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Abstract

Xylem embolism is one of the main processes involved in drought-related plant mortality.
Although its consequences for plant physiology are already well described, embolism
formation and spread are poorly evaluated and modelled, especially for tracheid-based
species. The aim of this study was to assess the embolism formation and spread in Pinus
sylvestris as a case study using X-ray microtomography and hydraulics methods. We also
evaluated the potential effects of cavitation fatigue on vulnerability to embolism and the
micro-morphology of the bordered pits using Scanning electron microscopy (SEM) to test for
possible links between xylem anatomy and embolism spread. Finally, a novel model was
developed to simulate the spread of embolism in a 2D anisotropic cellular structure. The
results showed a large variability in the formation and spread of embolism within a ring
despite no differences being observed in intertracheid pit membrane anatomical traits.
Simulations from the model showed a highly anisotropic tracheid-to-tracheid embolism
spreading pattern, which confirms the major role of tracheid-to-tracheid air seeding to explain
how embolism spreads in Scot pine. The results also showed that prior embolism removal
from the samples reduced the resistance to embolism of the xylem and could result in

overestimates of vulnerability to embolism.

The submitted manuscript addresses, by using X-ray microtomography and hydraulic
methods, a relevant and poorly evaluated question in plant physiology: the embolism
formation and spread among xylem conduits in Scots pine as a case study. Results showed a
large variability in embolism resistance within a single ring despite no anatomical differences
were observed in those traits associated with resistance to embolism between tracheids.
Indeed, and for the first time in a tracheid-based species, an increased vulnerability to
embolism was observed in tracheids that were embolised once, confirming the occurrence of
cavitation fatigue in conifers. Finally, a novel model was developed to simulate how
embolism spreads among tracheids, allowing us to confirm the major role of the tracheid-to-

tracheid air seeding in the xylem embolism spreading in Scot pine.
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Introduction

In plants, water moves through the xylem under metastable conditions due to the
tension induced by its evaporation at the leaf surface. This tension allows its transport from
soil to leaves but also favours the occurrence of cavitation events in xylem conduits, i.e. the
change from liquid to water vapour (Dixon & Joly 1895; Tyree &Sperry 1989). Cavitation
results in the appearance of embolism that provokes the hydraulic dysfunction of the xylem
and reduces plant water transport capacity. During water shortage, reductions in soil
extractable water increase xylem tension and, therefore, cause the occurrence of cavitation
events. Xylem embolism is considered one of the principal mechanisms causing drought-
related mortality in woody species (Brodribb & Cochard 2009; Brodribb et al. 2010; Urli et
al. 2013; Anderegg et al. 2015), explaining why evaluating plant resistance to embolism both
across and within species has received considerable attention during the last decades
(Cochard et al. 2013 and 2016; Torres-Ruiz et al. 2013). However, whereas most of the
studies have been focused on the consequences of hydraulic dysfunction for plant physiology
and survival, less attention has been paid to embolism spread from conduit to conduit despite
its relevance for a better understanding of plant functioning. This knowledge gap has been
mostly caused by the lack of access to non-invasive techniques that allow the direct
observation of the xylem lumen content and, therefore, the high-resolution quantification of
embolism (Cochard et al. 2015). The access to synchrotron facilities and the emergence of
desktop-based X-ray microtomography (micro-CT) systems have favoured the first

evaluations of embolism spreading in plants, reporting a good agreement between hydraulic
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and micro-CT results (Choat et al. 2016). Thus, by using these techniques, Brodersen et al.
(2013) reported for Vitis vinifera that embolism appears first in xylem vessels surrounding
the pith and, as water potential decreases, spreads radially towards the epidermis. On the
contrary, Choat et al. (2015) reported that embolism in Sequoia sempervirens, a tracheid-
based species, appears by describing three different patterns: in wide tangential bands of
tracheids, as isolated tracheids and as functional groups connected to leaves. Dalla-Salda et
al. (2014), however, reported that embolism in Douglas-fir (Pseudotsuga menziesii (Mirb)
Franco) initiates and propagates successively at two different xylem locations: first in the
latewood and then in the earlywood. Finally, Knipfer et al. (2015) showed that embolism in
Juglans microcarpa appeared initially in isolated vessels and then spread to multiple vessels
in close proximity. Despite the differences among studies in their reported embolism
spreading patterns, all they agree in that the primary mechanism causing embolism spread is
air seeding. The different patterns described up to date reflect an important variability in how
embolism initiates and spreads among plant species. However, a dedicated model able to

describe such differences is still missing.

