Tree Physiology 39, 113–121
doi:10.1093/treephys/tpy093

Research paper

Brendan Choat 1,4, Markus Nolf1, Rosana Lopez 1,3, Jennifer M.R. Peters1, Madeline
R. Carins-Murphy2, Danielle Creek1 and Timothy J. Brodribb2
1

Hawkesbury Institute for the Environment, Western Sydney University, Richmond, NSW 2753, Australia; 2School of Biological Sciences, University of Tasmania, Hobart, TAS 7001,
Australia; 3PIAF, Institut National dela Recherche Agronomique, UCA, 63000 Clermont-Ferrand, France; 4Corresponding author (b.choat@westernsydney.edu.au) orcid.org/00000002-9105-640X

Received May 17, 2018; accepted July 29, 2018; published online August 22, 2018; handling Editor Nathan Phillips

Drought stress can result in signiﬁcant impairment of the plant hydraulic system via blockage of xylem conduits by gas emboli.
Recovery after drought stress is an essential component of plant survival but is still a poorly understood process. In this study, we
examined the capacity of woody species from two genera (Eucalyptus and Quercus) to reﬁll embolized xylem vessels during a
cycle of drought and recovery. Observations were made on intact plants of Eucalyptus calmudulensis, E. grandis, E. saligna and
Quercus palustris using X-ray microtomography. We found no evidence of an eﬀective xylem reﬁlling mechanism in any of the
plant species. Despite rehydration and recovery of plant water potential to near pre-drought levels, embolized vessels were not
reﬁlled up to 72 h after rewatering. In E. saligna, water droplets accumulated in previously air-ﬁlled vessels for a very small percentage of vessels. However, no instances of complete reﬁlling that would restore embolized vessels to hydraulic function were
observed. Our observations suggest that rapid reﬁlling of embolized vessels after drought may not be a wide spread mechanism
in woody plants and that embolism formed during drought represents long term cost to the plant hydraulic system.
Keywords: cavitation, embolism, reﬁlling, repair, xylem.

Introduction
The water transport system of terrestrial plants relies on liquid
water withstanding tension created in leaves by transpiration
(Dixon and Joly 1895, Debenedetti 1996, Tyree and Zimmermann
2002). This tension increases when water is limited, leading to a
heightened risk of emboli (gas blockages) forming in xylem conduits. Embolism reduces the capacity of the xylem hydraulic system to deliver water to the canopy and can lead to extensive
canopy dieback and whole plant mortality (Davis et al. 2002,
Brodribb and Cochard 2009, Nardini et al. 2013, Venturas et al.
2016, Choat et al. 2018). As such, hydraulic vulnerability to
embolism formation is a key ecophysiological parameter in determining drought resistance and the probability of mortality events
due to drought (Kursar et al. 2009, Choat 2013, Urli et al.
2013). This can be seen in the strong correlation between species vulnerability to embolism and aridity across environmental

gradients (Brodribb and Hill 1999, Choat et al. 2012, Bourne
et al. 2017, Larter et al. 2017).
Recovery after drought is a crucial aspect of plant survival, but
the mechanisms by which plants can restore hydraulic capacity
are not well understood. Recent work has clearly shown that
recovery of leaf gas exchange is closely linked to the magnitude
of embolism suﬀered by a plant during drought (Brodribb et al.
2010, Skelton et al. 2017). Thus, the restoration of hydraulic
capacity in the xylem is of paramount importance in determining
how rapidly growth and productivity of woody plants recovers
after drought. Two principal mechanisms have been proposed
that allow plants to restore hydraulic function after droughtinduced cavitation (1) reﬁlling of embolized conduits (Salleo
et al. 1996, Brodersen et al. 2010) and (2) formation of new
xylem conduits (e.g., Améglio et al. 2002, Brodribb et al.
2010). Embolism repair over short time scales is clearly
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purposes. Both Eucalyptus and Quercus contain keystone species across their native range.
We induced embolism by withholding water from intact, potted plants and monitored changes in embolism for up to 72 h
after rewatering using high-resolution imaging by X-ray microtomography (microCT). Imaging techniques such as microCT oﬀer
the advantage of making non-invasive measurements on intact
plants, therefore avoiding issues associated with destructive
measurements (Choat et al. 2016, 2010). These techniques
have provided valuable insights into the processes of embolism
formation and repair in a range of woody species (Brodersen
et al. 2010, Charrier et al. 2016, Knipfer et al. 2016).

