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In vivo monitoring of drought-induced embolism in Callitris
rhomboidea trees reveals wide variation in branchlet
vulnerability and high resistance to tissue death
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e Damage to the plant water transport system through xylem cavitation is known to be a
driver of plant death in drought conditions. However, a lack of techniques to continuously
monitor xylem embolism in whole plants in vivo has hampered our ability to investigate both
how this damage propagates and the possible mechanistic link between xylem damage and
tissue death.

e Using optical and fluorescence sensors, we monitored drought-induced xylem embolism
accumulation and photosynthetic damage in vivo throughout the canopy of a drought-
resistant conifer, Callitris rhomboidea, during drought treatments of c. 1 month duration.

¢ We show that drought-induced damage to the xylem can be monitored in vivo in whole
trees during extended periods of water stress. Under these conditions, vulnerability of the
xylem to cavitation varied widely among branchlets, with photosynthetic damage only
recorded once >90% of the xylem was cavitated.

e The variation in branchlet vulnerability has important implications for understanding how
trees like C. rhomboidea survive drought, and the high resistance of branchlets to tissue dam-
age points to runaway cavitation as a likely driver of tissue death in C.rhomboidea branch
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Introduction

Acute water deficit kills trees of all species and ages, and though
recent research provides insights into how this occurs, we are still
far from fully understanding the primary mechanisms driving
drought-induced tree death. With forest dieback increasing across
the world and predictions of more frequent and severe drought
events, understanding how trees die in drought is a priority for
research owing to the many irreplaceable roles that trees play in
climatic regulation and terrestrial processes (Allen et al., 2010;
Choat er al, 2012; McDowell et al, 2013, 2020; Hoegh-
Guldberg ¢t al., 2018; Brodribb ez al., 2020). Recent studies have
revealed the sequence of events within a plant that lead to
drought-induced plant death (Preisler ez a/, 2020; Wang ez al.,
2021) and identified thresholds beyond which plants and plant
organs are unlikely to, or cannot, recover. These relate to both
failure of the plant water transport system ultimately leading to
tissue desiccation and death (Hammond ez 2/, 2019; Brodribb
et al., 2021) and tissue desiccation itself (Johnson et al, 2018;
Lamacque et al., 2020; Preisler et al., 2020). Though this infor-
mation provides insights into the processes that lead to plant
death, an inability to continuously monitor xylem damage
in vivo has made it challenging to determine how this process is
associated with tissue damage and death in whole trees.
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Damage to the plant water transport system (xylem) is often
implicated as a driver of drought-induced plant death because tree
survival is dependent upon an uninterrupted supply of water to
leaves through the xylem. The movement of water from the roots
to the leaves is driven by a gradient in water tension, where evapo-
rating water from the leaves causes increasing tension (increasingly
negative water potential) in the canopy, driving the flow of water
from the roots to the leaves. This tension increases under drought
conditions; and when it exceeds a threshold, air can rapidly enter
the xylem through porous structures (pits) in conduit walls, where
it expands rapidly to fill the conduit. This process is called xylem
cavitation, resulting in air bubbles called xylem embolisms (Lewis,
1988; Tyree & Sperry, 1988). With continued drying, cavitation
can lead to complete blockage of the water transport system with
air and plant death (Tyree & Sperry, 1988; Choat ez al, 2012).
Determining thresholds of water stress (associated with the extent
of embolism) beyond which damage and death will occur s critical
for predicting when different organs, and ultimately the whole
tree, will die in drought conditions. Knowledge of these thresholds
or the probability of death at certain thresholds (Hammond ez 4/,
2019) can be combined with knowledge of the climatic conditions
that induce these, allowing prediction of conditions likely to lead
to death in drought (Blackman ez 4f, 2012, 2016; Skelton et al.,
2015; Larter et al, 2017; Martin-StPaul, 2017).
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A number of embolism thresholds have been correlated with
drought-induced death of plants and plant organs, ranging from
50% xylem damage in both conifers (Brodribb & Cochard,
2009; Choat et al., 2012; Larter et al., 2017) and angiosperms
(Choat ez al., 2012; Liang ez al., 2021) to 88% in angiosperms,
both woody (Urli ez 4/, 2013) and herbaceous (Skelton ez al.,
2017). However, these thresholds do not necessarily explain a
mechanistic link between embolism and death. The water poten-
tials associated with 12%, 50%, and 88% embolism (known as
the P12, the P50, and P88, respectively) are commonly reported
numbers used to make comparisons between the embolism resis-
tance of different plants and organs. However, the relationships
between these thresholds and plant death are based on correlation
rather than causation. For example, while the water potential that
induces 50% loss of water transport capacity in the stem xylem
due to air embolism in trees has been correlated with drought
mortality (Brodribb & Cochard, 2009; Choat er al, 2012;
Choat, 2013), 50% loss of stem water conductivity is unlikely to
cause lethal dehydration of tissues. This is because 50% of the
xylem is capable of maintaining hydration of branches with sub-
stantially reduced gas exchange (Dietrich ez 4/, 2018).

