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Summary

� Vascular plant mortality during drought has been strongly linked to a failure of the internal

water transport system caused by the rapid invasion of air and subsequent blockage of xylem

conduits. Quantification of this critical process is greatly complicated by the existence of high

water tension in xylem cellsmaking themprone to embolism during experimental manipulation.
� Herewe describe a simple newoptical method that can be used to record spatial and temporal

patterns of embolism formation in the veins of water-stressed leaves for the first time.
� Applying this technique in four diverse angiosperm species we found very strong agreement

between the dynamics of embolism formation during desiccation and decline of leaf hydraulic

conductance.
� These data connect the failure of the leaf water transport network under drought stress to

embolism formation in the leaf xylem, and suggest embolismoccurs after stomatal closure under

extreme water stress.

Introduction

The risk of explosive invasion of air into the vascular system of
plants during acute water stress places a limit on species’ ability to
survive during soil drought (Brodribb & Hill, 1999; Choat et al.,
2012). The abrupt formation of air-embolisms typically occurs
during drought, when increasing tension in the water transporting
xylem tissues exceeds a limit (termed the ‘air-seeding’ threshold)
causing air to be pulled into the tubular hydraulic conduits (Tyree
& Sperry, 1989). The resultant embolisms block xylem water
transport, isolating leaves from their water source in the soil (Sperry
& Pockman, 1993). Of particular interest is the fact that the air-
seeding threshold is a largely conservative property of plant species
(Choat et al., 2012), thus providing a promising functional
predictor of lethal water stress among different plant species
(Brodribb & Cochard, 2009).

The study of vulnerability to damage in the plant water transport
system, known as ‘plant hydraulics’, originates from the visionary
work of early researchers who quantified the impact of air bubbles
in the xylem on water transport (hydraulic conductance) of twigs
(Tyree & Sperry, 1989). Since this time, the development of new

techniques tomeasure the air-seeding threshold of stems has led to a
degree of controversy surrounding the frequency of air-seeding and
the ability of plants to repair embolisms (Rockwell et al., 2014b).
Opinions coalesce into two different schools; those who consider
that embolism and embolism repair are routine in many woody
species (e.g. Brodersen &McElrone, 2013; McCulloh &Meinzer,
2015), and those who find that embolisms are a symptom of acute
water stress and that they can only (occasionally) be repaired under
moist conditions in the presence of positive pressure from roots
(Cochard & Delzon, 2013). A corollary of the routine-embolism-
and-repair theory is that two adaptive axes exist for plants growing
under water stress; either to resist air seeding; or to more efficiently
repair embolism. Alternatively, the rare-embolism theory views
resistance to embolism as the only adaptive pathway that can enable
the maintenance of xylem function during significant soil drying.
These are two very different scenarios, with very different
implications for plant evolution. Hence there is an urgent need
to resolve this schism, because the physiology of plant water
transport lies at the heart of a great many aspects of plant ecology
and evolution, and its progress is being hindered by a lingering
debate between proponents of these different schools.
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Technical uncertainty is largely responsible for the persistence of
contrasting perspectives on vulnerability to embolism, and in
particular, uncertainly about the behaviour of embolisms in stems
that must be cut from the tree before they can be measured
(Wheeler et al., 2013). For this reason there has been substantial
interest in noninvasive techniques that can detect embolisms
nonintrusively. The detection of acoustic emissions produced by
cavitation is being employed with increasing confidence
(Ponomarenko et al., 2014; Nolf et al., 2015), while tomographic
methods using X-rays can provide detailed evidence of when and
where embolism occurs in woody stems (Brodersen et al., 2013;
Choat et al., 2015). Here we present results from a new optical
method that provides the best evidence yet of the timing and spread
of embolisms in the leaf venation system during water stress. Our
technique develops upon earlywork showing that embolized vessels
in stems can be recognized by their relatively high reflectance
compared with water-filled conduits (Haines, 1935). Rather than
relying on dyes to quantify the effects of embolism on water flow
(Salleo et al., 2001; Triflio et al., 2003), we use new image
processing that detects dynamic embolism by recording rapid
changes in the transmission of light through the veins of leaf
samples, thus enabling embolisms to be filmed andmapped during
the development of leaf water stress.

