KVM) extender (Link
X50, Adder, UK). The receiver of the KVM is located in
the room situated next to the centrifuge.

Rotation speed of the Sorvall centrifuge is set either by
a potentiometer, encoding speed by adjusting resistance
(model RC5B) or with 5-position encoders using Gray
code to input speed set point value (model RC5C+). Our
approach consists in bypassing these controls by

providing a computer-controlled set point value to the
Sorvall command internal bus. This is done by the
digital I/O which controls a universal card 16 relays
(K6714-16, Velleman, Belgium) providing either a vari-
able resistance (model RC5B) or the actual Gray code re-
quired by the machine (model RC5C+). Start, stop and
brake functionalities are also controlled with this relay
card. Details on these operations are available upon
request.

To spin a rotor at high speed, it is essential that they
are well balanced in shape and mass. This is particularly
a challenge for a cavitron system, because of the inher-
ent dissymmetry due to the large groove in which the
sample is positioned. To compensate for those irregular-
ities, a series of reinforced aluminium honeycomb de-
signed rotors has been developed, which can prevent
excessive radial forces, and hence breakage. For the
CAVI1000, a big dimension aluminium rotor with a

|

-2.800

Set certfugation proseur (Mos) =)

5497
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Fig. 2 Screenshot of Cavisoft v5.0 graphical user interface. The operator can see in one window the live image (central panel), along all measured
variables (top left panel), parameters (bottom left panel), computed variables (bottom right panel) and resulting VC curve updated immediately
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diameter of 1060 mm and a 69-mm thickness has been
designed. It contains a removable cylindrical sample
holder fitted with specific polycarbonate reservoirs with
an inner diameter of 25 mm. The rotor is mounted on
an oil-cooled shaft associated with an AC asynchronous
motor with a maximum rotation speed of 3000 rpm,
controlled with a precision better than 5 rpm by a digital
variator (Movidrive MDX60B, Sew Eurodrive, Germany).
The set-up is enclosed in a sturdy shelter, and four prox-
imity sensors are placed to detect safety faults, such as
rotor imbalance and automatically stop the motor. This
work has been done in collaboration with a precision
mechanical workshop (DG Meca, Gradignan, France).

2.3 Image acquisition and processing

In order to read the air-water menisci positions compu-
tationally, a monochrome camera (Scout scA640-120gm,
Basler, Germany) has been used and fitted with a C-
mount lens (HF16 HA-1B, Fujinon, Japan) that enables
to have an adjustable field of view of about 7 x 5mm.
This camera is interfaced with a Software Development
Kit (Pylon 3.0 SDK, Basler, Germany) that outputs a buf-
fer of vectors of 8 bits integer corresponding to grey
levels of a 659 x 494 pixel matrix. From this matrix, im-
ages are reconstructed for display or analysis. In order to
avoid delay in image analysis and display, only the last
image of the buffer is read when the processor is avail-
able; the rest of the buffer is discarded. This image is
time-coded with an independent counter with millisec-
ond precision to process meniscus velocity and can be
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saved to disk with very limited and controlled time
delay. This display approach is much faster than point-
by-point bitmap reconstruction and enables safely-timed
reconstructions of high quality, not compressed, images
in about 20ms (ie. 50 image s '), depending on the
computer used for acquisition. This reconstruction time
(comparable to the human eye retina persistence) en-
ables access to both menisci in the same image, thanks
to the stroboscopic effect.

Once the pixel matrix is acquired, we extract the in-
tensities of one horizontal line of pixels into a vector to
determine the distance between the 2 menisci. To in-
crease the computation speed and to avoid light pollu-
tion problems, two small user-defined regions of interest
(ROI) are defined close to each meniscus, typically 40 to
300 pixels in width. If the meniscus is well defined and
stable (at least an intensity of 10 bit above baseline), this
enables the use of a very simple and fast algorithm (e.g.
simple comparison of maximum along the vector) for
determination of the maximum intensity, corresponding
to the position of the meniscus (Fig. 3). The whole
process (from data acquisition to distance measurement)
can therefore be performed directly, without post-
processing, within 30-100ms (depending on the
computer).

