Annals of Forest Science (2020) 77: 37
https://doi.org/10.1007/s13595-020-00944-2

RESEARCH PAPER @

Check for
updates

Lack of vulnerability segmentation in four angiosperm tree species:
evidence from direct X-ray microtomography observation

Ximeng Li" - Sylvain Delzon? - Jose Torres-Ruiz? - Eric Badel® - Regis Burlett* - Hervé Cochard® - Steven Jansen” -
Andrew King® - Laurent J. Lamarque®* - Nicolas Lenoir? - Nicolas Martin St-Paul® - Brendan Choat’

Received: 15 November 2019 /Accepted: 12 March 2020 / Published online: 31 March 2020
© INRAE and Springer-Verlag France SAS, part of Springer Nature 2020

Abstract

+ Key message Xylem vulnerability to drought-induced embolism did not differ between stems and petioles of four woody
species (Betula pendula, Liriodendron tulipifera, Populus tremula and Olea europaea). Our results, together with data
compiled from published literature, indicate that hydraulic segmentation during drought stress is not consistently driven
by difference in vulnerability to embolism between stem and terminal organs.

+ Context Hydraulic failure and disconnection of distal organs during protracted drought stress is thought to protect large
branches or trunks by reducing water loss and restricting the spread of embolism. Hydraulic segmentation and preferential
sacrifice of distal organs such as leaves can be driven by two mechanisms: more negative water potentials at the terminal section
of the hydraulic pathway and/or by higher vulnerability to xylem embolism of distal organs. Although vulnerability segmentation
has been reported in the literature, the generality of this phenomenon is unclear, in part due to the methodological limitations
related to direct measurement of xylem vulnerability to embolism in intact plants.

+ Aims The objective of this study was to evaluate vulnerability segmentation between petioles and stems using non-invasive
micro computed tomography (microCT).

« Methods Vulnerability to embolism was measured in leaf petioles and subtending stems of four woody species (Betula pendula
R., Liriodendron tulipifera L., Populus tremula L. and Olea europaea L.) with contrasting drought tolerances. In addition,
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previously published vulnerability data for petioles and stems were compiled from the literature to investigate the commonality of
hydraulic segmentation across a wide range of woody species, with the vulnerability curve methodology distinguished.

* Results Using non-invasive imaging on intact plants, we found no evidence of hydraulic segmentation between petioles and
stems of four angiosperm tree species, regardless of mechanism. Moreover, the literature dataset indicated that little or no
difference in vulnerability to embolism is present between petioles and stems when vulnerability curves were constructed using
methods specifically measuring the dynamics of xylem tissue during dehydration (e.g. optical visualization, MicroCT).

« Conclusion Our results suggest that vulnerability segmentation between stems and distal organs (petioles and leaves) is limited
when only xylem tissue is considered. Large differences in vulnerability between stems and leaves are likely to be driven by

extra-xylary components, rather than xylem embolism.

Keywords Embolism - Hydraulic segmentation - microCT - Petiole - Stem - Xylem

1 Introduction

Water transport along the soil-plant-atmosphere continuum
(SPAC) requires a minimal input of metabolic energy from
the plant but entails a risk of hydraulic failure that increases with
drought stress. Energy provided by solar radiation drives evap-
oration from within the leaf to the air, which leads to the gen-
eration of strong surface tension forces in mesophyll cell walls.
The high tensile strength of liquid water allows this tension to
be transmitted from the leaves to the roots where it acts to draw
water from the soil (Dixon and Joly 1895; Zimmermann 1983).
As such, liquid water in the xylem is under tension and is prone
to cavitation and formation of gas emboli. Drought-induced
embolism, which refers to the blockage of xylem conduits by
gas bubbles, occurs when xylem tensions exceed critical thresh-
olds required to cause air seeding and cavitation (Sperry and
Tyree 1988; Cochard et al. 1992; Delzon et al. 2010). As
embolized vessels can no longer conduct water, the spread of
emboli within the vascular system compromises leaf gas ex-
change (Hubbard et al. 2001) and may lead to organ, tree or
whole stand mortality in extreme cases (Barigah et al. 2013;
Choat et al. 2018). Vulnerability to embolism is a key functional
trait shaping the distribution of woody species at regional or
local scales (Brodribb and Hill 1999; Engelbrecht et al. 2007,
Trueba et al. 2017; Oliveira et al. 2019), and is the primary
determinant of survivorship when plants are subjected to severe
drought (Blackman et al. 2009; Brodribb and Cochard 2009;
Urtli et al. 2013; Anderegg et al. 2016).