The concept of a lethal water potential threshold, associated
with a percentage of xylem embolism, is based on the idea that, in
severe drought conditions, loss of water from the leaf surface can
destabilize the relatively homeostatic water balance within the
plant. Stomatal closure at the leaf surface is one of the first plant
responses to water deficit and has been shown to precede cavitation
in many plant species (Brodribb & McAdam, 2017; Martin-
StPaul, 2017), such as olive (Rodriguez-Dominguez & Brodribb,
2020), grape vines (Hochberg er al, 2017), and hundreds of
species from across diverse biomes (Martin-StPaul, 2017). How-
ever, water is also lost through incompletely closed stomata
(Duursma ez al, 2019) and through the cuticle (Becker er al,
1986; Lendzian & Kerstiens, 1991; Kerstiens, 1996). Though this
loss of water is small, it is a critically important factor in determin-
ing drought survival (Blackman ez 2/, 2016; Martin-StPaul, 2017;
Marquez ez al., 2021). Water loss through cuticular leakiness can
cause a local drop in plant water potential in the leaves, inducing
cavitation and leading to a further drop in water potential in a pos-
itive feedback loop that results in uncontrolled cavitation and tis-
sue death. This process, called ‘runaway cavitation’ (Milburn,
1973; Tyree & Sperry, 1988), ultimately leads to lethal tissue des-
iccation. As the water loss in drought-affected leaves is low, a high
percentage of embolism is likely required for this positive feedback
to be triggered. Runaway cavitation is likely to occur first in the
leaves (Brodribb et 4l, 2021) at the site of evaporative water loss,
where the resistance to water flow is high. Leaves have also been
shown to be more vulnerable than stems in angiosperms (Charrier
et al, 2016; Skelton et al, 2019) and conifers (Brodribb &
Cochard, 2009), suggesting that they may become disconnected
from the plant vascular system early in drought events, making the
leaves an ideal site to study the mechanistic relationship between
embolism and tissue death in trees.

Though studies of excised plant organs have allowed us to
quantify the drought resistance of many plant species, enabling
both within and between-species comparisons of drought
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vulnerability, the emergence of techniques to monitor failure of
the plant water transport system 77 vivo has been a key innovation
for understanding how the plant water transport system behaves
under drought conditions. These techniques include the use of
X-rays (micro computed tomography (micro-CT)) and visible
light (the optical technique) to monitor embolism (Zhang &
Brodribb, 2017; Rodriguez-Dominguez et al., 2018; Bourbia
et al., 2020). Micro-CT has been used to image xylem embolism
in whole, intact plants (Choat ez 4/, 2015, 2016; Cochard et al.,
2015; Gauthey er al, 2020), providing high-resolution spatial
information with three-dimensional images, but repeated scan-
ning has been shown to damage plant tissue and cannot be per-
formed continuously during long-term dehydration (Cochard
et al., 2015; Nardini et al., 2017; Petruzzellis et al., 2018). Also,
owing to the limited access to micro-CT facilities in terms of
both frequency of access and length of allocated time, compared
with the long time period required to impose water stress that
mimics natural drought, it is not currently feasible to use micro-
CT for monitoring in long-term drought experiments (Nolf
et al., 2017). The recently developed optical vulnerability tech-
nique (OVT; Brodribb ez 4., 2016a) presents a potentially acces-
sible way to monitor embolism with high temporal resolution
through continuous image capture in whole plants (Brodribb
et al., 2016a; Rodriguez-Dominguez ez al., 2018; Gauthey ez 4l.,
2020; Johnson ez al., 2020). This creates an opportunity to study
cavitation over extended periods in intact trees without causing
significant damage to plant tissues.

Here, we used the OVT to quantify drought-induced
embolism spread throughout the canopies of potted individuals
of the gymnosperm species Callitris rhomboidea. We paired this
with measurements of Chl fluorescence, made before and after
exposing trees to drought treatments, to assess tissue damage in
the branchlets we monitored for embolism. We aimed to deter-
mine how embolism spreads through the intact canopy of
C. rhomboidea saplings, and whether tissue damage in leaves is
associated with a very high percentage of embolism during
drought, as expected if runaway cavitation is the trigger. By mon-
itoring xylem embolism in vive in whole plants, droughted grad-
ually over a period of 2-3 wk, we hoped to understand if a
mechanistic connection between cavitation and canopy death
exists in trees during drought events.

Materials and Methods

Drought experiment

Four 3-yr-old C. rhomboidea saplings, grown under ambient con-
ditions in Hobart (42.8826°S, 147.3257°E) in 21 pots in a fine
pine bark, were placed in a temperature-controlled glasshouse
(daytime temperature 25°C, night-time temperature 15°C, 50%
relative humidity). Trees were acclimated under these conditions
for ¢. 2wk. This species was chosen owing to its drought resis-
tance and the extensive body of drought research on this species
and the Callitris clade (Heady er al., 1994; Brodribb & Cochard,
2009; Pittermann et al., 2010; Bouche ez al., 2014; Larter et al.,
2017; Bourbia er al, 2021). With a water transport system
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constituting the typical ‘homoxylous’ wood of gymnosperms, we
expect that the results of this study could be extrapolated to other
gymnosperm species.

The C. rhomboidea trees ranged from 1 to 1.8 m in height. Five
branchlets per tree, ranging from 30 cm above the soil to the tips
of the trees, were selected for optical visualization of embolism. A
sharp razor was used to remove ¢. 5 mm? of bark from one side of
a stem ¢. 1-2mm in diameter (ensuring that at least 50% of
phloem remained intact). A hydrogel (Tensive Gel; Parker Labo-
ratories Inc., Fairfield, NJ, USA) was applied to the exposed
xylem to reduce surface evaporation and improve light transmis-
sion. A Raspberry Pi-based time-lapse camera with x30 magnifi-
cation and LED illumination (MiCAMs, also known as
‘cavicams’; https://micams.co) were attached to each of the five
branchlets. An ICT stem psychrometer (ICT PSY, Armidale,
NSW, Australia) was mounted on the main stem near the base of
the tree and shielded with bubble wrap, foil, and heat-reflecting
material to minimize fluctuations in water potential measure-
ments due to heating and cooling of the instrument (Fig. 1).
Water was withheld from the trees while MiCAMs recorded
images continuously, at 3-min intervals (Supporting Information
Video S1) for the duration of the experiment. The ICT stem psy-
chrometer recorded water potential every 10 min. Midday water
potential was measured using branch tips, ¢. 2-3 cm in length
using a Scholander pressure bomb every 3d to validate psy-
chrometer readings and captured images were checked frequently
for evidence of embolism and to correct camera focus as required.