Meniscus height is typically less than 100 pm. There is
no measurable difference between the upstream and the
downstream meniscus height, so distances are similar
across the width of the reservoir. Hence, the distance
can be measured at any position within the frame of the

o 100 200 300 400 500 600 o 100 200

meniscus when the human eye cannot

300

Fig. 3 Example of images acquired and corresponding pixel intensity plots along a segment in the middle of the image (yellow line). The green
square represents the downstream ROI, and the blue square represents the upstream ROI. A Image with a slight light pollution, resulting in a
wide meniscus and decreased precision. B Typical image, at high centrifugal speed, with sharp meniscus and a steady backline, ideal for easy
meniscus detection. ¢ Image at very high speed, with a very thick sample showing very little transmitted light. The camera still detects the

400 500 600 ! 100 200 300 A00 500 600
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camera. This also implies that using an average of sev-
eral lines within the frame is not required.

In order to compute the conductance in SI unit, a cali-
bration of the camera pixel size is necessary. This can be
done by focusing the camera on a ruler placed at the
reservoir level and measuring the number of pixels cor-
responding to a given distance. The ratio of these values
gives a typical camera calibration of 14 to 30 um pixel .
This calibration is not very sensitive to slight optical
focus modification (e.g. an extreme 3 mm focus modifi-
cation leads to less than 0.02% of variation in conduct-
ance value).

Like in all image vision measurement systems, great
care must be taken to avoid parasite light and to maxi-
mise the contrast of the measured element (in our case,
the menisci). It requires a very focused and powerful
light source (preferably >10,000 lux) especially at high
speed. Any light pollution from the side is prevented by
the use of guides and/or panels intercepting unwanted
light fitted around the guides. The light delivery near the
rotor will also be exposed to water projection from the
reservoir overflow and should therefore be waterproof
(protection index at least equal to IP54 or NEMAS3).
Light is provided either by (i) a standard 150 W-equiva-
lent cold light source (e.g. KL1500 LED, Schott,
Germany) and guided at the proximity of the rotor side
with a bundle of ca 25 cut-to-size fibre optics (each 1
mm in diameter) or (ii) a IP66 LED light source (e.g.
TSPOT4, TPL VISION or SL164, Advanced illumin-
ation) enclosed in an aluminium case carefully fixed to
the inner wall of the centrifuge and equipped with an
adjustable slot. Both methods enable to regulate the
amount of light reaching the rotor and enable a better
control of image quality for each sample.

2.4 Resolution of measurement

To measure the conductance, the key measurement is
the water flow in the sample. This flow is estimated by
the speed of meniscus movement acquired by image vi-
sion in a 2-dimensional plane, which is not directly the
amount of water surrounding the sample (see above). A
thin sample will have more water around its extremities,
and so the meniscus displacement speed will be slower
(for a given conductance) than for a thicker sample. The
resolution of cavitron measurement, for a given meas-
urement time, is therefore highly dependent on (i) the
sample diameter relative to the geometry of the reser-
voirs, (ii) camera and optics performance, (iii) rotation
speed and (iv) sample (or rotor) length.

The resolution obtained with the cavitron has been
assessed for different conditions of sample diameters,
sample lengths and rotation speeds by a theoretical ap-
proach, based on the equations used to compute the
conductance. A camera resolution of 14 um pixel " has
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been used for sample lengths of 16, 27 and 40 cm. For
the 100-cm sample length cavitron, camera resolution is
set at 28 um pixel .

2.5 Validation of the conductivity measurement and
temperature effect

A comparison between the specific conductivity mea-
sured with the cavitron and with the gravimetric method
has been performed for three species (Liquidambar styr-
aciflua, Populus nigra and Pinus pinaster) following the
protocol adapted from Li et al. (2007). In short, specific
conductivity has been estimated alternatively by gravi-
metric and centrifuge methods on the same sample. For
this, two to four branches from two adult trees of each
species growing in southwestern France have been sam-
pled in the morning during the spring of 2016. Once in
the lab, samples of about 8 mm in diameter have been
recut underwater to a size corresponding to each rotor
dimensions (27 or 100 cm, respectively).

For the gravimetric method, measurements were per-
formed at 3 heights (corresponding to 1, 2 and 3 kPa) to
eliminate the effect of the background flow. The slope of
the regression has been used to calculate specific con-
ductivity (Torres-Ruiz et al. 2012). Once the samples
were measured, they were inserted in the cavitron rotor,
and specific conductivity was computed again at low
speed (corresponding to — 0.8 MPa), following the proto-
col described in this manuscript. Samples were centri-
fuged for at least 120s at each rotation speed before
measurement. After this measurement, centrifuge speed
was increased to a value known to induce embolism de-
pending on each species, and conductivity was measured
again with the cavitron and with the gravimetric method.