Materials and methods
Plant material
We selected three evergreen diﬀuse-porous species and one
deciduous ring-porous species of varying ages and sizes:
Eucalyptus camaldulensis (Dehnh.) and Eucalyptus grandis (W.
Hill ex Maiden) (1–2 years old, ~50 cm tall), Eucalyptus saligna
(Sm.) (4–5 y, ~2 m tall) and Quercus palustris (Münchh.) (3 y,
~1.5 m tall). Three plants per species were dehydrated in their
pots to produce a range of water potentials between −1.7 and
−6.3 MPa. For the Eucalyptus species, another 3–5 control plants
from the same cohorts were kept well-watered to determine predrought native embolism. The experiments were conducted in
October 2015 for E. camaldulensis and E. grandis, and March
2017 for E. saligna and Q. palustris.

Reﬁlling experiment
Leaves on each plant were enclosed in plastic bags and aluminium foil for at least 30 min to equilibrate to stem xylem water
potential (ΨX). Plant stems were scanned using X-ray microtomography (microCT) to record their initial embolism level, followed by stem ΨX determination on 1–2 bagged leaves with a
pressure chamber (Model 1505D; PMS Instrument Co., Albany,
OR, USA). Leaves used for water potential measurements were
collected distally to, and at a distance of 20–100 cm from, the
scan site. The scan site on the stem was 5–10 cm above the
root collar. Scan sites were marked using correction ﬂuid (Liquid
Paper, Newell Australia, Nobel Park, VIC, Australia), which is visible in X-ray imaging. After this initial scan, plants were thoroughly rewatered and entire plants were covered in humidiﬁed
plastic bags for at least 10 h to allow for plant rehydration and
recovery of ΨX. Plants were then periodically re-scanned at the
same scan site, with concurrent ΨX measurement, at 10–20 h
intervals to identify any changes in embolism patterns.

MicroCT imaging and reconstruction
Plant stems were scanned using X-ray microCT at the Imaging
and Medical Beamline (IMBL) of the Australian Synchrotron
(Melbourne, Australia). Intact plants were positioned in the
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advantageous to the plant in that it would allow more rapid
recovery from drought stress. Xylem reﬁlling after winter freeze–
thaw cycles is well documented in some temperate deciduous
species and usually occurs in conjunction with positive root or
stem pressures (Sperry et al. 1987, Utsumi et al. 1998, Cobb
et al. 2007), which enable the resorption of gas bubbles into the
xylem sap (Tyree and Zimmermann 2002). A signiﬁcant body of
work has focused on embolism repair after drought although in
this case the mechanisms and dynamics are far less clear
(Brodersen and McElrone 2013). A number of papers have presented data that suggests embolism reﬁlling is a routine process
that occurs as part of a diurnal cycle (Canny 1997, Zwieniecki
and Holbrook 1998, Taneda and Sperry 2008). While some
have emphasized the role of root pressure in post drought reﬁlling (Charrier et al. 2016), there are also numerous reports of
reﬁlling in the absence of positive pressure (Bucci et al. 2003,
Stiller et al. 2005, Nardini et al. 2008, Zwieniecki et al. 2013,
Chitarra et al. 2014) and sometimes under considerable tension
(e.g., Knipfer et al. 2015a; Triﬁlo et al. 2015); see Nardini et al.
(2017) for a detailed overview. Reﬁlling under tension is diﬃcult
to explain in biophysical terms (Zwieniecki and Holbrook 2009)
and has remained a controversial aspect of plant biology. Some
authors have suggested an osmotically driven mechanism to
draw water back into air-ﬁlled conduits (Tyree et al. 1999,
Hacke and Sperry 2003, Salleo et al. 2004, Brodersen et al.
2010, Nardini et al. 2011). However, others have questioned
whether such a mechanism would allow successful, complete
reﬁlling of vessels and the ubiquity of reﬁlling in woody plants
(Cochard and Delzon 2013). This alternative paradigm suggests that high levels of cavitation are less frequent in nature and
that most tree species are not capable of eﬀective embolism
repair post drought (Delzon and Cochard 2014). It is supported
by some recent work showing that embolism repair did not occur
post drought despite recovery in plant water status (Brodribb
et al. 2010, Choat et al. 2015, Knipfer et al. 2015b). In this
case, the avoidance of embolism becomes particularly important
in terms of plant growth and survival, since recovery would
depend solely on growth of new xylem tissue. In relation to
recovery strategies, growth of new xylem tissue would be
expected to incur a signiﬁcantly higher carbon cost compared
with embolism repair. This paradigm is consistent with recent
work showing the plants generally close stomata at water potentials above those causing any signiﬁcant embolism (Nolf et al.
2015, Martin-StPaul et al. 2017, Li et al. 2018).
Here, we investigated the capacity for short-term hydraulic
recovery by means of conduit reﬁlling in four tree species from
two genera (Eucalyptus and Quercus). Eucalyptus is a large
genus of evergreen tree species. It is one of the most widely
planted genera globally and comprises three quarters of the area
covered by native forest within Australia. Quercus palustris is a
temperate deciduous species native to the northern hemisphere
that is used widely for landscaping and urban greening