Each of the four trees was dried to a target level of drought
stress, which took 2-3 wk per tree (Fig. S1). The drought stress
treatments were determined with reference to the published P50
of C. rhomboidea branches (—10 MPa) and the equivalent of the

i w4

Fig.1 Set-up for optical embolism monitoring in Callitris rhomboidea
saplings. (a) A branchlet prepared for embolism monitoring using the
optical vulnerability technique, with the exposed xylem indicated by a
white circle. (b) A MiCAM attached to a branchlet. (c) A tree with five
MiCAM:s attached and the shielded ICT stem psychrometer, which is
attached to the main stem near the base of the tree (indicated by the
orange arrow).
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small stems measured here (—6MPa) (Brodribb & Cochard,
2009). The predawn water potential was used to determine when
the level of stress was reached. Target levels of drought stress were
a mild treatment not expected to cause stem cavitation (between
—4 and —5 MPa), a moderate treatment expected to initiate stem
cavitation in the main stem and most of the canopy (c. —7 MPa),
and a severe treatment expected to cause extensive stem xylem cavi-
tation (c. —9 MPa). The dehydration rate was relatively constant
between trees (decreasing by ¢. 0.2 MPa dY Fig. S1). As the main
aim of this study was to determine whether embolism can be mon-
itored across intact trees, and to subsequently answer a number of
questions about how embolism propagates, our replication focused
on monitoring many branches per tree rather than replicating the
drought stress treatments.

Once the target water potential was reached, trees were rewa-
tered by saturating the pots and leaving the base submerged in a
container filled with ¢. 3 mm of water. The pots remained in
water for ¢. 24-72 h until main-stem water potential, measured
using an ICT stem psychrometer, recovered to close to 0 MPa.
The camera-monitored branchlets were then excised and allowed
to dehydrate while image capture continued to monitor xylem
embolism until all conduits were air filled. This provided a 100%
embolism reference by which percentage loss of conductivity
could be calculated during drought (Johnson ez al., 2018).

Assessing tree health

Fluorescence Eleven branchlets spanning the height of each
tree, including the five that were monitored for embolism, were
tagged for measurements of photosynthetic function. This was
measured by means of Chl fluorescence assessment of maximum
photosystem II quantum yield (assessed as the ratio of variable to
maximum fluorescence, F/F,, after application of a saturating
pulse of light) using a PAM 2000 portable Chl fluorometer
(Walz, Effeltrich, Germany). These measurements were taken at
branchlet tips treatments (c. 2 cm from the absolute branch apex,
where tissue growth was expected to have ceased), both before
and after drought, since close to the branchlet tips is where we
expected to see tissue damage first during drought. Initial fluores-
cence was measured for each of the 11 branchlets before the
drought treatments in well-watered plants after a 2 h dark adap-
tion period. These measurements were repeated post-drought, on
both branchlets still attached to the plant and the recently excised
branches with cameras attached. In camera branchlets, the leaves
were encased in foil during the 2h dark adaption period to
ensure that the camera light did not interfere with dark adaption,
and fluorescence was measured immediately downstream of the
camera. Branchlet preparation for OVT visualization did not
have a significant impact on the photosynthetic efficiency (F,/F,,)
of the leaves downstream of the imaging site (Fig. S2).

Transpiration To determine the effect of the drought treat-
ments on whole tree function, midday canopy transpiration E
(mmol m %5~ ') was measured in all trees both before and after
the drought treatment. In the days preceding the drought treat-
ment, a sunny day was chosen to ensure that the stomata would
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be open and therefore the measurements would likely reflect the
trees’ maximum transpiration rate. The pot of the sapling was
then wrapped in two plastic bags, entirely covering the soil, to
ensure that the transpiration measured did not include water loss
from the soil. At 11:00 h, plants were placed on a balance
(XS6002S, 6100 g £ 0.01 g; Mettler-Toledo GmbH, Greifensee,
Switzerland) in a temperature-controlled glasshouse, where
weights were recorded every 10 min. The times and weights were
then used to calculate the maximum midday canopy transpira-
tion rate. This was repeated for each plant post-drought treat-
ments, 24—72 h after initial rewatering (when main-stem water
potential was close to 0 Mpa) and the percentage change in
transpiration after drought was calculated.

Xylem vulnerability

The xylem vulnerability of all branchlets was compiled from
embolism recorded during whole-plant dehydration along with
embolism recorded after branchlet excision. As water potential
was measured using a psychrometer attached to the main stem,
the water potential of excised branchlets was unknown once the
branchlets were severed after drought to allow 100% embolism
to be reached. Given the strong correlation between shrinkage of
branchlet tissue and water potential in C. rhomboidea, as shown
recently (Bourbia ez al,, 2021), we extracted shrinkage and deter-
mined the mean relationship between branchlet shrinkage and
main-stem water potential in order to predict branchlet water
potential beyond branchlet excision (Fig. S3).