Similarly to every hydraulic measurement, the
temperature of the water flowing in the sample has an
impact on conductance, through the modification of the
viscosity of water and modification of the membrane flu-
idity and permeability, mostly at higher temperature
(Cochard et al. 2000). This issue is overcome by using a
temperature-controlled centrifuge, with a temperature
set point close to water source temperature (often at
room temperature) and a correction factor. For that, an
empirical equation based on water dynamic viscosity
change with temperature (IAPWS report, Huber et al
2009) is implemented for correcting any significant
temperature change during a measurement (Eq. 6).

K, = K x (1.78101-0.05871 T, + 0.001303 Ty,

-1.8018.1075 T, 4+ 1.12354.107 Ty,h)

Scor

(6)

Wang et al. (2014b) present a detailed description of
temperature effect and propose an elaborate method for
correction, based on an evaluation of conductance at
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different temperature steps. They found that a 10 °C step
change in air temperature leads to about 22% reduction of
conductance in about 30 min. Therefore, if the increase in
temperature is quite low and gradual (as it is usually the
case for standard measurement), and air temperature can
be used directly as a proxy of stem temperature, if the
equilibration time is long enough. A rough estimate would
be to allow 3 min for a change of 1°C.

If more drastic changes in temperature are observed, a
first-order rate reaction model using a 5-min running
mean air temperature as the input can be used; for de-
tail, see Wang et al. (2014b).

Air temperature inside the centrifuge tank is monitored
with a class A PT100 (D00538, Correge, France) con-
nected to a converter (LKM 104/1, LKM electronic,
Germany). Data is logged through the Multifunction DAQ
analogue input (USB 6008, National Instruments, USA).

2.6 Validation of vulnerability curves obtained with a
large rotor

Here, we used a very large (100 cm) rotor developed on the
basis of a cavitron called CAVI1000 (Lamarque et al. 2018)
to obtain vulnerability curves which we then compared
with those obtained with reference techniques (Burlett
2021). For three species, for which average conduit length
is at least two times shorter than 30 cm, (Pinus pinaster,
Populus nigra, Liriodendron tulipifera) the standard (27 cm
rotor) cavitron method has been used as a reference. These
species have reported a mean conduit length of below 0.1
cm for tracheid of Pinus pinaster, 10.13 (£ 0.20) cm for
Populus nigra and 16.7 (+ 0.7) cm for Liriodendron tulipi-
fera (Pan et al. 2015; Porte, personal communication).
Branches of the same adult individuals, in close proximity,
have been sampled in the early morning on the campus of
the University of Bordeaux and recut at 1 m under water
following the protocol of Torres-Ruiz (2017).

For species with longer vessels (Quercus ilex and Quer-
cus robur) vulnerability curves obtained with X-ray
microComputed tomography on intact plants were used
as a reference, to avoid potential artefact due to cutting
(Cochard et al, 2015a). These species have reported
mean conduit length of 96.0 (+ 7.0) cm for Quercus ilex
and 83.0 (+ 18.6) cm for Quercus robur (Martinez-Vilalta
et al. 2002; Venturas et al. 2016). X-ray micro-CT-based
VC measurements were performed at the PSICHE
beamline of the SOLEIL synchrotron (Saclay, France) on
intact 1.5m tall saplings from the INRAE nursery. The
main stems of those samples were scanned during a de-
hydration experiment using a high flux (3.10'" photons
mm ") 25-keV monochromatic X-ray beam while being
rotated continuously from 0 to 360°. X-ray projections
were collected with a 50-m exposure time during rota-
tion and recorded with an Orca-flash sCMOS camera
(Hamamatsu Photonics K.K., Nakaku, Japan) equipped
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with a 250-um-thick LuAG scintillator. Each stem was
scanned 20 cm above the base of the stem (around 1.2
cm in diameter) by positioning the plant in the hollow
stage. All plants were 3 and 5years old for Quercus
robur and Quercus ilex, respectively, and were grown
into 1.5-L pots. Water potential was measured on leaves
just after scanning using a Scholander Pressure Chamber
(DG Meca, Gradignan, France). Leaves were covered
with plastic bags and aluminium foil for at least 30 min
prior to each measurement of water potential. Tomo-
graphic reconstructions were conducted using the Paga-
nin method (Paganin et al. 2002) in PyHST2 software
(Mirone et al. 2014) and resulted in 2-bit volumic im-
ages with a 3.02-um? voxel resolution.