Air seeding is defined as the aspiration of gas into functional conduits from adjacent
embolised ones (Zimmermann & Brown 1971; Sperry & Tyree 1988). The structure and
characteristics of the inter-conduit pits have an important role in avoiding the spreading of
drought-induced embolism since they determine the pressure gradient required for the rupture
of the air-sap meniscus and, therefore, embolism propagation through their pits (Tyree &
Zimmermann 2002; Lens et al., 2013). In angiosperms, two adjacent vessels are separated by
a porous pit membrane which traps air-water menisci and avoids air leaks when xylem
tension increases. In conifers, inter-tracheid pits are morphologically different and they act as
valves to block the air spreading from embolised to functional tracheids. They consist of

circular bordered pits with a centrally located torus that is passively aspirated to the aperture
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of the pit chamber. Whereas in angiosperms the air seeding depends on the size of the largest
pores in the pit membranes separating two vessels (Choat et al. 2003; Christman et al. 2009),
the more complex structure of the inter-tracheid pits in conifers makes it depends on the
adhesion of the torus to the pit border, as the seal capillary-seeding hypothesis suggests
(Delzon et al. 2010). A recent survey of 115 conifer species by Bouche et al. (2014) showed
how the ratio of torus to pit aperture diameter, i.e., the torus overlap, increases with
increasing embolism resistance of the species, suggesting that air-seeding is located at the
seal between the aspirated torus and pit aperture. The patterns of embolism spreading among
tracheids would also be therefore related to differences in pit anatomy that generate
differences in torus/pit aperture overlap. However, information on the dynamics of embolism
spreading among tracheids depending on their pit anatomy characteristics is virtually non-

existent.

During the last few years, the identification of different sources of artefacts that may
affect the accuracy of the results in plant hydraulics has led to a revision of the methods and
protocols used to construct vulnerability curves (Cochard et al. 2010, 2013; Sperry et al.
2012; Wheeler et al. 2013; Torres-Ruiz et al. 2014, 2015). One of the possible sources of bias
that has poorly been evaluated is the use of samples from which embolisms had previously
been removed. Prior embolism removal can make xylem conduits appear more vulnerable to
embolism due to the phenomenon of ‘cavitation fatigue’ (Hacke et al. 2001). Cavitation
fatigue has been related to changes in the pressure difference required for gas-aspiration from
an embolised conduit into a functional one, being linked with changes both in the stretching
and deflection capacity of the pit membrane in angiosperms as well as with the seal capacity
(Delzon et al. 2010) and elastic stretching properties of the torus in gymnosperms (Stiller &
Sperry 2002). The cavitation fatigue phenomenon causes embolism spread to take place at

lower xylem tensions among those conduits that have been embolised at least once,
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underestimating therefore resistance to embolism. Although the relevance of cavitation
fatigue ‘in vivo’ is not clear because of the uncertainties about the capacity of the plants to
refill embolised conduits while the xylem is under tension (Delzon & Cochard 2014; Cochard
et al. 2013; Charrier et al. 2016), fatigue can have an important influence in affecting

vulnerability curves from embolism-removed xylem samples.

By both direct and indirect xylem observation, the mains aims of this study were to
evaluate (i) the within-ring variability pattern in embolism resistance and spread, and (ii) how
the prior embolism removal from tracheid-based xylem samples could affect the resulting
vulnerability curves in current-year branches of Scots pine (Pinus sylvestris L.), one of the
most well-understood model tree species with regard its hydraulic properties (Mencuccini &
Grace 1996; Martinez-Vilalta et al. 2009; Sterck et al. 2012; Salmon et al. 2015). Indeed, we
also analysed the micro-morphological characteristics of the bordered pits to determine if the
observed spreading patterns are related not only to differences in the anatomical traits
associated with resistance to embolism, but also to the presence of isolated embolised
tracheids. The results are used to parameterise a novel model to predict embolism formation
and spreading along xylem conduits and explain the spatial patterns observed by direct
visualization. Furthermore, by using both micro-CT and hydraulic techniques, we evaluated
how prior embolism removal from the xylem samples could affect the resulting vulnerability

curves.

Material and methods

Direct observation of embolism spreading.

Embolism spreading was evaluated in three current-year branches from three different

individuals of Scots pine located in the vicinity of the INRA-Crouel campus in Clermont-
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Ferrand (France). Sampled branches were 0.5 to 1 cm in diameter and ca. 40 cm in length,
and they all were located in full sunlight-exposed conditions. Samples were collected during
the morning, wrapped into plastic bags with wet paper towel inside for at least 2 h (to
minimise transpiration and promote equilibration between needle and xylem water potential
of the stem, ¥, and ¥ respectively), and their ¥ were determined with a Scholander
chamber on 3-4 needles per branch. Samples were then adjusted to 150-mm length with a
razor blade and placed in an X-ray microtomograph (Nanotom 180 XS, GE, Wunstorf,
Germany) at the PIAF laboratory (INRA, Clermont-Ferrand, France) to determine the amount
of native embolisms by evaluating three-dimensional images of the internal structure of the
sample. For the micro-CT image acquisition and image combination, the field of view was
fitted to 4.0 x 4.0 x 4.0mm and the X-ray source set to 50 kV and 275 pA. For each 42-min
scan, 1000 images were recorded during the 360c rotation of the sample. After 3D
reconstruction, the spatial resolution of the image was 2.00 x 2.00 x 2.00 um per voxel. One
transverse 2D slice was extracted from the middle of the volume using VGStudio Max©
software (Volume Graphics, Heidelberg, Germany). As embolisms cannot be removed in
conifer xylem samples by flushing water at high pressure because of the torus margo sealing,
samples were vacuum infiltrated in 10 mM KCI solution for a minimum of eight hours to
promote such embolism removal (previous observations by using micro-CT showed that this
time was sufficient to remove all the embolisms). Vacuum infiltration is considered a viable
and verifiable alternative to flushing for removing embolism in tracheid-based conducting
systems since it reduces the risk of pit aspiration and of clogging the cut end (Hietz et al.
2008). Samples were inserted in a 150-mm-diameter custom-built rotor designed according to
Alder et al. (1997) and spun for 5 minutes at increasing speeds to get progressively higher
xylem tensions up to 3.0 MPa, corresponding to the xylem water potentials typically reached