Extracting shrinkage

To calibrate the relationship between the main-stem water potential
and branchlet shrinkage, the branchlet width was measured daily in
the OVT images at predawn (04:00 h) throughout dehydration and
rehydration (after rewatering). The width of branchlets (where the
initial well-watered width is 100%) was plotted against main-stem
water potential at 04:00 h each day (measured using an ICT stem
psychrometer). Predawn stem water potentials were used as the
stable ambient temperature at this time minimized fluctuation of
psychrometer temperature, allowing maximum confidence in the
accuracy of the psychrometer water potential readings. As the
shrinkage measurements at very hydrated water potentials (less nega-
tive than —1 MPa) fluctuated in some branchlets, 100% width was
defined as the branchlet width at —1 MPa.

To determine the branchlet water potential post-excision, after
the drought treatment the shrinkage was measured in severed
branchlets at 8 h intervals (04:00 h, 12:00 h, and 20:00 h) each
day until the branchlet width reached a stable minimum (27 d).
This allowed us to capture the more rapid changes in shrinkage
(and therefore water potential) that occurred after branchlet exci-
sion. The relationship between stem water potential and branch-
let shrinkage prior to excision could then be used to predict
branchlet water potential from post-excision shrinkage values.

Breakpoint analysis The relationship between main-stem water
potential and branchlet shrinkage across all branches could be
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described by a two-phase linear decline (segmented or ‘piecewise’
regression) (Fig. S4). Using RsTuDIO v.1.1.383, we fitted a gener-
alized additive model (GAM) using the gam function in the MGcv
package (Wood, 2011) to describe the mean relationship between
stem water potential and branchlet shrinkage for all branchlets
and then used the Im.segmented function in package SEGMENTED
(Muggeo, 2008) to define the ‘breakpoint’ water potential, where
the slope of mean branchlet shrinkage shifted. In branchlets
where P50 and P88 were not reached before rewatering, meaning
that the stem water potential values could not be used to com-
plete an entire vulnerability curve, we used the segmented regres-
sion (predicted from the GAM as already described herein) to
predict branchlet water potential after excision allowing complete
curves to be constructed and P50 and P88 to be extracted (Figs
S3, S4). While the stem psychrometer monitored water potential
continuously, since both the shrinkage measurements and the
water potential values used for analysis were not continuous
(taken as point measurements at 04:00 h each day), we used linear
interpolation to determine the stem water potentials (before rewa-
tering) and shrinkage-predicted water potentials (after branches
were cut off) for those images without stem water potential or
shrinkage values. By assuming a linear decrease between the
known measurements, water potential values were generated for
each OVT image using PYTHON v.3.9.1 (Python Software Foun-
dation; van Rossum, 1995) to allow embolism data to be plotted
against water potential data both before and after rewatering. The
two equations describing the relationship between water potential
and shrinkage before and after the calculated breakpoint of
—4.38 MPa were used to predict water potential and shrinkage
based on the water potential range. Stem water potential values
were used where available, after which the shrinkage-predicted
water potentials were used (Figs S3, S4).

Image analysis From the OVT images, a 500 px x 500 px (c
1 mm®) region of interest that remained sharply in focus for the
entire image capture duration (20-30d) was selected for images
analysis to extract embolism data. Embolism data for branchlets
were only included where there had been no break in image capture
and the stem remained within frame from the entire duration of the
experiment. This meant that the data for one or two of the five
monitored branchlets was excluded in three out of the four trees,
resulting in a total sample size of 16 branchlets across the four trees.
The changes in light reflection caused by cavitation were highlighted
by an image subtraction procedure performed in IMAGE] (Brodribb
et al., 2016a). Any ‘noise’ associated with gradual changes to the
branchlets during drying was removed, leaving only changes in pixel
brightness intensity associated with the embolisms resulting from
rapid cavitation events (see http://www.opensourceov.org/ for full
details). Embolized pixels were then expressed as a percentage of the
total embolized pixel area and plotted against predicted branchlet
water potential to construct vulnerability curves.

Hydraulic conductance

To test whether preparation of branchlets for the OVT

had an effect on xylem function hydraulic conductance
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K (mmol m™?s ' MPa™"), a C. rhomboidea sapling, of similar
age to those used for the drought experiment, was selected and
eight branchlets were prepared using the same preparation
method used for OVT embolism monitoring (carefully sliced
using a sharp razor, as described earlier herein). An ICT stem psy-
chrometer was attached close to the tree’s base to monitor stem
water potential. The tree was dried to two water potentials, pre-
dicted to induce either minimal branchlet embolism or close to
50% branchlet embolism (—2 MPa and —5 MPa, respectively).
Once each of the target water potentials was reached, K was mea-
sured in three or four OVT-prepared (cut) branchlets and three
or four unprepared (uncut) branchlets using a variation of the
low-pressure flow meter set-up described in Melcher ez al. (2012)
(Fig. S5). Branchlets ¢. 10 cm in length were excised from the
plants and allowed to equilibrate in a sealed plastic bag for ¢
30 min. Branchlets were then removed from the bag and all stem
and leaf tissue upstream of the exposed xylem (or location where
the xylem would have been monitored in the case of the uncut
branchlets) was carefully excised with a sharp razor blade
(Fig. S5). This ensured that the measurements reflected only the
K of the tissue downstream of the OVT site, to accurately test
whether OVT preparation had an effect on branch water supply
downstream of the OVT preparation. Branchlet K was deter-
mined by measuring the flow rate into the stem and the water po-
tendal driving force. The flow rate (mmol s7!) was measured
using a custom-made flow meter where water is drawn from a
reservoir through a tube attached to the cut stem of the branchlet
and through a capillary tbe of known conductance
(mmols~! MPa™). Using an inline pressure transducer (PX-136;
Omega Engineering Inc., Stamford, CT, USA), the change in
pressure across the capillary tube was measured (values were logged
using a Campbell Scientific CR 10 datalogger, (Campbell Scien-
tific, Logan, UT, USA)) and a flow rate calculated (Brodribb &
Feild, 2000; Brodribb, 2006; Brodribb & Cochard, 2009). After
the maximum flow was reached and began to decline, the stem was
removed, wrapped in paper towel and plastic film, and left to equi-
librate for ¢. 15 min before the branchlet water potential was mea-
sured using a Scholander pressure chamber. The maximum flow
rate was divided by the water potential driving force (megapascals),
measured before the stem was attached to the flow meter, to give
branchlet conductivity as described in Brodribb & Cochard
(2009). The flow rate was normalized to 20°C and expressed per
downstream leaf projected area (measured on a flatbed scanner) in
mmol m™*s™' MPa~'. The branchlet K was determined sepa-
rately for each of the water potentials. The K'values were then plot-
ted to determine whether there was a difference in the K of the
OVT prepared (cut) and nonprepared (uncut) branchlets. An
ANOVA found no significant difference between the average
hydraulic conductance K of cut and uncut branchlets at the two
water potentials (—2 MPa and —5.5 MPa) (P> 0.05; Fig. S6).