Leaf hydraulic performance is a sensitive indicator of plant
photosynthetic performance, ecology and evolution (Sack &
Scoffoni, 2013). Furthermore, the vulnerability of leaves to
hydraulic dysfunction during water stress has proved highly
informative about the timing of plant death, and the mechanisms
of adaptation to increasing aridity (Blackman et al., 2010; Brodribb
et al., 2014). However, leaf hydraulic techniques to date have
proven more laborious than equivalent measures in stems. By
overcoming this technical hurdle, the new optical vulnerability
(OV) technique described here holds great promise as a cheap and
easymethod for assessing leaf vulnerability in awide variety of plant
species. We compare the timing of embolism as determined by the
novel OV method with classic hydraulic techniques to determine
whether the timing of optical observations of embolism spread in
leaves corresponds with measured losses in leaf hydraulic conduc-
tance or leaf cell turgor.

Materials and Methods

Plant material

Four angiosperm species from different families were chosen to
compare the traditional hydraulic vulnerability techniques with the
OV method. Eucalyptus globulus Labill. (Myrtaceae) is a large tree
used commonly in silviculture worldwide, Bursaria spinosa Cav.
(Pittosporaceae) is a central and eastern Australian desert/dry forest
shrub, Eucryphia moorei F.Muell. (Cunoniaceae) is a tree species
restricted to rainforest in eastern Australia, and Senecio minimus
Poir. (Asteraceae) is a common ruderal herbaceous species found in
temperate forests of Australia andNewZealand, from a genus with
a global distribution. These species were chosen because they grow
under very different native rainfall climates and were thus expected
to display a range of xylem vulnerabilities. In the case of woody

species, all material was harvested from single representative trees
growing in the grounds of the University of Tasmania. Whole
plants of the herbaceous species were harvested from a small
population of plants growing in drainage channels near the
University of Tasmania glasshouse facility. All material was
sampled during the wetter winter months of June to August 2015.

For both vulnerability techniques, large branches (2–3 m) of
woody species orwhole rooted individuals of the herbwere sampled
early in the morning. The large branch size was sampled to ensure
that no vessels were continuous between the site of stem excision
and the leaf venation. This was tested by pressurizing the cut end of
branches with air at 1 Bar, and excising petioles of leaves
downstream underwater until bubbles were seen to emerge from
the petiole, indicating open vessels.

Optical vulnerability

Each tree was represented by three branches, brought directly into
the laboratory upon excision, where a single leaf was placed under a
stereomicroscope (M205A; Leica Microsystems, Heerbrugg,
Switzerland) while remaining attached to the large parent stem.
Leaves were carefully fixed to the microscope stage using transpar-
ent adhesive tape, ensuring that the stomatal surface was not
occluded. The target leaf was illuminated homogeneously from
below at an intensity of c. 40–80 lmol quanta to produce a
transmitted light image which was captured on a digital camera
(DFC450; LeicaMicrosystems) attached to themicroscope. Leaves
with bundle sheath extensions produce the clearest images, but
homobaric leaves are also suitable, although minor veins are often
difficult to resolve. Magnification was set to provide sufficient
resolution of the larger vein orders on the leaf (98–10, providing
between 2400 and 3600 pixels per inch resolution), and pho-
tographs were taken every 30–60 s until a browning of the leaf was
observed (typically indicating the death and lysis of mesophyll
cells). Higher magnification can provide better resolution of
individual conduits but this comes at a cost of a smaller field of view.
Here we opted for a larger (8.2 mm) field of view to enable good
visualization of multiple vein orders. Desiccation ranged in time
from 1 to 4 d during which time the water potential of adjacent
leaves (wleaf) was sampled using a Scholander pressure chamber
(PMS, Albany, NY, USA) c. every 1–3 h (with sampling gaps
overnight between 19:00 h and 07:30 h). At each time point 2–3
leaves were sampled to ensure homogeneity inwleaf. In species with
larger leaves a psychrometer (ICT International, Armidale, NSW,
Australia) was attached to an adjacent leaf to provide a continuous
measure of water potential during drying. These adjacent leaves
were maintained at 22°C under laboratory lighting, and at a
temperature within 1°C of the target leaf. In all species we found
that after stomatal closure, the rate of decline of wleaf was highly
linear, enabling a very confident prediction ofwleaf of the target leaf
at any time. Linear regressions between leaf water potential and
time since excision for each sampled branch were used to describe
the change in wleaf as branches dehydrated.