No evidence of embolism reﬁlling after drought

Image analysis
Scan volumes were tilted in ImageJ 1.48 v (Schneider et al.
2012), using the ‘Reslice…’ function to ensure vertical sample
orientation. The precise scan location was identiﬁed in scans of
the same plant by comparing patterns of microscopic air bubbles
in a correction ﬂuid marker applied to each stem. Median projections of 11 neighbouring microCT cross-sections (110 μm)
were extracted for improved quantitative image analysis (Nolf
et al. 2017). For each resulting median cross section, embolized
vessels were identiﬁed using the ‘Threshold’ and ‘Analyze
Particles’ functions in ImageJ. Then, all scans per plant were
overlaid and all embolized vessels (39,110 in total) manually
matched to accurately follow not only changes in total embolized
vessel counts, but changes in individual vessel status (appearing
water-ﬁlled or embolized). Finally, the total number of vessels
(water- and air-ﬁlled) in each scanned stem was determined in
one cross section per plant.
Apparent cases of reﬁlling, i.e., vessels appearing ﬁrst air-,
then water-ﬁlled in subsequent scans (97 vessels in total), were
cross-checked using longitudinal sections of the scan volumes.
Vessel contents along the length of the vessel were examined to
identify ‘false positives’ where embolized vessels appeared as
water-ﬁlled in subsequent scans.