Statistical analysis

The data were found to be normally distributed, and statistical sig-
nificance was determined using linear mixed effect models in RsTu-
pIO v.4.0.2 (RStudio Team, 2016), with P50 or P88 as the
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response and tree ‘ID’ and replicate (branchlet) as fixed effects.
Specifically, we used the Imer function in the 1ME4 R package
(Bates et al, 2015). To account for repeated measures (pseu-
doreplication), we included tree ID as a random effect to satisfy the
assumptions of a linear model (Harrison ez 4/, 2018). To test for
differences in branchlet P50s and P88s within and among trees, we
used the ANOVA function in the cArR R package (Fox & Weisberg,
2019). The breakpoint analysis was also conducted using RsTubio
v.4.0.2 (RStudio Team, 2016). The remaining data were analysed
using PYTHON v.3.9.1, and plots were constructed using SIGMAPLOT
v.12.5 (Systat Software, 2003) and Rstubio (RStudio Team,
2016).

Results

Monitoring embolism in vivo

Xylem embolism spread was successfully monitored in three to
five branchlets per tree across four C. rhomboidea saplings dried
to different levels of water stress, with cameras attached to
branchlets continuously capturing images for a total of 20-30 d
per tree. Plants dehydrated slowly, taking 12-19d to reach the
three levels of water stress (mild, —4.4 and —4.9 MPa; moderate:
—7.3 MPa; severe —9.5 MPa), after which they were rewatered
(Fig. 2). Rehydration, to water potentials close to 0 MPa, took 1—-
3d (24-72h) per plant, which was followed by excision of
branchlets, inducing rapid decline of branchlet water potential
(calculated from branchlet shrinkage; Fig. 2). Decline of branch-
let water potential ceased and 100% embolism was reached 1-5 d
post-excision (Fig. 2).

Canopy embolism spread

Vulnerability to embolism Initial xylem embolism was
recorded 77 vivo between 1 and 14 d across all plants after water
was withheld. Once initiated, embolism spread in blocks caused
by large numbers of neighbouring tracheids simultaneously filling
with air. Blocks constituted between 10% and 90% of the total
embolized pixel area within a single frame. Embolism spread in
this fashion until plants were rewatered, whereupon embolism
ceased or showed minimal (< 5%) increase. Continued embolism
formation after rewatering was observed in only four out of the
16 branchlets and was generally associated with high levels of
embolism and a failure to rehydrate upon rewatering.

The timing and progression of embolism varied widely, both
within the branchlets of single trees (Fig.3) and between
branches of different heights across all trees (Fig. 4a). Vulnerabil-
ity to embolism in all trees was also highly variable across all
branchlets measured, with the branchlet water potential at which
50% and 88% of the xylem was embolized (P50 and P88) rang-
ing from —1.4 to —9.8 MPa and from —1.9 to —14.4 MPa,
respectively, with an average P50 of —5.1 MPa £ 0.56 SE and an
average P88 of —7.3 MPa =+ 0.8 SE. A linear mixed effects model
followed by an ANOVA found no significant difference in the
average P50s or P88s of different trees and (P> 0.05; Fig. S7).

P50s and P88s were not significantly different within or between
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Fig. 2 (a) Percentage embolism and (b)
water potential (WP) against time for a single
branchlet of a Callitris rhomboidea sapling
dried to —4.4 MPa, where the blue vertical
line indicates where rewatering of the tree
occurred and the red vertical line indicates
when the branchlet was excised from the
tree. The embolism data in (a) are calculated
from images captured continuously, at 3-min
intervals, with data points shown either once
per day or where cavitation events were
observed. The images in the right-hand
column show (from the top) a raw image of
the stem visualized using the optical
vulnerability technique and visual
representations of the embolism observed on
day 5, day 10, day 15, day 20, and day 24 of
embolism monitoring. Post-excision water
potential was based on the relationship
between water potential and branchlet
shrinkage.