by the species at its range boundary in the Mediterranean basin (e.g., ca. -2.5 MPa in Poyatos
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et al. 2013; ca. -2.1 MPa in Salmon et al. 2015). Thus, the following tensions were induced in
the middle of the samples by spinning: 0.5, 1.0, 1.5, 2.0, 2.5 and 3.0 MPa. After each
spinning, samples were removed from the rotor and scanned to visualize the embolism
induced at each tension in the centre of the sample. This first set of xylem tensions induced in
the samples will be referred to as ‘first cycle of embolism” from now on. After the last scan,
i.e. after inducing at tension of 3.0 MPa, samples were vacuum infiltrated again (for a
minimum of eight hours) to allow the complete refilling of the conduits. Samples were then
subjected to the same xylem tensions and scanned again in the micro-CT for a second time
and at the same point to ensure an exact 3D overlap of the two scans (referred to as ‘second
cycle of embolism’ from now on). The amount of embolisms formed at each xylem tension
was determined as described below and compared between the first and second cycle of
embolism. All samples were wrapped into a paraffin film before each scanning to prevent

drying during X-ray scans.

The dynamics of xylem embolism spreading was evaluated in the centre of the sample
by adjusting to the field of view of the scanner in order to avoid boundary artefacts related to
the width of the branches. The scanned xylem area was divided into five equal sections from
the limit of the pith (section 1) to the beginning of the bark (section 5) (Supporting
information Fig. S1). As previous observations reported non-significant differences in
tracheid diameter between the xylem sections, the percentages of embolised tracheids (%) of
each section and of the entire portion at each tension were then calculated similarly to Choat
et al. (2015), i.e. by comparing the area of observed functional and embolised xylem area (As

and A respectively) as:
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Percentage area of embolised tracheids = (A¢x 100) / (Ac + As)

To evaluate a possible effect of prior embolism removal on the resulting vulnerability curves,
the percentage of embolised tracheids in each section and in the entire sample area were
compared at each tension during the first and second embolism cycle. The dynamics of
embolism spread between the different sections was also evaluated during both cycles to

detect possible changes in the spreading patterns.

By combining micro-CT images we detected and located the tracheids that become
embolised when xylem tension increased from 2.0 to 2.5MPa during the first cycle of
embolism. Being focused on these embolised tracheids, we removed the embolism by
vacuum infiltration and determined the percentage of them that become embolised at a lower
xylem tension than during the first cycle (i.e. 2.0 MPa or lower). This allowed us to calculate
the percentage of tracheids that reduced their resistance to embolism once they had been
embolised once (% of fatigued conduits). To ensure that these tracheids were not already
influenced by previous embolism events, only those tracheids of the current-year branches
that were fully functional when samples were collected (i.e., under native conditions) were

considered for these calculations.

Modelling embolism formation and spatial spreading (SimCav software)

A numerical model (SimCav) was developed to simulate transversal embolism spreading in a
2D cellular structure. The outputs of the model are images that describe the pattern of
embolised and non-embolised cells in the material. The 2D model works as follows: As a
basis material, we used a representative transversal area made of 900 (30x30 in radial and
tangential direction) square cells equivalent in size to the original images obtained by micro-

CT analysis. The square tracheids are organized in radial columns and tangential lines that
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mimic the transversal structure of the xylem of gymnosperms. Each tracheid is connected to
four neighbouring tracheids; two in the radial direction and two in the tangential direction.
Then, starting from this non-embolised cellular structure, the model virtually increases the
xylem tension and indicates the cells that become embolised at a given tension. The number
of embolised tracheids is driven by the experimental vulnerability curve that fixes the
percentage of tracheids that become embolised at each xylem tension. Thus, the parameters
of the vulnerability curve derived from adjusting the Pammenter & Vander Willingen (1998)
equation were included in the model. At this step, several cases are possible to explain
embolism formation and spreading: i) a tracheid may become embolised despite being
surrounded by water-filled (i.e. functional) tracheids. This behaviour acts as a spatially
random process in the 2D cross section. Alternatively, a tracheid may become embolised
because it is connected to an already embolised tracheid and then becomes embolised by air-
seeding. In this case, the spreading occurs either in ii) the radial or iii) the tangential direction
according to the orientation of the common cell wall. These three scenarios represent the
three processes by which a cell can becomes embolised. For each process is given a
probability of occurrence that can be adjusted by two parameters: i) the “cell-to-cell
Spreading” to “Random emergence” ratio (SR) that indicates how much a non-embolised
tracheid connected to an embolised one is more sensitive to an embolism event relative to a
random event; ii) the “Anisotropic Spreading” ratio (AS) indicates a preferential spreading
along either the radial or the tangential direction. Thus, an AS equals to 2 means that, in case
of spreading, the probability of radial spreading is 2 times higher than tangential spreading.
The names ‘air-seeding’ and ‘homogeneous nucleation’ are avoided here because the two-
dimensional nature of the model precludes direct inference on the causes of embolism
emergence. According to these embolism assumptions (random emergence, more or less