Plants have developed a diverse range of strategies to mit-
igate the impact of water stress and reduce the probability of
catastrophic xylem embolism. One such strategy is the seg-
mentation of the hydraulic pathway in order to protect the
major organs necessary for the survival of the tree such as
the trunk. The hydraulic segmentation hypothesis was pro-
posed more than 30 years ago when hydraulic maps and pres-
sure profiles within trees were delineated (Zimmermann 1983).
This hypothesis states that peripheral organs, which represent a
low carbon investment for many woody species, will be hy-
draulically isolated during stress in order to minimize water
loss from transpiration and compartmentalize embolism,
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thereby protecting more proximal organs (stems or trunk) that
represent a larger carbon investment (Tyree and Ewers 1991).
According to the original interpretation, segmentation is pri-
marily facilitated by the increased xylem pressure gradients
towards the terminal sections of the hydraulic pathway as distal
organs often exhibit higher hydraulic resistance (Yang and
Tyree 1994; Sack and Holbrook 2006). In contrast, the vulner-
ability segmentation hypothesis, introduced by Tyree and
Ewers (1991), posits that segmentation may occur because
the xylem of distal organs is more vulnerable to embolism than
that of basal organs (Tyree and Ewers 1991; Tyree et al. 1993;
Pivovaroff et al. 2014; Zhu et al. 2016). These hypotheses are
not mutually exclusive since differences in organ vulnerability
are not required for segmentation under the hydraulic segmen-
tation hypothesis. However, a detailed understanding of mech-
anisms leading to hydraulic segmentation is important and has
implications for predicting plant response to drought, e.g. is
vulnerability segmentation universal across woody species
such that leaves are shed earlier during drought because they
are less resistant to embolism?

Experimental studies testing the segmentation and vulner-
ability segmentation hypotheses have produced inconsistent
results, which could in part arise from methodological discrep-
ancies when the cause of hydraulic decline of different organs
is examined. Much of the previously published literature mea-
suring hydraulics characteristics of different organs indicates
that leaves and petioles are generally more vulnerable to em-
bolism than stems, thus providing evidence in support of the
vulnerability segmentation hypothesis (Tyree et al. 1993;
Choat et al. 2005; Pivovaroff et al. 2014; Nolf et al. 2015;
Johnson et al. 2016). However, vulnerability curves used for
these comparisons have been generated using a wide range of
techniques and this causes some complications for interpreta-
tion (Cochard et al. 2013; Trifilo et al. 2014; Torres-Ruiz et al.
2015a, b). Hydraulic techniques used for generation of leaf
vulnerability curves incorporate water conducting tissues out-
side of the xylem, making it difficult to disentangle the con-
tributions of xylary and extra-xylary pathways. Recent evi-
dence suggests the extra-xylary pathways suffer significant
loss of conductance before any cavitation occurs in the leaf
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vasculature (Scoffoni et al. 2017; Corso et al. 2020). It is
therefore important to separate loss of extra-xylary conduc-
tance from vulnerability to embolism in this context. This is
especially relevant considering that extra-xylary components
are likely far more dynamic and rapidly recoverable than
losses in xylary conductance induced by cavitation; there is
not a clear consensus regarding the capacity of embolism re-
pair to facilitate rapid recovery of xylem conductance post
stress (Charrier et al. 2016; Lamarque et al. 2018).