Fig. 3 An example of variable embolism
spread during the drought treatment (where
water potential was becoming increasingly
negative) in the four branchlets monitored
for embolism in a single Callitris rhomboidea
tree (dried to —4.4 MPa). Branchlets in (a)
are colour coded according to height and
numbered (lowest branchlet, <30 cm, blue;
middle branchlets, 30-90 cm, yellow; highest
branchlet, >90 cm, red). In (b) their location
is shown on the tree.
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Fig. 4 Variation in embolism spread among all individuals was not
associated with branch position. (a) Embolism that occurred during the
drought treatments (where water potential was becoming increasingly
negative) for each of the 16 branchlets against main-stem water potential.
There were three to five branches per tree; the filled circles indicate the
total embolism for each branchlet, and the vertical grey dashed lines
represent each of the drought treatments (—4.4, —4.9, —7.3, —9.5 MPa).
Branchlets are colour coded according to height (lowest branchlets,

<30 cm, blue; middle branchlets, 30-90 cm, yellow; highest branchlets,
>90 cm, red) in all panels. (b, ¢) The vertical lines in the panels show the
median (b) P50 and (c) P88 for each of the height classes, with SE, using
both main-stem water potential and predicted water potential values. The
boxplots show the full range of the data. Where main-stem water
potential could not be used, the water potential values for P50 and P88
were predicted from the relationship between branchlet shrinkage and
main-stem water potential, which was averaged across all branchlets.

trees, but more variation was found within trees (ANOVA,
P=0.11 and P=0.15) than between them (P=0.94 and
P=0.64). Likewise, there was no significant difference in the P50
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or P88 of the lowest branchlets (<30 cm above the soil), middle
branchlets (30-90 cm), and highest branchlets (> 90 cm) across
all trees (ANOVA, P>0.05; Fig. 4b,c). These vulnerability data
were supported by branchlet hydraulic data, where the percentage
reduction in hydraulic conductance K between —2 and
—5.5MPa, based on calculated averages or the two water poten-
tials, was 29% (Fig. S6) and corresponded with the OVT-
detected average loss of branchlet xylem function between these
water potentials (31%; Fig. S4).

Predicting canopy death

The mean branchlet-tip fluorescence (£,/F,,) across all trees was
0.77 before drought and dropped to 0.7 (£<0.05) after
drought when averaged across all but the severely stressed tree
(dried to —9.5 MPa), with no significant differences between
the F,/F,, of branchlets that were monitored for embolism using
the OVT and those that were not (Fig. S2). In the severely
stressed tree, all post-drought fluorescence values were below
0.3 (Fig. S2).

Branchlets were found to tolerate up to 90% loss of xylem
functional area due to embolism before the photosynthetic
machinery was impacted (Fig.5). Fluorescence (F,/F,) mea-
surements indicate that beyond this 90% embolism threshold
(in branchlets with between 90% and 99% embolized area)
there was variation in whether branchlets incurred severe dam-
age to the photosynthetic system. Fluorescence values were
greater than 0.6 in the mildly stressed (—4.4 and —4.9 MPa)
and moderately stressed (—7.3 MPa) trees, whereas all values
were below 0.2 in the severely stressed tree (—9.5 MPa;
Fig. 5).

In all but the most severely stressed tree (dried to —9.5 MPa),
transpiration recovered to equal to or greater than predrought
levels within 72 h after rewatering (Fig. S8). A reduction in tran-
spiration post-drought was observed in the severely stressed tree
(—9.5 MPa), where transpiration was ¢. 33% of that measured
predrought immediately after drought and took ¢. 6 months to
recover to predrought levels (Fig. S9). This reduction of transpi-
ration was also associated with widespread damage to branch tips
(Fig. 6b,c). All trees survived the drought treatments, with visible
damage to the foliage occurring only in the most distal tips of the
canopy foliage, which was minor in all but the severely stressed

tree (Fig. 6).

Discussion

Experimentation on excised tissues has been fundamental to
establishing principles of how xylem embolism jeopardizes plant
survival, yet the absence of techniques allowing i vivo monitor-
ing has limited our ability to understand the dynamics of
drought-induced embolism propagation through intact plants.
Here, we show how an optical technique can be used to monitor
embolism continuously and nondestructively in living trees.
Continuous monitoring of xylem embolism in branchlets of
C. rhomboidea saplings revealed exceedingly wide variation in
branchlet vulnerability to embolism. Despite this variation, tissue
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Fig.5 The relationship between (a) percentage embolism and maximum
quantum yield (fluorescence, F,/F.,) after drought and rehydration, and
(b) minimum water potential before rewatering and the fluorescence after
drought and rehydration for each of the branchlets in which embolism was
measured for the four Callitris rhomboidea saplings (mild, —4.4 MPa,
blue; mild, —4.9 MPa, green; moderate, —7.3 MPa, yellow; severe,

—9.5 MPa, red).

damage was consistently linked to cavitation of >90%, suggest-
ing high resistance to tissue death in the terminal parts of the
xylem of this conifer species.

Runaway cavitation and tissue death

For tissue death during drought to be causally related to cavita-

tion by the process of runaway cavitation we would expect
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damage to occur downstream of xylem suffering nearly 100%
embolism (Milburn, 1973; Tyree & Sperry, 1988). This is
because the rate of water loss after stomatal closure is very low,
meaning a large loss of hydraulic conductance K would be
required to disrupt the homeostatic water balance in leaves (lead-
ing to a local drop in water potential and runaway cavitation).
However, at close to 100% embolism, where K is small, even a
tiny amount of water loss could disrupt this balance, triggering a
positive feedback between xylem cavitation and falling water
potential leading to rapid tissue desiccation and death (Brodribb
et al., 2021). Therefore, if runaway cavitation causes tissue death,
it likely occurs at very high embolism percentages starting at the
leaves, as they are the primary site of plant water loss and often
the most vulnerable plant organ (Charrier ez al., 2016; Skelton
et al., 2019).