The theoretical hydraulic conductance (k;) used for
the reference VC curve was calculated from a transverse
cross-section of each micro-CT scans following the
protocol described in Choat (2016) and Lamarque
(2020). In short, the individual area and diameter of both
air- and water-filled vessels were measured using the
Image] software (Schneider et al., 2012) The maximum
theoretical hydraulic conductance (kmqao m-4 MPa ™' 57!
was calculated as the sum of the conductance of each
water-filled vessels conductance.

aD*
k=2 128y 7)

where D is the diameter of vessels (m), and 7 is the
water viscosity (1.002 1072 Pas at 20 °C). The actual per
cent loss of theoretical hydraulic conductance for each
sample was then calculated as PLC = 100 x (1 - kj/
Kimax)-

Vulnerability curves for both CAVI1000 and micro-
CT measurements were fitted using the NLIN procedure
in SAS 9.4 (SAS, Cary, NC, USA) based on the following
equation (Pammenter and Willigen, 1998):

PLC =100/ (14 exp( 555055 ) ®)

where P5o (MPa) is the xylem pressure inducing 50%
loss of hydraulic conductivity, and S (% MPa-1) is the
slope of the vulnerability curve at the inflexion point.
The model was fitted on each vulnerability curve to ob-
tain a Pso and slope value for each individual. Those
values were then averaged for each method, and the
curve reconstructed from these averaged values. Details
of the sample size and number of replicates for each
measurement can be found in Table 2.

2.7 Statistics

Computation and statistics have been performed using
MS Excel, SAS 9.4 (SAS, Cary, NC, USA) or R (v 3.5).
Differences in hydraulic traits (Ps, slope) between the
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Table 2 Mean values and standard error of water potentials inducing 50% loss of conductivity (Psg) estimated with a 100-cm rotor
(Pso CAVI 1000) and with associated reference technique (Psq reference). n corresponds to the number of replicates for each mean

value, and d corresponds to the average sample diameter

Pso reference (MPa) Reference method used

Species P50 CAVI 1000 (MPa)

Liriodendron tulipifera —1.99 (+ 008),n =8, d =109 mm
Populus nigra —212(*004),n=8d=120mm
Quercus ilex —713(*052),n=10,d=116mm
Quercus robur —473 (+024),n = =11.7mm
Pinus pinaster — 337 (+008), n = =143 mm

—205(+0.10,n=9 d=6.1mm Cavitron
—221 (*006),n=7,d=39mm Cavitron
—765(£028),n=5d=12mm Micro-CT
—416 (+027),n=3,d=11mm Micro-CT
—338(*021),n=6,d=75mm Cavitron

methods were performed with a generalised linear-
mixed models with species as a random effect.

3 Results

3.1 Performance of the new system

Operations required to perform a vulnerability curve,
while the centrifuge is spinning, are done completely re-
motely through a software, allowing safe and quiet work-
ing conditions for the operator. These working
conditions are compliant with the “Convention concern-
ing the protection of workers against occupational haz-
ards in the working environment due to air pollution,
noise and vibration” (ILO 1977) and its declination in
national laws for protection of the workers.

Traditional floor model centrifuge manufacturers have
been developing algorithms to regulate the speed of the
rotor with great precision and stability, with virtually no
overshoot. The measured precision for the rotation speed
is better than 20 rpm (for Sorvall RC models or Beckman
Coulter J6), which correspond to an error in the imposed
pressure well below 0.01 MPa. This error is completely
negligible compared to the other uncertainties (data not
shown). We decided to build on that experience to con-
struct cavitrons for short samples (< 50 cm). It is however
impossible, with the tools these manufacturers provide, to
control the speed remotely with a computer. Our ap-
proach enabled us to use two popular laboratory centri-
fuges (RC5B and RC5C+, Sorvall, Thermo, USA) to build
a remotely speed controlled cavitron.