anisotropic spreading), the model generates the embolism pattern in the cells network for
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each xylem tension (see the movie S3). The output is given as a 2D picture, for each step, of
the embolism pattern of the cellular structure. A snapshot of the computing interface of the

software is given as a supplementary material (S2).

The model was parameterized by using micro-CT observations. The model was run
using a wide range of SR and AS values; SR ranged from 0 (fully random process) to 10 and
AS ranged from 1 (isotropic spreading) to 30. The resulting simulations depicted the wide
range of possibilities, from a totally random to a very isotropic or anisotropic embolism
spreading pattern. Then, we compared the simulated pattern with results from an
experimental micro-CT scan, both fixed at 30% of embolised cells. The agreement between
simulated and experimental images was computed by counting the number of cell-to-cell
connexions in the radial (CR) and the tangential (CT) directions, and the number of isolated

embolised cells (IC) and calculating the root-mean-square error:

eqg.1

(CRsim— CRex )2+(CTsim_CTex )2+(1Csim—lcex )2
error = £ £ L4
Ntotal

with Niota indicating the total number of connexions. For model validation, the resulting fitted
parameters were used to simulate the spreading patterns at 60% of embolised cells and results
compared with real patterns obtained from micro-CT scans for such percentage of embolised

tracheids.
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Effect of embolism removal on resulting vulnerability curves

In addition to results obtained by direct observation (i.e. micro-CT), the influence of prior
embolism removal was also evaluated hydraulically by using the flow-induced centrifugation
technique (Cavitron: Cochard et al. 2002, 2005). To eliminate inter-individual variability,
current-year branches were collected from a single Scots pine individual. Briefly, three ca.60
cm-long branches were sampled early in the morning, doubled-bagged in plastic bags and
transported to the lab. A 280 mm-long current-year segment per branch was then excised by
carrying out several cuttings under water, debarked to minimize resin exudation and both
ends trimmed with a fresh razor blade. Each sample was installed in a 280-mm-diameter
custom-built honeycomb rotor (Lamy et al. 2011) and its maximum hydraulic conductance
determined under low xylem tension (i.e. close to zero). The speed of rotation was then
gradually increased to induce different xylem tensions and the percentage loss of hydraulic
conductance (PLC) calculated by measuring the hydraulic conductance after each tension
until reaching 100% PLC. After obtaining a vulnerability curve for each sample (first cycle of
embolism curves), all segments were vacuum infiltrated for a minimum of eight hours and a
second curve generated from the same samples (second cycle of embolism curves). All
measurements and the vacuum infiltration were done by using a degassed and ultrapure 10
mM KCI and 1 mM CaCl2 solution. Both curves were fitted using the equation provided by

Pammenter & Vander Willigen (1998):

PLC = —2

=y eq. 2

with a representing a dimensionless parameter controlling the shape of the curve and b the

xylem tension for a loss of hydraulic conductance of 50% (Psp).
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Micro-morphology of bordered pits

Differences in the morphology of the bordered pits can result in different capacities to avoid
seal capillary seeding. To check if the patterns of embolism spreading among tracheids are
related to morphological differences of their bordered pits, the torus overlap (O), the margo
flexibility (F) and the valve effect (Ver) were determined in tracheids located both in the
more intermediate (xylem sections 2, 3 and 4) and outer (sections 5, see Fig. S1 in supporting
information) parts of the xylem of four current-year branches. The relevance of the so-called
‘valve effect’ is due to its role in the avoidance of the air spreading into the functional
tracheids (i.e. in embolism resistance) and it depends on the torus diameter relative to pit
aperture diameter. Measurements were carried out by using scanning electron microscopy
(SEM, PhenomG2 pro; FEI, The Netherlands) at the Caviplace platform (INRA - University
of Bordeaux) as described in Bouche et al. (2014, 2016). Briefly, 5-8 mm-long samples were
cut with a razor blade in the radial direction, dried for 48 h at 70 °C, coated with gold for 40 s
at 20 mA (108 Auto; Cressington, UK) and observed under 5 kV. The O, F and Vgr were then

calculated as described by Delzon et al. (2010):