Our data provide some support for the idea that runaway cavi-
tation at high percentages of embolism is a primary trigger of tis-
sue desiccation in the distal leaf tissue of C. rhomboidea
branchlets. Here, we assume that branchlet xylem function can
be restored by xylem refilling, which is supported by a number of
studies that show this is rare in trees (Cochard ez 4/, 2013; Char-
rier et al., 2016; Lamarque ¢t al., 2018). We found that severe
damage to the photosynthetic machinery only occurred in
branchlets with > 90% embolized area, providing some evidence
that runaway cavitation is responsible for tissue death. However,
providing unequivocal support for this link is difficult due to the
interplay between percentage loss of conductance and environ-
mental conditions. Under certain circumstances, such as very hot
days where percentage stem embolism is >90% and leaf transpi-
ration is high, tissue death would occur rapidly once the runaway
cavitation feedback was initiated, making the timing of runaway
cavitation unpredictable and a causal link between runaway cavi-
tation and tissue death difficult to capture. It is also worth noting
that recovery of photosynthetic function may be observed longer
term by the regrowth of new xylem, a mechanism known to facil-
itate drought recovery in C. rhomboidea (Brodribb et al., 2010).
Recently, a direct link between runaway cavitation and tissue
death has been found in tomato leaves, supporting the idea of this
causal link at the terminal parts of other plant vascular systems
(Brodribb ez al., 2021).

Our finding that a high percentage of embolism is required to
induce downstream tissue damage aligns with previous findings
in conifer leaves (Brodribb & Cochard, 2009; Choat, 2013;
Liang ez al., 2021), but it contrasts with research in wheat leaves,
where tissue damage occurred at much lower embolism percent-
ages (Johnson et al, 2018). Grasses and trees are, indeed,

Fig. 6 Tip death representative of that
observed in Callitris rhomboidea saplings
dried to mild (—4.4 and —4.9 MPa) and
moderate (—7.3 MPa) level of water stress,
post experimentation (a) and the severely
stressed tree (dried to —9.5 MPa) (b)
immediately after drought and (c) 2 months
after drought.
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different in many ways, and a possible explanation for the con-
trast in the onset of tissue damage may be differences in foliar car-
bon (C) investment, as conifers like C. rhomboidea produce long-
lived leaves with a high C ‘cost’, whereas grass leaves are usually
comparatively short-lived and lower ‘cost’. Additionally, many
grasses possess basal meristems, which may be more drought
resistant than the leaves and able to produce new leaves after
drought (Volaire ez al., 2009, 2018; Johnson ez al., 2018). The
higher C ‘cost’ of leaves (or, in the case of C. rhomboidea, branch-
lets) may explain why conifers appear to sustain leaves until run-
away cavitation drives lethal desiccation, whereas leaf damage
occurs well before runaway cavitation in grass leaves, which may
be driven by drought-stress-induced senescence (Rivero et al,
2007). This raises an interesting possibility, that the cost of
replacing tissues, tissue longevity, or life strategy may influence
the extent of embolism at the point of tissue death in plants, an
idea to consider when interpreting species vulnerability to
drought-induced embolism.

Variation in branchlet vulnerability to embolism

Vulnerability to drought-induced xylem embolism was surpris-
ingly variable among the 16 branchlets measured across four
C. rhomboidea saplings. Though variation in xylem vulnerability
has been found between individuals within a species (Wortemann
et al, 2011; Anderegg, 2015; Stojni¢ er al, 2018) and even
within the leaves of a single canopy (Rodriguez-Dominguez
et al., 2018; Cardoso er al., 2020), the range of vulnerabilities
found here was unexpected. Despite the very wide range of
branchlet P50s, the average P50 of —5.1 MPa+0.56 SE was
similar to the previously reported P50 for C. rhomboidea branch-
lets of —6.60 MPa, but less than that previously reported in stems
of —10 MPa (Brodribb & Cochard, 2009; Larter et /., 2017). As
the previously reported leaf P50 was calculated in small (2 mm
diameter) branchlets (like those monitored here) and the stem
P50 was calculated using larger, older branchlets (10 mm diame-
ter), this suggests significant vulnerability scaling within branches
(Brodribb & Cochard, 2009).

Owing to the unexpectedly high range in branch vulnerability,
we were careful to eliminate methodological error as a source of
this variability by, first, ensuring branchlet preparation (i.e. open-
ing a small window in the bark with a sharp razor blade) did not
affect photosynthetic or hydraulic function and, second, by using
hydraulic data to verify the optical method. The increase in per-
centage embolism found with OVT between —2MPa and
—5 MPa matched closely with the percentage loss of conductance
found between these water potentials using hydraulic measure-
ments (Fig. S6). Furthermore, we note that the OVT has been
shown to accurately represent embolism formation in small
woody stems (Johnson ez al., 2020) and that the reliability of the
optical technique has been shown through numerous compar-
isons with traditional hydraulic methods and X-ray imagery (Bro-
dribb ez al., 2016b; Skelton er al., 2018; Gauthey et al., 2020;
Johnson ez al., 2020). Also, optical vulnerability measurements in
stems show much lower variation between individuals than in
leaves (Rodriguez-Dominguez ez al., 2018; Cardoso et al., 2020),
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suggesting that the variation we observed here might be charac-
teristic of the terminal parts of the vascular system. Through the
high temporal resolution provided by continuous monitoring,
the optical technique enables us to capture the true variability in
embolism within plants. The questions that remain, then, are as
follows: What is controlling the large variation between branch-
lets? What does it mean for the response of C. rhomboidea trees
to drought? Does it form part of a strategy for drought resistance
in this drought-tolerant conifer?