Analysis of the image sequence captured during desiccation was
carried out to identify rapid changes in light transmission through
leaf veins that corresponded to air entry into the xylem conduits
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(Ponomarenko et al., 2014). This was done using an image
subtraction method in IMAGEJ to highlight changes between
successive images in the stack of images producedduring the branch
drying process. The image subtraction method highlights rapid
changes in light transmission caused by bubble expansion, while
filtering all other slow movement associated with drying. An
advantage of the image subtraction method is that multiple events
could be observed in any pixel, thus allowing resolution ofmultiple
embolisms occurring in xylem cells that may overlay each other. A
new image stack comprised of subtracted images was then
thresholded to highlight the embolism events, which appeared as
white pixels on a dark background. After thresholding, the ‘analyse
particles’ function of IMAGEJ (National Institute of Health, New
York, NY, USA) was used to filter out noise, which appeared as
small random changes in pixel contrast compared with the large,
structured embolism events. A cumulative ‘Z-projection’ of all the
thresholded image sequence produced a map of the sum of all
embolisms, and this was then used to separate veins into three
orders: midrib, 2° (large veins emerging from the midrib and
traversing more than half the distance to the margin before
bifurcating) and 3° (all remaining veins). A similar function
‘Timelapse Colour Coder’ was used in some cases to produce
colour maps of the timing of embolism throughout the vein
network. Regions of interest corresponding to each vein order were
then created and the ‘Measure Stack’ function used to measure the
number of cavitated pixels in each image for each vein order
throughout the image stack. This functionmeasures the number of
pixels above the threshold (defined by being embolized – black or
non-embolized –white) in each slice of the image stack. The count
of embolized pixels was then summed to give the cumulative
number of pixels present in each vein order over time. The product
is a temporally and spatially resolved data set indicating the
accumulation of embolisms in vein orders. The abrupt start and
finish of embolization during leaf drying enabled the dynamic
spread of embolism to be expressed as the percentage of amaximum
embolized state in each vein order at each time point (correspond-
ing to the acquisition time of each new image). By converting time
into wleaf for each movie, an optical vulnerability curve was
produced for the different vein orders of each leaf.

Hydraulic vulnerability

Three large branches were taken from the same trees as used forOV
measurements, except in the case of S. minimus where three whole
plants with roots were harvested from the same small population of
individuals growing on loose gravel. All plants were sampled in the
morning during the wetter months of May to August such that
branches were initially hydrated at near �0.5MPa. Samples were
bagged and transported to the laboratory where they were exposed
to cycles of dehydration followed by equilibration in a humidified
bag for at least an hour before measuring. Measurements were
scheduled c. every 0.5 MPa until wleaf could no longer be reliably
measured. Dehydration was carried out at 20� 3°C and under a
combination of laboratory and natural lighting of c. 50–
100 lmol quanta m�2 s�1. Leaf hydraulic conductance (Kleaf)
was determined by measuring dynamic flow during leaf

rehydration (Brodribb & Cochard, 2009). Briefly, leaves (or in
the case of the microphyllous species B. spinosa, small shoots with
5–10 leaves) were cut underwater and immediately attached to a
flowmeter (see http://prometheuswiki.publish.csiro.au/ for
detailed instructions) while the hydraulic flux into the leaf was
logged. After 30 s the leaf was removed andwleaf determined after a
10 min equilibration period. Calculation of Kleaf was made using
the equation; Kleaf = F/Δw, where F is the hydraulic flux into the
leaf (in mmol m�2 s�1);Δw is the hydraulic driving force (equal to
wleaf). Two values of Kleaf were measured for each leaf, an initial
value associated with the equilibratedwleaf before leaf excision, and
a final value after disconnection from the flowmeter.The two values
were compared to ensure agreement within 30% variation. Values
were discarded if variation exceeded 30% (c. 1% of cases). Values of
Kleaf (initial) were plotted against initial wleaf (before leaf excision)
and a sigmoidal regression (Kleaf = a/(1 + e(�(x�x0)/b))) fitted to data
for each branch. From these regressions, using data from between
15 and 30 leaves per branch, three values ofw50 (the water potential
when Kleaf was reduced to 50% of the initial maximum – a) were
calculated for each species.