0 — (DTO_DPA) eq.s
Dro

F = (Dpm—Dt0) eq.4
Dro

VEF - F X 0 eq5

being Dto, Dpa and Dpy, the torus, pore aperture and pit membrane diameters, respectively.
A minimum of 60 bordered pits were analysed in each sample (30 pits in the intermediate
sections and 30 pits in the outer one). All SEM images were analysed with ImageJ freeware

(Rasband 2014).
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Statistical analyses

Statistical analyses were carried out using Sigmaplot (SPSS Inc., USA). Differences in mean
torus area, pore area, O, F and Vgr values between those xylem sections located between the
inner and outer parts of the xylem, and the outer part of the xylem were evaluated by Student
t-test. Similarly, the mean xylem tension inducing 50% loss of hydraulic conductance
(Cavitron) or 50% of tracheid area embolised (both for the entire xylem portion and for each
xylem section by using micro-CT; Table 1) between first and second cycle of embolism were
evaluated by paired t-tests. Statistical comparisons were considered significantly different at
p<0.05. All data sets were previously tested for distributional normality and variance

homogeneity.

Results

Measurements of the native embolism in the Scots Pine samples showed a percentage of
embolised tracheid area of 22.2%, being most of them located either in the inner (section 1)
or the outer section (section 5) of the xylem (Fig. 1c). During the first cycle of embolism,
most of the embolism observed at relatively low xylem tensions (<1.5 MPa) were located in
these two sections (Fig. 1a). Only when xylem tensions reached values above 1.5 MPa, did
embolism start to spread to the more intermediate xylem sections (i.e., sections 2, 3 and 4). A
similar spreading pattern occurred during the second cycle of embolism. Thus, the embolised
area increased first in the inner (near the pith) and outer (near the bark) sections and then, as
the xylem tension increased, in the more intermediate ones (Fig. 1b). However, the
percentages of embolised tracheids in the intermediate sections were higher during the second

cycle than during the first one for all the xylem tensions evaluated.
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The high spatial resolution of the micro-CT images allowed evaluation of the
embolism spreading at conduit level. Thus, the combination of micro-CT images from two
consecutively induced tensions, i.e. 2.0 and 2.5 MPa, showed that an important amount of the
tracheids that became embolised at 2.5MPa were connected to an embolised tracheid at
2.0MPa, suggesting both a tangential and radial embolism spreading along neighbouring
tracheids (Fig. 2). Apart from the spreading along adjacent tracheids, isolated embolised
tracheids (i.e., surrounded by functional tracheids) were also observed in 2D transverse and
tangential images as xylem tension increased (Fig. 2c). However, when 3D re-constructed
images were analysed, some of such apparently isolated tracheids appeared to be actually

connected to other embolised tracheids but at a different height (Fig. 3).

The parametrization of the model at PLC=30% allowed determination of the best
input parameters (SR and AS) to explain the observed embolism pattern by minimizing the
difference between simulated and experimental images with a root-mean-square error equal
to 0.2 (Fig. 4). The results showed how anisotropic spreading is the dominant process in the
observed embolism spreading patterns. Thus, the optimal AS value was 8 which means that
the radial spreading is 8 times more frequent than the tangential one. The optimal SR was ca.
2, indicating that the probability of “spontaneous” (or “random”) embolism to occur is two
times lower than the tangential (and 16 times lower than radial spreading). The comparison
between results from the model and experimental x-ray tomographic images at 60% of
embolised tracheids revealed a very small difference in terms of the distribution of cell-to-
cell connections (according to eg.l) with a root-mean-square error of 1.02. This shows
therefore the robustness of the approach and confirms that the fitted values for AS=8 and

SR=2 provide realistic xylem embolism patterns (Fig. 5).
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The micro-morphological analysis of the bordered pits showed significant differences
in torus and pore sizes between the outer and the more intermediate sections of the xylem.
Thus, whereas tracheids in the outer section of the xylem showed mean torus and pore areas
of 21.0 and 8.8 pm? respectively, they reached 35.6 and 15.6 pm?, respectively, in the
intermediate sections (Fig. 6). Despite these morphological differences in their pit
membranes, tracheids from the outer and the more intermediate xylem areas showed similar
values in torus overlap, margo flexibility and valve effect, i.e., those traits related to

resistance to embolism.