Non-invasive imaging techniques (e.g. MRI, microCT, op-
tical technique) have the advantage of avoiding artefacts that
may occur with destructive methodology and allow for mea-
surements to be made simultaneously on different organs with-
in an intact plant (Cochard et al. 2013; Brodribb et al. 2016).
They also allow the impacts of xylem cavitation to be exam-
ined separately from changes in extra-xylary conductance, thus
providing a clearer understanding of the mechanisms under-
pinning plant response to drought. Recent studies incorporat-
ing in vivo observation of xylem function during dehydration
with non-invasive imaging techniques suggest that differences
in vulnerability to embolism between organs may have been
overestimated in previous work (Bouche et al. 2016; Skelton
etal. 2017, 2018; Rodriguez-Dominguez et al. 2018), although
some studies utilizing non-invasive techniques found petioles
are more vulnerable to embolism than stems in grapevine
(Charrier et al. 2016; Hochberg et al. 2016). These contrasting
findings highlight the need for further observations using non-
invasive techniques in order to resolve questions surrounding
the segmentation and vulnerability segmentation hypotheses
and to determine the degree of variation in hydraulic strategies
employed by different plant functional groups.

Here we report on the xylem vulnerability to embolism of
petioles and stems for four angiosperm tree species that are
known to have contrasting drought tolerance, with the aim of
testing the hydraulic segmentation hypothesis. Vulnerability
curves of petioles and stems were generated simultaneously
from intact plants using synchrotron-based high-resolution
microCT. The application of one technique to different organs
avoids potential bias associated with using different techniques
for each organ. Vulnerability to drought was quantified as the
water potential inducing 50% loss of xylem conductivity (Ps).
Given the results of recent studies utilizing non-invasive imag-
ing, we hypothesized that petioles and stems would show sim-
ilar Pso and rates of embolism formation during drought.

2 Material and methods
2.1 Plant material
Four angiosperm tree species were selected for the study: three

temperate deciduous species (Betula pendula Roth,
Liriodendron tulipifera L. and Populus tremula L.) and one

evergreen species (Olea europaea L. cv. Arbequina). All tree
species are diffuse-porous. The temperate deciduous species
(B. pendula, L. tulipifera and P. tremula) were sourced from
the INRAE nursery (Pierroton, France) and grown in 5-L pots
under well-watered conditions at the University of Bordeaux
(France). Plants were 3—4 years old and 1.0-1.5 m in height.
For O. europaea, 2~3-year-old saplings were obtained from a
nursery in Spain (Iberplant Jardineria i Vivers SL, Spain),
repotted into 1.5-L pots and grown for two months under
well-watered conditions at the University of Bordeaux.

2.2 Measurement of vulnerability to embolism
by X-ray microCT imaging

Synchrotron-based X-ray microtomography was used to esti-
mate vulnerability to drought-induced embolism in the main
stems and petioles of the four target species. Experiments took
place over two allocations of beamtime in April 2015 and
May 2016. At the microCT beamline (PSICHE) of the
SOLEIL synchrotron facility (Saclay, France), plants were
transported by road to the synchrotron just prior to beamtime
in each year. The temperate deciduous species were
dehydrated naturally over the course of five days, with three
to five replicate plants of each species used for observations of
vulnerability to embolism (B. pendula: n = 5; L. tulipifera: n =

3; P. tremula: n = 3). Plants were initially placed outside of the
synchrotron in full sunlight to dry. During the final phase of
drying, plants were removed from pots to increase the rate of
dehydration. A different protocol was used for O. europaea
because of longer the time required for dehydration. A subset
of plants (n =5) was progressively dehydrated during a 10-
day period leading up to the beamtime, with a second set of
plants maintained in a well-watered condition until the
beamtime commenced and then dehydrated naturally over
the course of five days. In total, twelve replicate plants were
used for observations of vulnerability to embolism in
O. europaea.

Two hours before each scan, one leaf per plant was
wrapped in a plastic bag and covered with aluminium foil in
order to allow for equilibrium between the leaf and stem and
provide accurate measurements of stem xylem water potential
(¥,). Water potential was measured immediately after the scan
with a Scholander pressure chamber (Precis 2000, Gradignan,
France). The PSICHE beamline has a hollow rotary stage
configuration, which permits plants to be scanned at different
heights (e.g. basal and apical portions). Petioles attached to
mature, fully expanded leaves close to the top of the stem were
scanned by placing a potted plant in hollow rotary stage.
Immediately following this, the height of the stage was raised
allowing the main stem axis to be scanned. In some cases,
petioles and stems were scanned together by affixing a leaf
to the stem using adhesive tape. Scans were made using a high
flux (3.10'" photons.mm ?) 25-keV monochromatic X-ray
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beam. The projections were recorded with a Hamamatsu Orca
Flash sCMOS camera equipped with a 250-um-thick LuAG
scintillator. The complete tomographic scan included 1500 pro-
jections, 50 ms seconds each, for a 180° rotation. Overall, scan
time was approximately 190 s with samples exposed to the X-ray
beam for 75 s. Previous observations have indicated that the
duration of scan did not introduce cavitation or injury to the
living cells. Tomographic reconstructions were performed using
PyHST?2 software using the Paganin method (Paganin, 2006),
resulting in 1536> 32-bit volumetric images. The final spatial
resolution was 3.02 um?® per voxel.