Turgor loss point

To determine the point of stomatal closure we measured the water
potential corresponding to bulk leaf turgor loss wtlp. The point of
bulk leaf cell turgor loss was determined in each individual by the
relationship between wleaf and water volume in the leaf. Branches
from the same individuals as used for vulnerability assessment (or
from neighbouring plants in the case of the herb S. minimus) were
cut underwater and allowed to hydrate to >�0.1MPa. From these
branches at least three leaves per species were removed and
measured using the bench drying technique (Tyree & Hammel,
1972). Leaf weight and wleaf were measured periodically during
slow desiccation of sample leaves in the laboratory. Desiccation of
leaves continueduntil leafwater potentials stopped falling, or began
to rise due to cell damage. Relative water content was plotted
against wleaf for each leaf, and the wleaf at turgor loss point was
determined as the point of inflection between the linear and
nonlinear portions of the plot. A mean wleaf at turgor loss� stan-
dard deviation (SD) (n = 3) was calculated for each individual (or
from three individuals in the case of S. minimus).

Results

Visualization of embolization

Leaves dried for long periods of time before the initial embolism
events were observed as discrete events propagating within the
venation between image frames. Incipient embolism was recorded
between 4.75 h (in S. minimus) and 29 h (in B. spinosa) following
the excision of branches or the removal of whole plants from the
soil. Before this time the only differences between sequential leaf
images were caused by motion produced due to slow tissue
shrinkage as leaves desiccated. Initial embolisms were typically
observed as very rapid (faster than the image sampling period of
30 s) invasion of air into larger veins and patches of closely
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connected downstream minor veins (Fig. 1). The spread of
embolism was rather patchy both temporally and spatially in all
species, but the typical pattern observed was that embolisms in
major veins were typically large events that passed between vein
orders, while smaller 3° veins embolized in small steps that were
randomly distributed across the leaf (Fig. 2). Embolism continued
for periods ranging between 6.5 h (in S. minimus) and 32 h (in
E. globulus) after which embolism ceased (Fig. 2) and leaves were
usually observed to change colour, presumably associated with
tissue death.

The progression of total cumulative embolism in the xylem
network of each species approximately followed a logistic function
when plotted against wleaf (Fig. 3), although steps were always
evident due to larger embolism events, particularly early in the
embolism cycle. Although curves were similar for different leaves of
the same species, there was enormous variation between species in
the wleaf range causing embolism. The form of these optical
vulnerability relationships in the three representative leaves per
species appeared to be very similar to the shape of hydraulic
vulnerability curves from the same individuals (Fig. 3). A plateau in
Kleaf during the first hours of leaf desiccation indicated a range of
wleaf which had no effect on the hydraulic conductance. This initial
period of uncompromised water transport function was corrobo-
rated by a lack of embolism measured optically during the same,
species-specific, range of wleaf. The plateau in Kleaf was short in the
vulnerable species S. minimus (< 12% decline of Kleaf until
�1.67MPa), but very long in hardy species such as E. globulus

and B. spinosa where Kleaf was not observed to decline by > 12%
until after �4.55MPa, or > 3 d drying (Fig. 3).

Water potentials observed to produce 12%, 50% and 88%
embolism or hydraulic dysfunction were very similar for both
measures of vulnerability (Fig. 3). There was close to 1 : 1

(a) (b) (c)

Fig. 1 (a) Image 1 from the series of images taken during the dehydration of a Eucryphiamoorei leaf (half of the original image is shown). The transmitted light
images highlight the majority of the vein network. (b) A single embolism event recorded by subtraction of sequential images 450 and 451 in the image stack
(450min after the branch was removed from the tree). Embolism causes an abrupt change in light transmission that appears as a vivid light area in the
subtraction image. This event shows the propagation of a single embolism, presumably from themidrib, into the secondary and tertiary venation. (c) A colour
map of all embolisms recorded during the desiccation of the same leaf over 2450min shows the occurrence of embolisms inmost visible veins. Larger veins are
seen to experiencemultiple embolisms, seen as an overlay (addition) of different colours (colour legend shows the colour label assigned according to leafwater
potential; no embolisms were observed until a leaf water potential of �2.24MPa was reached).