Explaining high variability among branchlets

The large variation in branchlet vulnerability indicates a wide
range of tracheid vulnerabilities in this species, and a nonrandom
distribution of this possible range within branchlets may explain
the variation between them. Research in stems has found that
neighbouring conduits are more likely to cavitate together (Mrad
et al., 2018, 2020; Johnson et al., 2020) and that the vulnerability
of xylem may be linked to the ontogenetic stage of the plant
(Fontes & Cavender-Bares, 2020) or the age of growth rings
(Choat ez al., 2015; Fukuda ez al., 2015), suggesting that xylem
conduits produced at the same time, and therefore under similar
conditions, may have similar cavitation vulnerability.

As trees grow continuously, we propose that differences in the
environmental conditions at the time of branchlet growth may lead
to variation in the vulnerability of their xylem. Xylem plasticity in
response to environmental conditions has been found in Helianthus
annus leaves and Pinus pinaster stems, where xylem embolism resis-
tance increased in water-limited conditions (Corcuera ez al, 2011;
Cardoso et al., 2018); similarly, summer drought was found to
increase traits conferring drought tolerance in tree rings of Larix
decidua and Picea abies (Bryukhanova & Font, 2013). High light
exposure has also been linked to increased embolism resistance in
Fagus sylvatica leaves and Populus nigra stems (Cochard ez al., 1999;
Herbette ez al, 2010; Tomasella er al, 2021). This suggests that
xylem produced under water-limited conditions, and increased
sunlight (e.g. summer), may be more resistant to embolism than
that produced in well-watered conditions (e.g. spring and winter).
As such, seasonal differences at the time of branchlet extension may
have resulted in similar tracheid vulnerabilities within branchlets,
but differences between them, contributing to variable vulnerability
to embolism between branchlets.

The highly variable branchlet vulnerability found here may
represent an adaptive strategy to prevent sudden catastrophic
damage to the tree canopy during drought. As noted by Cardoso
et al. (2020), many species with high variability in leaf vulnerabil-
ity are also highly drought resistant (Johnson ez 2/, 2018; Lamar-
que et al, 2018; Rodriguez-Dominguez & Brodribb, 2020),
which is also true of C. rhomboidea (Brodribb & Cochard, 2009).
In trees with variable leaf or terminal branchlet vulnerabilities,
lethal embolism and tissue death would likely occur gradually
across the canopy during drought. This gradual loss of branchlets,
and therefore of leaf area, may serve as a strategy to slow the rate
of dehydration by reducing water lost through transpiration as
described by ‘the hydraulic fuse’ hypothesis and the theory of
‘branch sacrifice’, referring to leaf shedding and branchlet loss
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during drought (Tyree & Sperry, 1988; Rood et al., 2000; Wolfe
et al., 2016). This idea relies on a trade-off associated with pro-
ducing embolism-resistant xylem. We propose that this may be
related to growth rate, where faster growth rates lead to more vul-
nerable xylem and slower growth rates lead to more resistant
xylem. By preventing rapid and catastrophic cavitation damage
to the entire canopy, this strategy would also enable trees to
recover some photosynthetic capacity post-drought, increasing
their chance of survival. These ideas require further investigation,
including research to determine whether growth rate is in fact
related to xylem vulnerability in C. rhomboidea branchlets.

Conclusions

By tracking embolism spread in branchlets of C. rhomboidea trees
during long-term drought treatments, we revealed high variation
in embolism vulnerability and high resistance of branchlets to tis-
sue damage. The differences in branchlet vulnerability indicate
large variation in tracheid vulnerabilities, which may be driven by
differences in the conditions during branchlet extension. This
variation may also form part of a strategy that enables drought-
resistant trees like C. rhomboidea to survive drought through
gradual branchlet sacrifice. Measurements of photosynthetic
capacity as a proxy for tissue vitality showed that branchlets could
withstand xylem failure of >90% before tissue damage, provid-
ing some evidence for a causal link between runaway cavitation
and tissue death in C. rhomboidea branchlets. By utilizing tech-
niques to monitor embolism and tissue death 77 vivo, we inch
closer to pinpointing the mechanisms that drive drought-induced
death and confer drought survival in trees and all plants.
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Additional Supporting Information may be found online in the
Supporting Information section at the end of the article.

Fig. S1 Decrease in stem water potential (MPa) against time in
each of the trees for the duration of the drought treatments.

Fig. S2 Branch tip maximum quantum yield of PS II (F,/F,)
before and after drought in the measured branchlets of all trees.

Fig. 83 Xylem vulnerability curves for each of the branchlets
monitored for embolism across the four trees.

Fig. S4 The relationship between stem water potential (MPa)
and percentage branchlet shrinkages for all 16 branchlets moni-
tored for embolism across the four trees.

Fig. S5 An example of the two branchlet preparation methods
for hydraulic conductance (K) measurements used to test the
effect of Optical vulnerability Technique preparation of xylem
function.

Fig. S6 Hydraulic Conductance (K') for branchlets of a single
Callitris rhomboidea sapling where some branchlets were prepared
as they would be for embolism visualisation using the Optical
Vulnerability Technique and others were not.

Fig. S7 The median P50s and P88s with standard error for each
of the four trees.

Fig. S8 Transpiration for all trees . 3d after rewatering post
drought treatment as a percentage of the predrought (well-wa-
tered) transpiration.

Fig. S9 Transpiration for the severely stressed tree (dried to
—9.5MPa) 3d, 2 months and 6 months after rewatering (post
drought treatment) as a percentage of the predrought (well-wa-
tered) transpiration.

Video S1 Showing 5 MiCAMs attached to branchlets spanning
the height of a Callitris rhomboidea sapling, taking images every
3 min, representing the set-up for drought-induced embolism
monitoring in this study.
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