diﬀerentiated from water-ﬁlled vessel in reconstructed scan
images (Figure 2).
Following irrigation, ΨX recovered in all plants except one E.
grandis tree, which was 82% embolized (Figure 3). Despite this
rehydration, the overall degree of embolism was unchanged or
increased slightly during the recovery period (Figure 1). On
average, embolism increased by 0.9 ± 0.3% of the total number
of vessels (min: −0.02%, max: 5.4%) after rewatering (Figure 2).
Looking at changes in individual vessel status rather than total
numbers, a small number of vessels appeared to revert from airﬁlled to water-ﬁlled in E. saligna and Q. palustris when comparing
stem cross-sections from pre- and post-rewatering (Figure 3;
see Table S2 available as Supplementary Data at Tree Physiology
Online). This was not observed for E. camaldulensis or E. grandis
(Figure 3; see Table S2 available as Supplementary Data at Tree
Physiology Online). In the analysis of cross-sections, these
apparent cases of reﬁlling (<0.5% of the total vessel count per
plant) were compensated by additional, cavitated vessels in the
total count of embolized vessels (Figures 3 and 4), leading to a
net increase in embolism. Longitudinal sections of the scan
volumes revealed that only E. saligna showed liquid re-appearing
in previously embolized vessels (Figure 5). However, at least
some air bubbles remained in all reﬁlling vessels, and we did not
observe any complete reﬁlling that would restore hydraulic function within the duration of the experiment.
In Q. palustris, instances of reﬁlling appeared to be exclusively
false positives based on analysis of longitudinal sections (Figure 6).
These false positives included vessel junctions or perforation plates
that appeared as liquid ﬁlled vessels in the transverse plane
(Figure 6A), small hanging columns of water that remained in vessels after cavitation had occurred (Figure 6B), and tyloses
(Figure 6C). We note that in some cases it is not possible to diﬀerentiate between tyloses and water droplets at the spatial resolution
available. We identiﬁed tyloses as objects with convex shape relative to vessel walls. In contrast, hanging droplets of water appeared
to have convex menisci within vessels, indicating a low contact
angle between liquid water and the vessel wall surface (Zwieniecki
and Holbrook 2000, Kohonen 2006). Hanging droplets of water
were stable between scans many hours apart indicating that they
were not a result of an active reﬁlling mechanism.

Results
Native embolism in the Eucalyptus species was between 3% and
6% of the total number of vessels per cross-section (Figure 1;
see Table S1 available as Supplementary Data at Tree Physiology
Online). Drought treatments induced stem ΨX between −2.17
and −3.87 MPa, causing between 10.3 ± 8.2% (E. camaldulensis) and 45.6 ± 21.7% (E. grandis) of vessels to embolize
(Figure 1). Individual plant embolism levels ranged from 0.5%
to 82.0% of vessels (see Table S2 available as Supplementary
Data at Tree Physiology Online). Embolized vessels were easily