Fig. 2 The accumulation of embolisms over time is shown in different vein
orders (dotted lines) of a desiccating Eucalyptus globulus leaf. Total
embolism (the sum of all recorded embolisms – black line) shows that
embolism begins c. 600min after branch excision and continues for c.
2000min. The spatial distribution of embolism (insert map) shows large
events occurring early in the midrib and the latest events in the minor veins.
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relationship between wleaf observed to cause 50% embolism and
50% reduction in Kleaf over a very large range of vulnerabilities
(mean wleaf at 50% Kleaf ranged from �1.9� 0.28MPa in
S. minimus to �6.9� 0.41MPa in B. spinosa). When comparing
thewleaf at 12%and88% loss of function between techniques,most
species showed similar trends, except the small leaved species
B. spinosa (Fig. 4) which showed longer tails in the hydraulic
compared with optical method.

Thewleaf at 50% loss of function was always found to occur after
the turgor of leaf cells had fallen to zero. The mean point of
incipient embolism (wleaf at 12% embolism) also occurred after the
mean turgor loss point in all species, but in the herbaceous species

S. minimus and the rainforest tree E. moorei there was a very small
margin between these two thresholds (Fig. 3; Supporting Infor-
mation Fig. S1).

Discussion

We present a new optical method that allows the process of
dynamic leaf embolism during water stress to be visualized for the
first time. Employing this technique in four angiosperm species
with contrasting water stress tolerances provided clear insight into
fundamental questions regarding the impact of embolism upon
water transport in leaves.Two important conclusions flow fromour

Fig. 3 Hydraulic vs optical vulnerability curves for the four species. Optical curves (red lines) show the percentage cumulative total embolism recorded during
drying in three leaves from three different branches, while hydraulic curves (black) show the decline of Kleaf during drying in three branches. The dashed
vertical line shows the mean turgor loss point for each species.
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observations of water stressed leaves. First, we find that the water
potential thresholds causing declining hydraulic conductance in
leaves correspond very strongly with measured wleaf thresholds for
the spread of embolism in the leaf venation as determined by OV.
Second, we observe that the point of incipient embolism in the leaf
vein network occurs after the bulk leaf turgor loss, supporting other
studies (Brodribb & Holbrook, 2003; Nardini et al., 2003)
indicating that stomatal closure generally pre-empts xylem
embolism in the leaf.

Optical method

TheOVmethod gives unprecedented resolution of the dynamics of
embolism invasion into leaves. Aftermany hours of drying, discrete
embolisms could be easily observed rapidly propagating into the
venation network. Although these embolisms could not be resolved
to the level of individual conduits due to a technical trade-off
between resolution andfield of view, higher powermagnification in
wood samples has verified that source of the optical signal is due to a
phase change from liquid to void in xylem lumina (Ponomarenko
et al., 2014). A very strong correlation between the dynamics of
xylem embolism recorded by the OV method, and the decline of
the hydraulic conductance of whole leaves, provides a compelling
linkage of cause and effect.

In determining thresholds for embolism from optical data, no
weighting was assigned to vein orders, thus every embolism was
treated equally regardless of its position in the leaf vein network.
This was despite the fact that larger vein orders appear more
vulnerable than smaller veins (T. J. Brodribb et al., unpublished)
(Fig. 2). Additionally in some species there were minor vein orders