Results from the micro-CT image analyses suggested that vulnerability to embolism
of the embolism-removed samples increased slightly when these samples were exposed to
high xylem tensions for a second time. The apparent increase was confirmed hydraulically by
using the Cavitron. Thus, micro-CT images showed that the xylem tension required to
embolize 50% of the xylem tracheid area decreased from 3.02 + 0.13 MPa to 2.55 *
0.14 MPa in embolism-removed samples (Fig. 7a, Table 1). This decrease was observed in
most of the xylem sections, being significant in the intermediates ones (Table 1). Results
from the Cavitron confirmed these observations showing that Psy decreased significantly,
from 3.30 = 0.12 MPa to 2.76 £ 0.32 MPa, during the second cycle of embolism induction
(Fig. 8, Table 1). Across tracheids, results from the combined micro-CT images also revealed
a shift in the resistance to embolism between the two cycles of embolism induction (Fig. 7b).
Thus, 81.3 + 5.9% (mean + standard error, n=3) of the tracheids that became embolised when
the xylem tension increased from 2.0 to 2.5 MPa during the first cycle of embolism, appeared
already embolised at a xylem tension of 2.0 MPa during the second cycle. This, therefore,
indicates a reduction in resistance to embolism in those tracheids that had been embolised

once.
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Discussion

Direct micro-CT observations revealed that tracheids do not embolize homogeneously along
the entire xylem tissue in Pinus sylvestris but progressively from inner and outer xylem areas
to the intermediate ones. Micro-CT scans showed how tracheids become embolised at lower
xylem tensions near the pith and the bark than in the intermediates parts of the xylem. Xylem
areas near the pith and close to the bark are, therefore, responsible for most of the hydraulic
conductance losses observed at relatively low xylem tensions (i.e. up to 1.5 MPa). As xylem
tension increases, embolism propagates to the intermediate regions of the xylem. It is
important to mention that a fraction of the air-filled tracheids observed near the pith at low
xylem tensions might be caused not directly by the spreading or induction of embolism, but
by the destruction by stretching of protoxylem as a consequence of plant growth (Rockwell et
al. 2014). These air-filled protoxylem conduits represent a potentially important source of air
that could facilitate the entry of air into other xylem areas and, therefore, would explain the
radial embolism spreading from the pith previously observed in this and other angiosperms
species (e.g., Vitis vinifera, Brodersen et al. 2013). The presence of air in the pith is very
common in intact plants (e.g. in Eucalyptus pauciflora at a xylem tension of 3.6MPa, Torres-
Ruiz et al. 2015), even when they show relatively low xylem tension values (e.g., in
Helianthus annuus at 0.4 MPa, Torres-Ruiz et al. 2015). In fact, scans obtained from samples
which showed relatively low native hydraulic conductance losses (PLC=22.2%) revealed that
an important amount (41.35%) of the already embolised tracheids were located in the
innermost xylem areas. Similarly, the presence of air in the bark could also works as a source
of air that can facilitate air seeding. However, the exposure to air of the outer and inner
tracheids cannot only explain the observed embolism pattern since higher xylem tensions are
required to increase the percentage of embolised tracheids in the most intermediate xylem

areas, what supports the vulnerability segmentation hypothesis among tracheids.
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Across tracheids, micro-CT images revealed that embolism spreads both tangentially
and radially. The radial propagation was unexpected considering that most of the tracheid
bordered pits are located in the radial walls (Mauseth 1988), a fact that theoretically would
favour a tangential occurrence of the air-seeding. This partly agrees with Choat et al. (2015)
who also observed a tangential embolism spreading in Sequoia sempervirens, but not a radial
one as observed here for Scots pine. Simulations from the model confirmed that a purely
random or isotropic embolism spreading cannot explain the observed embolism pattern with
micro-CT. Interestingly, the model showed that the probability for embolism to spread
radially is 8 times higher than for a tangential spreading. In addition, the model also showed
that the probability for embolism to spread cell-to-cell is 18 times higher than for the
occurrence of isolated embolization events, confirming therefore the major role of tracheid-
to-tracheid air seeding in explaining the observed embolism spreading in Scot pine. The
preferential radial spreading could be due to differences in the micro-morphological
characteristics of the bordered pits located on the radial walls relative to those on the
tangential walls of the tracheids. Despite their reduced numbers, the bordered pits on radial
walls may be less effective at avoiding air-seeding. Also, radial spreading could be related
with the characteristics of the bordered pits located at the tips of the tracheids since, in
conifers, bordered pits are not homogeneously distributed along the entire tracheid length,
showing a higher density towards the tips (Sirvié and Kérenlampi 1998). These tracheids tips
bend and overlap rather than abut (Becker et al. 2003; Philippe et al. 2010) which would
favour the change in orientation of the radial walls to the tangential direction and, therefore,
the radial spreading of the embolism. The fact that radial embolism spreadings were detected
in P. sylvestris but not in S. sempervirens could be related with differences in their xylem
anatomy, e.g. S. sempervirens shows wider tracheids (13.8-pum-diameter tracheids in average,

Burgess et al. 2006) than P. sylvestris (5.5-um-diameter tracheids in average, this study),
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although more anatomical studies on tracheids are required to confirm this hypothesis. It is
important to highlight that when 3D images were analysed, some of the supposedly isolated
tracheids observed in 2D transverse and tangential sections were not totally surrounded by
functional conduits, but actually connected with other embolised ones at a different height.
Thus, the “random” process, which has been quantified by the model to be very rare in a 2D
transversal cross section, could also result from cell-to-cell spreading but at a different height.
The different embolism patterns observed in gymnosperms (Dalla-Salda et al. 2014; Choat et
al. 2015; this study) highlight the importance of studying different model species as Scot pine

for the proper understanding of how embolism spreads in tracheid-based trees.