Samples of each species were scanned over a range of Wy
during the course of dehydration in order to obtain a vulnera-
bility curve to At the conclusion of experiments, all stems and
petiole samples were cut 2 mm above the previously scanned
area and scanned again. Vessels where sap was under tension
(i.e. functional vessels) immediately filled with air (Torres-
Ruiz et al. 2015b), allowing us to obtain an image showing
the entire populations of functional vessels filled with air for
deriving the maximum levels of xylem embolism.

2.3 Dataset for hydraulic segmentation

The dataset of hydraulic segmentation for woody species was
compiled from previously published literature, in which the
vulnerability to drought-induced embolism, as represented by
Ps, for both stem and distal organs (leaf, petiole or midrib) was
reported (Li and Choat 2020). Values of Ps, were either directly
obtained from literature or extracted from plots showing vul-
nerability curves using digitizing software (GetData Graph
Digitizer v2.26). In total, 118 cases were collected, including
116 different species and three species with different genotypes
(Hevea brasiliensis, Olea europaea and Populus koreana) (Li
and Choat 2020). Complied data were separated into two
groups based on the methodology used to determine Ps, of
distal organs. One group specifically includes leaf Psy (Psojear)
assessed by hydraulic-based techniques, either rehydration ki-
netics or evaporation flux method. The other group contains
petiole or midrib Ps, regardless the methods in use, and leaf Ps,
data measured by non-invasive techniques such as optical vi-
sualization or MicroCT. The major difference between these
two groups is that the former group represents Ps, data mea-
sured from whole leaves, and therefore are potentially affected
by extra-xylary pathways, while the latter group includes the
Ps, data measured exclusively from xylem tissues. Ps, of distal
organs was plotted against stem Ps, and hydraulic safety mar-
gin was calculated based either on the measurement of whole
leaf (HSM¢,p) or only xylem Psy (HSMyyiem) across species.

2.4 Data analysis

Images generated by microCT were processed following the
procedure described in Nolf et al. (2017). Briefly, a median Z-
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Fig. 1 Transverse section scanned by microCT showing the dynamics of P>
xylem embolism in leaf petioles of P. tremula (panels a—c), B. pendula
(panels e-f), L. tulipifera (panels g—i) and O. europaea (panels j-1).
Water-filled and embolized conduits appear as light grey and dark,
respectively. Values in each panel indicate stem water potentials at which
trees were scanned. Scale bars indicate 150 pm for all images. Blue and red
arrows indicate water-filled and air-filled vessel, respectively

projection of c. 30 um (11 2D cross sections) along the sample
axis was extracted from the middle of the scan volumes using
image] software. Images were segmented to select only air-
filled vessels. Vessel separation was aided by the “Watershed’
function (Choat et al. 2016) and, when necessary, manually
drawing vessel borders. Air-filled vessel dimensions were
measured using the “ANALYSE PARTICLES’ function in
ImageJ on all xylem vessels.

Percentage loss of conductivity (PLC, %) for each stem
image was quantified in two ways. We first estimated the
percent embolism based on the number of embolized vessels
at each water potential (V,)) relative to the maximum (V,ay),
which was considered as the total embolized vessel number
after cutting for each individual. Number of embolized vessels
was extracted from each image and the PLC, represented by
the percentage of embolized vessels, was calculated as PLCy ¢
(%) = (Vi/ Vimax) x 100. For petiole images, PLC was quanti-
fied by vessel counting because the boundary of some
embolized vessels was difficult to identify in some images
due to a lack of spatial resolution.