The limits of pressure imposed through centrifugation at
the centre of the sample are dependent on the individual
set-up of the centrifuges and rotors used. For the setups de-
scribed in this manuscript, this pressure ranges from -6
MPa (for 16 cm long samples) to — 22 MPa (for 27-cm-long
samples). The maximum sample diameter that can be
inserted into the reservoir ranges from 10 to 24 mm de-
pending on the rotor design (see Table 1 for details).

Most of the cavitron rotors are designed to use com-
mercially available reservoirs, either centrifugation tubes
or spectroscopy cuvettes. While centrifugation tubes al-
ways state the maximum speed at which they can be
spun, this information is not available for spectroscopy
cuvettes. The cuvettes tested have a breaking point

ranging from - 3 to — 22 MPa (corresponding to rotation
speed from 6000 to 154,000 rpm for a 27-cm rotor) de-
pending on their material. Polycarbonate cuvettes are
recommended for high-speed rotation.

3.2 Resolution of measurement and detectability threshold
The relationship between resolutions achieved with different
cavitron sizes and pressures is presented in Fig. 4, for a meas-
urement time of 180s. These values vary mainly with the
rotor size and range from 0.0014 to 0.0032 kg m".MPa ' s
at a pressure of — 0.8 MPa. Both minimum and maximum
thresholds have exactly the same shape and are therefore
presented in the same graph, with two different axes. Figure
5 shows the relationship between sample diameter and mini-
mum conductivity measurable in 180 s at low speed (corre-
sponding to a pressure of — 0.8 MPa). The values represent
the conductivity corresponding to a meniscus displacement
speed of 0.6 um s~ for each diameter. Below this threshold,
the camera resolution is low, and the meniscus is often not
stable, because of slight mechanical vibration (< 1 um). In the
same manner, the relationship between sample diameter and
the higher conductivity measurable is shown in Fig. 6. The
limit has been set for a measurement of 3 s at the standard
speed used for the maximum conductance measurement
(corresponding to a pressure of — 0.8 MPa). The points show
the conductivity corresponding to a meniscus displacement
speed of 1500 um s™* for each diameter. Above this thresh-
old, the meniscus moves too fast to get enough measure-
ment points for accurate real-time estimation of Ks. For both
minimum and maximum, Ks is highly dependent of the sam-
ple diameter. For comparison with the gravimetric method,
flow rate for different sample diameters are presented in
Appendix Fig. 9.

3.3 Validation of the conductivity measurement and
temperature effect
The comparison between the conductivity measured
with the cavitron and with the gravimetric method
shows that both methods provided equivalent Ks values,
as shown by the linear regression in Fig. 7 (model p-
value < 2.2¢719).

The slope was equal to 1.023 (+ 0.030) and the offset
of the linear model was not significantly different from
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zero (0.020 + 0.032, p = 0.537). This relationship is con-
sistent for all rotor sizes.

The equation used to model the temperature effect on vis-
cosity of water (Eq. 6) provides a relative error below 0.12%
within the range of 5 to 40 °C (see Appendix Fig. 10). The in-
fluence of temperature effect on conductance, as imple-
mented in the Cavisoft software, is about 2.4%. C™* within
the temperature range of cavitron measurement (typically 20
to 30°C, data not shown). If the centrifuge cannot control
the temperature well enough (e.g. at very high speed, or if
greater precision is needed), it is possible to correct for the
systematic error induced by temperature change.

3.4 Vulnerability curve assessment

Figure 8 illustrates the similarity of the vulnerability
curves obtained with the different techniques. Values of
the Pso obtained with different techniques are reported
in Table 2. For short-vessel species, the VCs obtained
with the 100 cm rotor show no difference from those ob-
tained with the standard rotor (27 cm). For the two
long-vessel species, Fig. 8 also shows a good match be-
tween the two techniques (large cavitron and micro-
CT), even if the mean vulnerability curves are not com-
pletely overlapping as was the case for the short-vessel
species. On average, we did not detect any significant
differences in P5q between methods (global model with
all species, p = 0.8157).

4 Discussion

4.1 Performance and ergonomic

Since the development of early versions of cavitron
(Cochard 2002, Cochard et al, 2005), many improve-
ments have been implemented resulting in a significant
increase of the number of samples that can be processed
in a given time, thanks to both ergonomic improvement
allowing faster operations and working condition im-
provement, allowing better productivity.