The fact that the inner and outer tracheids become embolised earlier, i.e., at lower
xylem tensions, compared to those located in intermediate xylem areas, indicates a certain
degree of vulnerability segmentation (Tyree et al. 1993; Tsuda & Tyree 1997) among
tracheids located in the same ring. According to the air-seeding hypothesis, such
segmentation at tracheid level would be related to differences in the air-seeding threshold
required to pull air into a functional tracheid from an embolised one and, therefore, with the
morphological characteristics of bordered pits. However, our micro-morphological analyses
showed no differences in those traits related with seal capillary-seeding (i.e., torus overlap,
margo flexibility and valve effect) between tracheids located in the outer and intermediate
parts of the xylem despite their showing significant differences in both torus and pore area.
Whereas those traits are good proxies for estimating embolism resistance across conifer
species (Bouche et al. 2014), our results showed how they cannot explain the differences in
embolism resistance observed among tracheids within a ring. This is consistent with previous
studies relating differences in resistance to embolism with the different stretching capacities
of the pit membranes more than with bordered pits characteristics (Domec et al. 2006).

However, all micro-morphological analyses were carried out on bordered pits located at
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tangential tracheid walls so, given the observed radial embolism spreading, further analyses
including the few tracheids at the radial walls and the evaluation of the diameters of their

margo pores would be required to explain the observed vulnerability segmentation.

Vulnerability curves obtained hydraulically (Cavitron) confirmed the reduction in
embolism resistance observed using micro-CT in embolism-removed samples when they
were exposed to high xylem tensions for a second time. These reductions make samples more
prone to become embolised again at lower Xxylem tensions and, therefore, would
underestimate the resistance to embolism of the species when embolism-removed samples are
used for generating vulnerability curves. The reduction in embolism resistance was also
confirmed at single conduit level by combining successive micro-CT images. This allowed us
to detect and localize which tracheids became embolised at a lower xylem tension during the
second cycle of embolism compare with the first one. To our knowledge, this work is the first
evidence of the occurrence of the ‘cavitation fatigue’ phenomenon not only at conduit level,
but also in tracheid-based xylem samples, highlighting the importance of using native xylem
samples (i.e., without removing native embolisms) for determining resistance to embolism
accurately. This links with the importance of quantifying sample native embolism by using
micro-CT observations prior to the generation of a vulnerability curve to check if it is low
enough for a truthful representation of the sample resistance to embolism. Although this
study was not concerned with the causes of the reductions in embolism resistance, cavitation
fatigue has typically been related with changes in the air-seeding pressure due to a stretching
or degradation of the pit membranes during previous embolism events. A possible cause
could also be the nanobubbles remaining in xylem conduits after removing the embolisms
(Schenk et al. 2015). Despite reductions in embolism resistance, embolism spread showed
similar spatial patterns during the first and the second cycles of embolism, indicating that

such reductions occurs similarly in all tracheids independently of their location in the xylem
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tissue. Also, it is unlikely to be caused by torus rupture since that would have resulted in a
drastic decrease in the resistance to embolism during the second cycle of embolism. Although
our results show a clear effect of embolism removal on the resulting vulnerability curves in
excised xylem segments, more studies are required to determine if there is also an effect on
‘in vivo’ intact plants, especially considering the debate about the occurrence of refilling and
embolism-removal capacity of plants on a daily basis (Delzon & Cochard 2014; Cochard et

al. 2015; Sperry 2013; Charrier et al. 2016).

Conclusions

Our results showed that, at low xylem tensions, embolised tracheids in Scots pine
branches are located mostly in the inner and outer xylem areas (i.e., located near the pith and
the bark respectively). Then, embolism spreads to the more intermediate xylem regions as
tension increases, indicating a certain level of vulnerability segmentation within xylem areas.
Interestingly, this segmentation was not related to differences in the morphological
characteristics of the bordered pits, as found instead for the differences in resistance to
embolism across conifer species. Simulations from the presented model showed that the
probability for embolism to spread radially is higher than for a tangential spreading, and that
the cell to cell embolism spreading is much more frequent than the occurrence of isolated
embolization events. Results also showed, for the first time in a tracheid-based species and at
conduit level, how the prior embolism removal from xylem sample increases artificially the
vulnerability to embolism of the plant material, favouring the generation of biased
vulnerability curves that would underestimate the resistance to embolism. Therefore, samples

without prior removal of embolisms should be used for the proper evaluation of the resistance
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to embolism but, at the same time, with low native PLC levels to ensure both the truthfulness

and representativeness of the results.
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Figure 1. Mean contribution of each xylem section to the total degree of embolism observed
at each xylem tension during the first (a) and the second (b) cycle of embolism. Panel ‘C’
indicates the same but at the moment of the sample collection at their native xylem tension.
Values at the top of each column indicate the mean degree of embolism (%) + standard error
observed at each tension for the entire sample. n=3. More details about the cycles of