Secondly, the theoretical specific hydraulic conductivity
for the embolized vessels (K;) was calculated by summing
the individual conductivity of all embolized vessel:

D*r
K= 2 (128 )
embolized Ui

vessels

where D is the conduit diameter based on area with the as-
sumption of circularity and 7 is the dynamic viscosity of water
(1.002 10 Pa's at 20 °C). Then, the maximum theoretical
loss of hydraulic conductivity (K<) Was considered as the K;
of stems and petioles after cutting 2 mm above the scan zone
(see above), i.e. that provides the entire population of func-
tional vessels. PLC based on theoretical hydraulic conductiv-
ity (PLCtc) was then estimated as:

K
PLCrc(%) = (K ‘ ) x 100

max

Organ vulnerability curves (i.e. petiole and stem) were con-
structed by plotting the PLC data against corresponding stem
water potentials given that the difference in water potential is
trivial across organs after stomatal closure. For each species,
curves for stems and petioles were constructed by combining
data from replicate plants, in order to provide PLC and corre-
sponding water potential values over the full range of
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vulnerability curves. By doing so, one composite vulnerability
curve per organ for each species was generated. Vulnerability
curves were then fitted by Weibull function using the fitplc
package in R to obtain Ps, and its bootstrap confidence inter-
val (CI) (Duursma and Choat 2017). Ps( of petiole and stem
was considered significantly different if their CI did not
overlap.

3 Results

For scans of petiole samples, embolized vessels appeared as
dark areas that were readily distinguished from surrounding
tissue. The difference between water-filled vessels and sur-
rounding hydrated tissues (e.g. pith) was less discernable
due to the lower X-ray contrast (Fig. 1). For stem samples,
water-filled vessels and embolized vessels could be easily
differentiated, appearing as dark grey and black, respectively
(Fig. 2). Additionally, the scans allowed us to differentiate the
pattern of embolism across growth rings ata given water po-
tential. It appeared that newly developed vessels (i.e. current
year) tended to embolize at more negative water potentials
than the older vessels for all species (Figs. 1 and 2).

Estimates of percentage loss of conductivity (PLC) based
on vessel counting (PLCyc) and theoretical conductivity
(PLCrc) were very similar for all four species, as evidenced
by the clustering of datapoints around the line representing the
1:1 relationship (Fig. 3). Vulnerability curves plotted with
PLCyc and PLCrc yielded nearly identical water potential
at 50% loss of conductivity (Ps), although the width of con-
fidence interval was higher for P5, based on vessel counting
compared with theoretical conductivity in L. tulipifera
(Table 1).

For three of the four species (B. pendula, L. tulipifera and
O. europaea), native embolism was recorded in stems at water
potentials higher than — 1.0 MPa (Fig. 4a, ¢, d). Nonetheless, it
was unlikely that the vulnerability curves were significantly
affected, given the levels of native embolism were generally
low (below ca. 10%). For all species investigated, no statisti-
cally significant difference was detected for Psy between
stems and petioles (Table 1). Psq for petioles and stems were
very similar for B. pendula. For L. tulipifera, Pso of stem was
0.47 MPa higher than that of petiole. The lack of PLC data at
more negative water potentials in petioles and stems of
O. europaea did not allow a precise estimation of the upper
bound of CI of Psq. Stems of O. europaea appeared to be
slightly more resistant than petioles. However, the difference
between organ Psy was small and their lower bounds of Cls
were largely overlapped (Fig. 4, Table 1).

The compiled dataset showed that when vulnerability seg-
mentation is assessed based on the Ps, of midrib, petiole or
leaf vascular system, many species exhibited small differences
in Psy between distal organs and stems, leading to strong
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Fig. 2 MicroCT slices showing the dynamics of xylem embolism in stems P>
of P. tremula (panels a—c), B. pendula (panels d—f), L. tulipifera (panels g—i)
and O. europaea (panels j—1) during dehydration. Water-filled and
embolized conduits appear as light grey and dark, respectively. Values in
each panel indicate stem water potentials at which trees were scanned. Scale
bars indicate 150 pum for all images. Blue and red arrows indicate water-
filled and air-filled vessel, respectively

convergence in hydraulic safety margin with some divergence
from a 1:1 relationship at lower Psy values (Fig. 5; Li and
Choat 2020). In contrast, when leaf vulnerability is assessed
by methods that incorporate extra-xylary resistance, leaf vul-
nerability diverges strongly from stem (xylem) vulnerability,
especially at more negative water potentials.