The design of a more balanced rotor enabled to
reach a higher rotation speed. For the 27-cm rotor,
the maximum tension achieved is around - 22 MPa,
which is very close to reported values of heteroge-
neous water cavitation (between -20 and - 30 MPa)
in physical systems or artificial trees (Vincent et al
2012; Caupin et al. 2012). This implies that the cavi-
tron can expose a sample to an extreme tension,
close to the empirical threshold of water metastability,
and thus to the maximum tension a plant can experi-
ence (Larter et al. 2015).

The new framework provides an easy way to keep
traceability of the data and perform reproducible ana-
lysis. Handling of raw data, metadata and computed
values for a complete set of experiments is done within
one file, with an automatically generated unified format.
Implementation in an automated processing pipeline is
therefore possible with no data manipulation.
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4.2 Resolution and precision
Within the plant kingdom, the reported range of specific
conductivity (Ks) covers 4 orders of magnitude, from as
low as 0.02kg m™* MPa™' s™" to more than 200kg m™
MPa ! s7! for tropical vine (Gartner et al. 1990).
Resolution achieved by the instrumental setup de-
scribed here is typically well within this range, even
though a camera with a relatively small pixel matrix is
used. The required resolution is reached thanks to a
good quality of optics and sensor providing steady and
bright images. The main limitation of the system in
terms of resolution appears when the sample diameter is
very small compared to the cavitron reservoir. In this
configuration, the amount of water surrounding the
sample is big compared to the amount of water flowing
in the sample, and the meniscus movement can become
extremely slow. The model outputs (Figs. 6, 7, and 8),
showing theoretical resolution and detectability thresh-
olds for different conditions are presented as decision
tools to select sample size (mostly diameter) according
to the expected conductance of the sample.

4.3 Validation of the conductivity measurement
Although the cavitron has been widely used to produce
vulnerability curves (hydraulic safety) rather than

hydraulic conductance measurements, it seems ex-
tremely useful to also be able to estimate hydraulic effi-
ciency with this increasingly popular device. The fact
that the conductivity of a sample can be accurately mea-
sured in a SI unit with the flow-through centrifuge has
already been shown by Li et al. (2008) for the standard
rotor size. Our work confirmed their finding for three
new species and different rotor sizes whatever the spe-
cies used.

4.4 Validation of vulnerability curves obtained with a
large rotor

Numerous studies have shown the inability of centrifuge
techniques to unbiasedly assess resistance to xylem em-
bolism in long-vesselled species (Choat et al. 2010;
Cochard et al. 2010; Torres-Ruiz et al. 2014). The in situ
flow centrifuge technique (Cavitron) has indeed been
shown to overestimate vulnerability to cavitation when
vessels are longer than the rotor diameter (Martin-
StPaul et al., 2014; Wang et al., 2014a) due to open ves-
sel artefact (Wheeler et al. 2013). Our challenge was
therefore to develop and validate the use of a large rotor
to increase the range of species that can be measured
(e.g. oak, vitis). Firstly, our results showed that the large
rotor provides similar results to the standard rotor for
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short vessel species, with no significant difference be-
tween rotor sizes. Secondly, we performed VC measure-
ments on long-vessel species with this new device (large
rotor and more precise resolution) and were able (i) to
detect a change in xylem hydraulic conductance with de-
creasing xylem pressure and (ii) build an S-shaped vul-
nerability curve. Finally, we used the X-ray micro-CT
method, which has proven to be a good method to dir-
ectly visualise, at high resolution, the amount of embo-
lised vessels and to estimate the loss of hydraulic
conductance (Brodersen et al. 2013; Choat et al. 2016;
Cochard et al., 2015b; Nolf et al. 2017) and the pattern
of embolism spread in the vascular system (Torres-Ruiz
et al, 2017) to validate the large rotor measurements.
We found no or limited differences between the two
techniques with P50 values of -7.1 to - 7.6 MPa for
Quercus ilex and - 4.7 and - 4.2 MPa for Quercus robur
for the CAVI1000 and micro-CT techniques, respect-
ively. The slight differences reported here can be ex-
plained by the plant material used: 1-m-long branches
from mature trees for CAVI1000 and 1.5-m-long stems
from saplings for micro-CT. Thanks to this new large
rotor and the improved resolution of the hydraulic con-
ductance measurements, it is now possible to measure
with the in situ flow technique species that were very
difficult to measure until now (long vessels or low con-
ductivity). This will open up a new avenue for the

characterisation of drought-induced cavitation in trop-
ical forests or in viticulture for example.