embolism are given in the text.
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Figure 2. Visualization of Pinus sylvestris xylem tissue by X-ray microtomography (micro-
CT) during the first cycle of embolism after inducing xylem tensions of 2.0 (a) and 2.5MPa
(b). Black dots indicate the embolised tracheids. Panel at the bottom (c) is the image resulting
from the comparison of images ‘a’ and ‘b’. It highlights the tracheids that became embolised
during the xylem tension increment and evaluates the embolism spread (white dots). Grey
circles with black outline indicate the tracheids already embolised at 2.0 MPa. White arrows
represent the direction of embolism spread, both radially and tangentially, when xylem
tensions increased from 2 to 2.5 MPa. Ellipses indicate the occurrence of both grouped (solid

curves) and isolated embolised tracheids (dashed curves). Scale bar=100 pum for all the scans.
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Figure 3. Transverse (a) and tangential (b) X-Ray microtomography images in Pinus
sylvestris branches showing apparently isolated embolised tracheids (Tracheids #1, #2 and
#3); (c) 3D re-constructed image showing how some of the isolated embolised tracheids were
actually not connected to any other embolised conduits (Tracheids #1 and #3) while other
apparently isolated tracheids are in fact connected at a different transversal level (Tracheid

#2).
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Figure 4: Parameterization of the model. Embolism spreading simulations were compared
with direct embolism observations obtained by using X-ray microtomography (both showing
30% embolism). The fitting between the images was computed by calculating the root-mean-
square error for different SR and AS given values. SR represents the ratio of the probability
of spreading vs the probability of spontaneous embolism. AR represents the anisotropic ratio

between the radial and tangential directions.
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Figure 5: Comparison between the embolism spreading observed by X-ray microtomography
(left) and the simulated ones (right). Both represent the 60% embolism. Small grey dots on
the right panel represent the connections between cells. Black cells are the embolised cells.

Grey cells represent the cells that become embolised at the next step.

This article is protected by copyright. All rights reserved.



50 12

40' *

30

) *
10 ‘ }I
0 T T

T
[nterm. Cuter Interm Outer  Interm. Omter  [nterm Owter [nterm. Outer

Torus Pare o 'r Ve

Mean arca (/an:)
Mean "¢, ' amd 'V, " values

Figure 6 (a) Mean torus and pore aperture areas (um?), and calculated torus overlap (O),
margo flexibility (F) and valve effect (Ver) values for the outer (section 5) and intermediate
(sections 2, 3 and 4) xylem sections (see text for details). Columns indicate means values of
four different samples + standard error. A minimum of 60 bordered pits were analysed per
sample (30 located in intermediate xylem sections and 30 in the outermost one). Asterisks
indicate statistically significant differences (p < 0.05) between xylem regions. n.s. no
significant difference; (b) Radial views of Pinus sylvestris pit membranes, with and without
porous margo, obtained by scanning electron microscopy (SEM) from the intermediate xylem
sections (left panel) and from the outermost one (i.e. near the bark; right panel). Scale

bars=10 pm for both images.
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Figure 7 (a) Vulnerability curve generated by direct micro-CT observation from current-year
Scots pine branches and after the first and second cycle of embolism (see text for details).
Each point indicates the percentage of embolised tracheids by direct observation (mean +
standard error; n=3). (b) Visualization of the ‘cavitation fatigue’ phenomenon in Pinus
sylvestris by X-ray microtomography (micro-CT). All images were obtained from the same
sample and xylem region. (i) combined image of the scans obtained during the first cycle of
embolism at xylem tensions of 2.0 and 2.5MPa to visualize only those tracheids that became
embolised during this xylem tension increase (white dots); ii) embolised tracheids (dark dots)
observed at 2.0MPa during the second cycle of embolism; and (iii) tracheids that became
embolised at 2.0 MPa during the second cycle but which were not embolised at such tension

during the first cycle (white circles with black outline). Scale bar=100 pum for all the scans.
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induced twice in each sample (first and second cycle of embolism, black and grey lines
respectively). Each point indicates the mean degree of embolism + standard error (n=3). PLC
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Table 1: Xylem tensions resulting in 50% loss in conductivity (P50) or a 50% loss of

functional tracheid area (50% embol.) for the first and second cycle of embolism. Each value

represents the mean = standard error (n=3). Asterisks indicate significant differences (p <

0.05) between the two embolism cycles. Details about the cycles of embolism are given in the

text.
For the entire X};‘lem For each xylem section from the inner (1) to the outer one (5)
sample or portion ‘
Technique Cavitron Micro-CT Micro-CT
(Pso) (50% embol.) (50% embol.)
Sections:
1 2 3 4 5
cqst o
eycleof | 3300007 2972029 | 2242049  3.054036 3.3320.02 3.1720.06  2.23+0.51
embolism
«9nd r
Meyeleof |5 761018 2.526027 | 2.504043 2431042 3.06£0.08 282£008  1.76:0.37
embolism’
Signif. * n.s n.s. n.s * * n.s
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