4 Discussion

Using a non-invasive microCT imaging approach, we ob-
served no evidence of hydraulic vulnerability segmentation
between petioles and stems of four angiosperm tree species.
By virtue of making measurements on intact plants, we could
confirm that little hydraulic segmentation occurred regardless
of mechanism, i.e. petioles did not experience significantly
higher levels of embolism than adjacent stems during dehy-
dration for any of the species. This result contrasts with a
number of previous findings indicating that, within a plant,
petioles and leaves are more vulnerable to embolism than
stems (Tyree et al. 1993; Choat et al. 2005; Johnson et al.
2011; Bucct et al. 2013; Pivovaroff et al. 2014; Torres-Ruiz
et al. 2015a, b; Hochberg et al. 2016). Our data, however, are
consistent with the results of recent studies utilizing non-
invasive methods, which report no significant difference in
vulnerability between leaf and stem xylem across a range of
plant functional types (Bouche et al. 2016; Skelton et al. 2017;
Rodriguez-Dominguez et al. 2018; Skelton et al. 2018; Losso
etal. 2019).

In the present study, vulnerability curves of petioles and
stems were constructed using X-ray microCT. A major advan-
tage of this technique is that the dynamics of xylem hydraulic
status can be visualized in vivo, avoiding any potential arte-
facts during sample preparation (Cochard et al. 2013; Choat
et al. 2015, 2016) and allowing differences in organ vulnera-
bility to be assessed while plants undergo natural dehydration
treatments. However, rather than measuring the reduction in
flow rate directly, embolism is quantified by either estimating
the theoretical loss of conductivity or calculating the propor-
tion of embolized vessels, both of which involve limitations
(Choat et al. 2015; Charrier et al. 2016; Hochberg et al. 2016;
Nolf et al. 2017). The Hagen-Poiseuille equation assumes a
fourth power relationship between pipe radius and conductive
capacity; therefore, minor differences in the 2D geometry of
vessels can lead to substantial changes in estimated theoretical
conductivity. This error may emerge during image processing
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when image-specific thresholds are subjectively assigned to
differentiate the water-filled and embolized vessels. By the
same principle, calculating PLC by comparing the embolized
vessels relative to the total vessels ignores the contribution of
different vessel size groups to hydraulic conductivity. This
source of error may be trivial for diffuse-porous species with
a small range of vessel sizes across the xylem cross section.
Consistent with this prediction, we showed that stem vulner-
ability curves based on theoretical conductivity and vessel
counts were comparable, suggesting that both image analysis
approaches are applicable to the diffuse-porous species used
in this study (Fig. 3). However, more significant errors may be
encountered for ring-porous species in which vessel classes
differ both in size and vulnerability to embolism (Fukuda et al.
2015).

An implicit assumption of the microCT technique is that all
water-filled vessels are functional (Klepsch et al. 2018). It has
been suggested that some conduits that appear water-filled in
X-ray images may not be conductive because they are imma-
ture, blocked by micro substances such as gel or gum, or still
isolated from the conducting vessel network (Choat et al.
2016; Jacobsen et al. 2018). In the present study, the cut stem
(maximum number of embolized vessels) approach ensured
that only vessels connected to the transpiration stream and
under tension would be filled by air, while excluding conduits
that do not contribute to the maximum conductivity (e.g.
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Fig. 3 Comparison of percentage loss of xylem conductivity calculated
based on theoretical conductivity (PLCyc, %) and vessel counting
(PLCyc, %) for stems of four species (P. tremula, yellow; B. pendula,
red; L. tulipifera, blue; O. europaea, green). Results of linear regression
are shown as dashed lines with the same colour. Black solid line indicates
1:1 relationship. Adjusted R* of linear regression for P. tremula,
B. pendula, L. tulipifera and O. europaea are 0.95, 0.93, 0.91 and 0.95,
respectively. p <0.001 in all cases
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immature or gel-filled vessels). Previous comparisons of vul-
nerability curves generated from microCT against traditional
hydraulic techniques have shown good agreement between
methods. These results suggest errors associated with estimat-
ed theoretical conductance from cross sections are generally
negligible and that microCT is a reliable method for assessing
the xylem vulnerability to embolism (Choat et al. 2016; Nolf
et al. 2017; Charrier et al. 2018; Losso et al. 2019). In the
current study, the estimated stem Psq for B. pendula and
L. tulipifera was similar to the values reported in Klepsch
et al. (2018) using the flow-centrifuge technique, while stem
Pso of P. tremula and O. europaea was in good agreement with
the values estimated from bench-dehydration (Tognetti et al.
1999; Torres-Ruiz et al. 2013, 2014). Although cross-
technique comparison was not an aim of this study, our data
provide additional evidence for the reliability of microCT in
assessing xylem vulnerability to embolism.