Discussion
We found embolism repair was eﬀectively absent in four angiosperm species following drought-induced embolism formation
and subsequent irrigation. The total number of embolized vessels in each plant either remained unchanged or increased
slightly (Figures 1 and 2) even though ΨX recovered quickly
after plant rehydration (Figure 3). These results contrast with
previous reports of embolism repair after drought across a range
of plant species (Salleo et al. 1996, Canny 1997, Hacke and
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beamline using a robotic arm (Kuka, KR1000 Titan). Samples
were positioned at a distance of 1 m to the detector and rotated
through 180 degrees using continuous rotation with images
recorded at 0.1° angle increments. This yielded 1800 projections with additional ﬂat ﬁeld and dark ﬁeld images recorded
before and after each scan. Exposure time at each angle was
0.45–0.60 s giving a total scan time of 18–23 min. Scans were
conducted at an X-ray energy of 30 keV. The scan resolution
was 6 μm pixel–1 for E. camaldulensis and E. grandis, and 10 μm
pixel–1 for E. saligna and Q. palustris. Scan volumes were reconstructed using XLICT Workﬂow 2015 (CSIRO) using either the
Gridrec or, when possible, the FBP (Paganin et al. 2002) reconstruction algorithm, which resulted in better image contrast
based on X-ray phase retrieval.
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Sperry 2003) and add to a growing body of evidence suggesting that the majority of woody plants are not capable of embolism repair during recovery from drought (Brodribb et al. 2010,
Choat et al. 2015, Cochard et al. 2015, Knipfer et al. 2015b).
This is not to say that embolism repair does not occur, for it
surely does during the Spring time in many temperate deciduous
species that endure freezing winters. However, it does suggest
that a vigorous and eﬀective mechanism of embolism repair is
uncommon in woody plant species and may be restricted to a
few capable of producing signiﬁcant root pressures throughout
the growing season (e.g., grapevine).
Physiological recovery after drought is a crucial process and an
important determinant of survival and competitive ﬁtness in terrestrial plants growing in water limited environments. To restore
hydraulic function, plants can either grow new xylem (e.g., ringporous species, in spring; Hacke and Sauter 1996) or repair
embolized conduits by dissolving air in the presence of root or
stem pressure (Cobb et al. 2007, Knipfer et al. 2015a, Charrier
et al. 2016). In plants that do not exhibit root pressure, other
mechanisms, based on osmotic gradients (Nardini et al. 2011)
and aquaporin expression (Secchi and Zwieniecki 2010), have
been suggested to allow reﬁlling at negative pressures. However,
this ‘novel’ reﬁlling in the absence of positive pressures is the least
well explained and most controversial mechanism of hydraulic
recovery (Cochard et al. 2015). While some previous studies
have found a considerable degree of rapid reﬁlling without root
pressure (Martorell et al. 2014), these studies may have been
aﬀected by sampling or measurement artefacts such as the excision artefact (Wheeler et al. 2013). This artefact leads to the higher apparent embolism levels in samples cut from drought-stressed
plants (i.e., under tension) compared with embolism levels in
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rewatered plants where tension was released prior to sampling
(Torres-Ruiz et al. 2015). It is noteworthy that embolism repair in
the absence of root pressure has been observed far less frequently when non-invasive methods of observation have been
employed to study this phenomenon in intact plants (Clearwater
and Clark 2003, Choat et al. 2015, Knipfer et al. 2015b), but see
Zwieniecki et al. (2013).
We did not observe evidence of root pressure (xylem sap
appearing when plants were detopped) after rewatering our
experimental plants. There was no evidence that these species
were capable of restoring hydraulic capacity rapidly, suggesting
that embolism formed during drought would persist in the xylem
until permanent occlusion of the embolized vessels occurred.
Thus, some level of dysfunction would exist in the hydraulic system as a legacy of a given drought’s impact on the plant. This is
consistent with the occurrence of ‘native embolism’, which is frequently observed in plants growing under natural conditions
(Kolb and Davis 1994, Vogt 2001). Plant recovery time in terms
of growth and leaf gas exchange is closely related to the level of
drought-induced embolism, as has been observed previously
across a range of woody species (Brodribb et al. 2010, Urli et al.
2013, Li et al. 2016, Skelton et al. 2017). This may range from
many months until full recovery in the instance that embolism
spreads to a large proportion of the xylem, to a near immediate
recovery in case where minor levels of embolism occur.
While we did not observe any complete reﬁlling of embolized
vessels which would restore hydraulic function, a very small percentage of vessels in E. saligna showed water droplets accumulating in previously air-ﬁlled vessels (Figures 3 and 4; see
Table S2 available as Supplementary Data at Tree Physiology
Online). This apparent reﬁlling process remained incomplete
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Figure 1. Change in embolized vessels and water potential for control, drought and rewatered treatments in Eucalyptus camaldulensis, E. grandis, E. saligna and Quercus palustris. The mean stem water potential (MPa) for each treatment is shown above each bar (see Table S1 available as Supplementary
Data at Tree Physiology Online). Bars correspond to mean values for each treatment with error bars showing SE (n = 3 plants). Control measurements
were not available for Q. palustris.

No evidence of embolism reﬁlling after drought

within the time-frame of the experiment and may or may not lead
to actual hydraulic recovery through complete reﬁlling on a
longer-term time-scale. This observation suggests the existence
of a mechanism for moving water back into air-ﬁlled vessels
without positive pressures in relatively short time (<72 h),
although in this case the mechanism was ineﬀective in the magnitude of reﬁlling. It is also possible that the ﬂuid observed moving back into embolized vessels was not water but rather some
form of gel or resin deposited into the vessels as an initial stage
of permanent occlusion. Further observations are required to differentiate between these two possibilities.