5 Conclusion

The cavitron technique is mainly used for establishing VC
curves based on a relative loss of hydraulic conductance
(PLC), and therefore, absolute values of specific hydraulic
conductivity are not required. We demonstrated in this
study that it is also an accurate and reliable method to es-
timate specific hydraulic conductivity (Ks) in SI unit.

Software-based remote operation of the cavitron con-
siderably increased productivity, by decreasing work
hardness (noise, vibration, risk). Measurements are now
performed in an environment compliant to modern
health and safety rules, and with better ergonomics.

The use of a standard image vision system has also en-
abled to expand considerably the range of conductivity
that can be measured with a centrifuge technique; plants
with extremely low Ks or longer vessel length can now
be characterised for their resistance to drought. Provid-
ing that the sample diameter and length is suitably se-
lected, the new set-up of cavitron can now measure
virtually any xylem bearing organs for which vessel
length is shorter than the rotor, including herbaceous
species (Chacon Ddria et al. 2019) tropical or temperate
long-vessel species (Lobo et al. 2018; Ziegler et al. 2019)
or roots (Bouche et al. 2015).
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Column number

Header name

Description

1

O 0 N OO 1A~ W N

o023

15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43

Date_time
Campaign_name
Sample_ref_1
Sample_ref_2
Treatment
Meas_cavispeed_rpm
Max_cavispeed_rpm
Pressure_Mpa
Raw_conductance_kg_Mpa_s
Conductivity_SI_corrT
Std_error_conductivity
PLC

Note

Speed_class

Air_temp1

Air_temp2
Temperature_used_for_correction
Temperature_correctionfactor
Operator

Rotor_number

Species

Sampling_location

Sample_type

Comment

Delta_P_MPa

Pixel_size

Meas_mode

Rotor_diameter

Conductivity_unit

Equation_slope
Equation_intercept
Equation_residue
Equation_pearsonRsquare
Reservoir_cross_section_m2
Sample_crosssection_upstream_m?2
mean_diameter_big_res_mm
mean_diameter_small_res_mm
Number_of_stems

Rawdata_TIME
Rawdata_DISTANCE_pixel
Rawdata_DISTANCE_mm
Sample_diameter_rawdata_upstream

Sample_diameter_rawdata_downstream

Format of date time is “dd MMM yy; HH:mm:ss”

From the textbox “Campaign name”

From the textbox “Sample number”

From the textbox “Sample rep number”

From the textbox “Treatment”

Actual rotation speed (in rpm)

Maximum rotation speed reached during the run

Pressure reached during the run (computed from Max_cavispeed_rpm)
Raw conductance in kg.Mpa-1.s-1 (temperature corrected)

Specific conductivity in SI unit (see the unit in column 29) temperature corrected
Standard deviation from specific conductivity

Per cent loss of conductance

Free text

Speed class (letter auto-increment from “a” every time there is a change bigger than
75 rpm from the previous value)

Air temperature measured with an external probe

Not implemented

Temperature used for correction

Value of the correction factor (multiplier)

Name of operator selected from the list (or free text)

From textbox rotor number

From textbox species

From textbox “location”

Type of sample from the list (branch, root...)

Free text

Delta P (see Cochard 2002)

Pixel size (in mm pixel™") should be between 0.01 and 0.05
Manual or auto mode

Diameter of rotor at the meniscus level (2R in Cochard 2002)
Sl unit used for the computation of conductivity

Slope from the equation to compute conductance (Eq. 4)
Intercept from the equation to compute conductance (Eq. 4)
Residual error from the equation to compute conductance (Eq. 4)
R? from the equation to compute conductance (Eq. 4)

Inner cross-section of the reservoir in m?

Sum of the cross-section of the samples (dependant of the number of stems) in m?
Mean diameter of the samples upstream (mm)

Mean diameter of the samples downstream (mm)

Number of sample in the cavitron

Time of measurement (ms)

Distance between meniscus (pixel)

Distance between meniscus (mm)

Values of sample diameter in the upstream reservoir (cm)

Values of sample diameter in the downstream reservoir (cm)
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