The key finding of our current study was that petioles are
not more vulnerable to embolism than stems in the species
studied, leading to rejection of the vulnerability segmentation
hypothesis in the four studied species. It is clear that the oc-
currence of segmentation is not contingent on differences in
organ vulnerability since higher levels of embolism may occur
in distal organs as a result of water potential gradients devel-
oped during transpiration. Despite similar vulnerability, native
embolism in terminal organs such as leaves and petioles could
still reach critical thresholds for cavitation earlier than stems
due to more negative water potential under specific environ-
mental conditions (Yang and Tyree 1994). Studies utilizing
non-invasive imaging techniques on intact plants should the-
oretically account for both vulnerability and pressure gradient
mechanisms of segmentation. In our study, plants were
dehydrated naturally and allowed to transpire in full sunlight.
Given that we did not observe embolism formation in petioles
earlier than stems, it is clear that neither mechanism of seg-
mentation occurred. It is possible that hotter and drier

Table 1 Stem water potential inducing 50% loss of xylem conductivity
(Pso, MPa) for petiole and stem of three species
Species Petiole Stem

Psovc Psork
P, tremula 1.29[1.02, 1.85] 1.36[1.30] 1.40 [1.39, 1.41]
B. pendula 1.83[1.83,1.93] 1.85[1.71,2.00] 1.88[1.71,2.07]
L. tulipifera  2.17[1.68,229] 1.70[1.41,2.66] 1.52[1.22,1.83]
O. europaea  5.34 [4.62] 6.07 [4.80] 5.74 [4.59]

Numbers in brackets indicate the upper and lower bound of 95% confi-
dence interval. Psq of petioles are estimated by vessel counting, while Psq
of stem are shown as values based on either vessel counting (Psgyc) or
theoretical conductivity (Psori). Note that missing upper bound of con-
fidence interval of means values were unable to be estimated precisely
due to insufficient datapoints at more negative water potentials
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conditions during the summer may lead to the occurrence of
higher levels of embolism in leaves and petioles vs. stems due
to steeper water potential gradients that would occur with
higher levels of transpiration.

Our results contrast with many previous studies examining
hydraulic segmentation, which have reported higher vulnera-
bility in distal organs (leaves, petioles) compared with basal
organs (branches, trunks). For example, Pivovaroff et al.
(2014) reported more vulnerable leaves than stems in 17 spe-
cies, and recent meta-analyses concluded that leaves generally
have less negative Ps, than stems within a species (Bartlett
et al. 2016; Zhu et al. 2016). However, there are a number of
important qualifying factors that must be considered when
comparing results from previous work on hydraulic segmen-
tation. When evaluating hydraulic segmentation, studies in
which only xylem vulnerability has been measured must be
separated from those that incorporate extra-xylary compo-
nents of the hydraulic pathway (Scoffoni et al. 2017).
Studies in which leaf vulnerability has been determined by
hydraulic techniques usually incorporate extra-xylary path-
ways, which lose conductance at higher water potentials than
the leaf xylem (Bouche et al. 2016; Scoffoni et al. 2017). For

4 5 6 7 0 1 2 3 4 5 6 7
Water potential (-MPa)

instance, Scoffoni et al. (2017) reported large loss of conduc-
tance in extra-xylary pathways before any embolism occurred
in the leaf vascular network. Loss of conductance in extra-
xylary pathways is attributed to changes in membrane perme-
ability and cell shrinkage, factors that presumably allow re-
covery of conductive capacity on short time scales. In con-
trast, xylem embolism represents a more permanent reduction
in hydraulic capacity, with high levels of embolism linked to
death of organs or the whole plant (Rood et al. 2000; Brodribb
and Cochard 2009).