In our detailed analysis, we found that single cross-sections
can be prone to misrepresenting vessel status in some vessels.
In the case of Q. palustris, longitudinal sections of the microCT
volumes showed that all suspected cases of reﬁlling were false
positives produced by fringe locations; for these particular vessels, the cross-section happened to be positioned at a slice
where minimal movement along the sample axis would change
vessel appearance, e.g., at a vessel juncture where both connected vessels are visible side-by-side over a few microns (compared to just one vessel in subsequent scans; Figure 6A), near
the air–water interface of a remaining (and stable) water droplet
of an otherwise embolized vessel (Figure 6B), or near the edge
of tyloses (Figure 6C). The overall eﬀect of this artefact on PLC
should generally be minor and can be minimized using median
projections of multiple slices as described in Nolf et al. (2017),
but it is important to consider longitudinal sections when investigating detail of processes such as reﬁlling of individual vessels.
A recent study demonstrated that X-ray radiation caused damage to tissue of sunﬂower plants during scanning (Savi et al.
2017). Our plants were scanned repeatedly during experiments
and there is a possibility that reﬁlling was inhibited by damage to
living cells in the xylem. However, we note that repeated scans
of grapevine do not alter patterns of reﬁlling observed in woody
species such as grapevine (Brodersen et al. 2010, Knipfer et al.
2015a, 2016) and that there were no visible signs of tissue
damage on our samples after scanning. In relation to Eucalyptus,
reﬁlling in stem xylem was also not observed in a recent study
that employed traditional hydraulic measurements (Creek et al.
2018). Thus, based on this evidence it is unlikely that damage
to tissue caused by X-ray radiation was responsible for the lack
of reﬁlling observed in our experiments. Further comparative
experiments are warranted to conﬁrm that X-ray microCT does
not alter patterns of reﬁlling during recovery from drought. This
may include assessment of damage to living cells in the xylem
and phloem after scanning and longer-term experiments assessing recovery and reﬁlling in cohorts of plants that have not been
scanned multiple times. Finally, further experiments based on
ﬁeld grown material will be important in resolving the uncertainty
surrounding embolism reﬁlling and conﬁrming the generality of
ﬁndings on younger, potted plants.

Conclusions
We observed no short-term hydraulic recovery in tree species of
two genera after drought, suggesting that embolism repair is not
routine in these species. More studies are clearly required to
conﬁrm this ﬁnding across a broader taxonomic range and to
understand the ecological implications of a paradigm in which
hydraulic recovery from drought does not occur rapidly via
embolism repair, but rather, more gradually via growth of new
xylem tissue. Recovery processes have received far less attention within the ﬁeld of plant hydraulics compared with the
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Figure 2. Transverse slices from microCT volume showing change in
embolized vessels for (A, B) control, (C, D) drought and (E, F) rewatered
treatments of Eucalyptus saligna. Images represent a time series of a single stem. Embolized vessels (black) can be easily diﬀerentiated from
water-ﬁlled vessel (darker grey). Virtually no change in the pattern of
embolized vessels occurs between drought and rewatered treatments
indicating that no reﬁlling has occurred. Blue arrows (B) show the position of water-ﬁlled vessels that become embolized (red arrows, D) during the drought treatment and remain gas ﬁlled after rewatering (red
arrows, F). The white material on the lower left surface of the stem is correction ﬂuid applied as a marker.
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Figure 4. Changes in individual vessel status (water-ﬁlled, air-ﬁlled) between consecutive scans, following individual vessels over time in Eucalyptus
camaldulensis, E. grandis, E. saligna and Quercus palustris after rewatering. Net change in the number of embolized vessels (symbols) between consecutive scans of the same xylem cross-sections. Whiskers indicate newly embolized vessels (upper, orange) and vessels that appeared reﬁlled (lower,
blue) since the previous scan. Distance below the X-axis indicates number of reﬁlled vessels. Symbols correspond to individual sample plants in
Figure 2. X-values were minimally adjusted (d = 0.25 h) for overlapping points or whiskers at 9.5 h, 20 h and 36 h for better readability.
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Figure 3. Change in embolism and water potential after rewatering in Eucalyptus camaldulensis, E. grandis, E. saligna and Quercus palustris. Diﬀerential
percentage of embolized vessels (closed symbols; % of total number of vessels per cross-section compared to initial scan at 0 h) and progression of
absolute stem water potential (open symbols; MPa) over time after rewatering. Symbols within each panel correspond to individual sample plants (n = 3).
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Supplementary Data
Supplementary Data for this article are available at Tree
Physiology Online.
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