that were not completely resolved in the microscope images.
Although embolism in large veins close to the source of water
supply to the leaf venation network (themidrib and petiole) should
have a disproportionate influence on leaf water transport compared
with distal venation, in the species examined here there was no
evidence of biased effects of embolism in different vein orders. A
likely reason for this is that low order veins (midrib and secondary
venation) were highly composite in terms of conduit numbers, and
were observed to embolize multiple times throughout the
embolism cycle of minor veins (each of which only tended to
embolize once; Fig. 1c). Thus it is likely that these larger veins
retained some conductivity as leaves dried, only approaching zero
conductivity once all other veinswere air filled.This observationfits
well with the redundancy arguments used to explain why leaf xylem
networks in angiosperms are always characterized by a loopy,
reticulate topology (Katifori et al., 2010). The hierarchical,
reticulate networks found in all species examined here thus provide
an efficient means of bypassing local embolisms in the leaf water
transport network, allowing the restoration of water delivery to the
whole leaf, albeit with reduced efficiency, when a partially cavitated
leaf is rewatered (Blackman et al., 2010).

Declining Kleaf in water stressed leaves was generally observed
once leaves crossed the threshold wleaf at which incipient vein
embolism was recorded by the optical method. Only in the
toughest species, Bursariawas there a suggestion that Kleaf declined
before embolism, but in this species it was necessary to use small
shoots with many (> 20) tiny leaves to measure Kleaf, and it is likely
that variation in embolism vulnerability of some of these leaves was
different from the three representatives measured by the OV
method. In all species, the point of incipient embolism was
breached after leaves had lost turgor. Given that stomata generally
close at or before turgor loss (Brodribb & Holbrook, 2003), this
strongly suggests that stomata were closed in all species before
embolism had begun (Fig. 2). Such a result is somewhat surprising
in the light of recent studies that suggest declines in Kleaf may occur
during or even before stomatal closure (Brodribb & Holbrook,
2004; Scoffoni et al., 2014). The explanation for this discrepancy
may emerge from the different methodologies used to determine
leaf vulnerability. The hydraulic technique employed here mea-
sures Kleaf in samples that have been highly equilibrated (nonevap-
orating for> 3 h), such thatwleaf measured by the pressure chamber
represents a homogeneous pressure across the entire leaf. Under
these circumstances, the gradient driving water uptake in the leaf is
well known, and Kleaf gives a value of conductance between the
petiole and the mesophyll. By contrast, methods that assess Kleaf in
samples that are evaporating, suffer the uncertainty that the
pressure gradient across the leaf is a function of the evaporation rate,
and cannot be measured. In addition, evaporation within the leaf
can provide a nonhydraulic pathway for transfer of water between
tissues, potentially increasing the apparent Kleaf (Rockwell et al.,
2014a; Buckley, 2015). Thus the evaporative method of Kleaf

determination provides an estimate of how transpiration affects
Kleaf, but probably does not give a clear indication of how embolism
affects Kleaf. The clear result from data presented here is that Kleaf

declines under severe water stress due to the invasion of embolisms
into the leaf venation.

Fig. 4 Comparisons ofwater potentials at 12%, 50%and88% loss of xylem
function (P12, P50 and P88) in Senecio minimus (triangles), Eucryphia
moorei (squares), Eucalyptus globulus (inverted triangles) and Bursaria
spinosa (circles). For each species themean P50s (closed symbols; error bars,
standard deviation, n = 3) for both hydraulic and optical techniques agree
very closely with the 1 : 1 line (dotted). Divergence of P12 and P88 (open
symbols) in Bursaria indicates a steeper slope in the optical vs hydraulic
vulnerability curves.
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Implications for embolism theory

These results indicate that for the ecologically diverse woody plant
species sampled here, xylem embolism by desiccation only occurs
once leaves are sufficiently water-stressed to completely close
stomata. Given the proximity of turgor loss and incipient
embolism in S. minimus, a possibility remains that, under
exceedingly high vapour pressure gradients, stomatal closure and
embolismmay overlap in this herbaceous species.However it seems
unlikely that the rate of desiccation in the excised branches used
here will ever be exceeded by plants in the field. Thus our data
support the theory that embolism in the leaf xylem is a rare event in
nature, associated with acute and damaging water stress. The OV
methodwe present here is compelling in its ability to vividly resolve
embolism in action. The technique provides powerful insight yet
its simplicity should allow its broad application to a diversity of
physiological and ecological questions associated with xylem
embolism in plants.
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