When xylem vulnerability is measured separately from extra-
xylary components, the difference in Py between stems and distal
organs becomes less pronounced. Visual techniques such as
microCT and optical visualization provide an opportunity to assess
the impacts of embolism in isolation from extra-xylary compo-
nents, even in more spatially complex tissues of roots and leaves
(Losso et al. 2019). Notably, the majority of recent studies using
visual techniques have reported no evidence of vulnerability seg-
mentation between stems and leaves. For instance, leaves showed
very similar or even more negative Ps, compared with stems in
some Quercus species when only xylem embolism was accounted
for (Skelton et al. 2018). Our results are also consistent with earlier

INRAQ @ svinse



37 Page100f12

Annals of Forest Science (2020) 77: 37

10
2_
o -
;«?0_ . :
83" n——
21 ° 5
S I fo) —_
L] o ®
o 6 -4-1
EI HSM 0 %
N xylem HSM|ea'
'® o s ® -
L) 4k ®
Q VL0
5] oY %o
o o® )
[ ] ©
AN
&r go © o0
L
]
(] [¢] o
a
0 -
0 2 10

4 6
P50 stem (_ MPa)

Fig. 5 Water potential threshold inducing 50% loss of conductivity (Ps)
of stem (Psogem) plotted against that of leaf (Psgjear) showing the
commonality of vulnerability segmentation across tree species. Data
were compiled from published literature in which Ps, of different
organs were measured on the same set of plants, including the 63
species reported in Zhu et al. (2016). Blue circles indicate Psge,¢ that
was estimated by assessing the dynamics of whole leaves, which
incorporate the extra-xylary pathway. Alternatively, Psgiear can be
measured from midrib (red circle)/petiole (red square), or exclusively
from the xylem network of leaves (e.g. microCT or optical technique),
in which only the conductivity of xylem tissues is accounted for (red
diamond). The solid line represents the 1:1 relationship. Inset boxplot
shows the distribution of hydraulic safety margin (HSM, MPa; defined
as PsosemPso1cat)

studies in which hydraulic techniques were used to eval-
uate differences in the vulnerability of stem and petiole
xylem of temperate tree species (Cochard et al. 1992,
1997). However, even when xylem vulnerability is con-
sidered separately from extra-xylary resistance, these pat-
terns are not universal; previous studies have shown that
petioles of Vitis vinifera were more vulnerable than stems
indicating the vulnerability segmentation occurs for some
species (Charrier et al. 2016; Hochberg et al. 2016). Prior
comparisons of petiole and stem vulnerability for walnut
also provide evidence of vulnerability segmentation and
suggest that, in some cases, the petioles act as a hydraulic
fuse that proceeds leaf shedding (Tyree et al. 1993).
Taken in context, these results indicate that the degree of
xylem hydraulic segmentation between distal and basal organs
varies across species, thus suggesting a range of physiological
strategies in case of water stress, rather than a universal phe-
nomenon. This is also strongly supported by the complied
literature dataset, which showed that xylem of distal organs
is not necessarily more vulnerable than stems across a wide
range of tree species. The results of our study and this data
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synthesis demonstrate that (a) xylem vulnerability to embo-
lism is similar between stems and distal organs, and (b) cau-
tion should be used in drawing general conclusions regarding
hydraulic segmentation without accounting for methodology
and the influence of loss in extra-xylary resistance. These
conclusions raise obvious questions regarding the functional
significance of different components in the hydraulic pathway
and the consequences of losing hydraulic conductance in
extra-xylary and xylary sections. Distal segmentation effected
by loss of extra-xylary resistance may lead to stomatal closure
and maintenance of water reservoirs within the leaf (Scoffoni
et al. 2017) while the occurrence of xylem embolism is asso-
ciated with permanent dysfunction and death of distal organs.
Elucidating underlying mechanisms of segmentation and the
importance of various hydraulic components will require a
more detailed assessment of spatial pattern of hydraulic archi-
tecture, especially for leaves, in which hydraulic transport is
regulated by multiple pathways.
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