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ABSTRACT

The formation of air bubbles in the xylem, known as embolism, reduces hydraulic conductivity and can ultimately lead to
catastrophic failure of a tree's water transport system. When a vessel embolises, it releases water into the surrounding xylem
tissue. Yet, how this release affects plant water status and further embolism spread remains poorly studied, especially in tropical
trees. We examined xylem vulnerability curves from branches of 38 trees representing five dipterocarp species growing in a
Bornean tropical rainforest. While branch water potential progressively declined as branches desiccated over time, temporary
increases in branch water potential were repeatedly observed across all trees. These increases predominantly took place in the
water potential range where embolism occurred, indicating that the observed increases most likely resulted from water released
from embolised vessels. Our findings suggest that water release from embolism may temporarily buffer water potential declines
and further embolism spread during desiccation in dipterocarp trees, although the extent to which this buffering capacity is
present in other tropical and temperate species should be investigated further. Our study provides novel insights into xylem
water dynamics and the mechanisms by which trees may sustain hydraulic function during periods of water stress, potentially
enhancing their drought resilience.

1 | Introduction increased drought frequency and intensity in the future
(Trenberth et al. 2014; Choat et al. 2018; McDowell et al. 2018;
IPCC 2022). This is particularly important for Southeast Asian
tropical forests, which store large amounts of carbon (Qie

Understanding how trees cope with periods of water stress is
crucial to predicting how tropical forests will respond to
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et al. 2017; Estoque et al. 2019) but remain understudied rela-
tive to Amazonian forests (Hubau et al. 2020; Gatti et al. 2021).
One approach to determine the vulnerability of trees to drought
is by measuring their ability to resist xylem embolism, which
occurs when decreasing xylem water potential leads to the
formation of air bubbles in the vessels, reducing hydraulic
conductivity (Sperry and Tyree 1988; Choat et al. 2012; Tyree
and Zimmermann 2013). The water potential corresponding to
50% loss of conductivity (Psy) has been widely used for com-
parisons of xylem vulnerability to drought across species and
correlates with the risk of plant mortality to drought (McDowell
et al. 2008; Blackman et al. 2009; Brodribb and Cochard 2009;
Meinzer et al. 2009; Brodribb et al. 2010; Choat et al. 2012; Urli
et al. 2013; Rowland et al. 2015; Choat et al. 2018).

To prevent hydraulic failure, trees must avoid embolism (Tyree
and Sperry 1988; Urli et al. 2013; Gleason et al. 2014). However,
during intense or prolonged periods of water stress, this is often
not possible and low water potentials cause embolism in trop-
ical trees (Sobrado 1997; Meinzer et al. 2008; Johnson
et al. 2012). The formation of embolism is a complex process
influenced by multiple factors beyond just xylem water poten-
tial. While low water potential is a key driver, embolism also
depends on the proximity to gas under atmospheric pressure,
interconduit connectivity, the degree of hydraulic compart-
mentalisation, vessel dimensions, and the rates of axial and
radial gas diffusion (Wang, Liu, et al. 2015; Wang, Pan,
et al. 2015; Silva et al. 2024). Additionally, embolised conduits
themselves can accelerate further embolism spread in neigh-
bouring conduits, potentially leading to catastrophic hydraulic
failure if a considerable fraction of the water-conducting
capacity is lost (Tyree and Sperry 1989). While this process is
generally assumed to be irreversible without a resupply of
water, it is possible that trees can slow down this process and
delay further embolism by redistributing internally stored water
supplies, potentially prolonging survival and preventing mor-
tality of the entire plant (Holttd et al. 2009; Meinzer et al. 2009).
Despite its importance for predicting tropical forest responses to
water stress, the timing of hydraulic failure in trees and the
complex mechanisms that may limit or delay it remain poorly
studied in tropical trees (McDowell et al. 2018; Powers
et al. 2020; Bittencourt et al. 2022).

During persistent water shortage, tree water status progressively
declines and various plant tissues sequentially release water
into the transpiration stream (Wei et al. 2023). This process
typically occurs in three phases: an initial phase with rapid
water release from intercellular and capillary spaces, such as
the apoplastic lumina of fibres; a second phase where sym-
plastic water is discharged from intracellular storage compart-
ments such as axial or ray parenchyma cells; and a third phase
where water is released from conduits (i.e., vessels or tracheids)
due to embolism formation (Tyree and Yang 1990; Tyree and
Zimmermann 2002; Gleason et al. 2014; Jupa et al. 2016; Wei
et al. 2023). The release of this apoplastic and symplastic water
relative to a given change in water potential is termed capaci-
tance, a process which, although poorly studied, plays a crucial
role in maintaining tree hydraulic integrity (Salomén
et al. 2017) and has the potential to significantly buffer against
short-term drought stress (Tyree and Yang 1990; HOolttd
et al. 2009; Scholz et al. 2011; Vergeynst et al. 2015). In addition,

the residual conductance from leaf and bark—representing
water loss that persists even when stomata are closed—also
plays a critical role in controlling plant water loss, the devel-
opment of xylem embolism and survival time during drought
(Duursma et al. 2019; Burlett et al. 2025).

When a conduit embolises, it becomes filled with water vapour
or gas, and nearly all the liquid water inside it is released to the
surrounding xylem tissue (HOIttd et al. 2009; Gleason
et al. 2014; Wang, Liu, et al. 2015; Wang, Pan, et al. 2015; Silva
et al. 2024). Unlike other sources of water release from plant
tissues during desiccation, the water released by embolised
conduits is unbound and possesses high potential energy, which
can temporarily increase the plant's water potential
(Zimmermann 1983). It is important to note, however, that this
water release results from a phase change during embolism
formation and is inherently hysteretic; as such, it is not
reversible in the manner of capillary or elastic water storage and
should not be interpreted as true capacitance. These temporary
increases in water potential are likely to scale with the amount
of embolism and conduit dimensions (Holtté et al. 2009; Wang,
Liu, et al. 2015; Wang, Pan, et al. 2015). If these increases are
large enough to offset the ongoing decline in water potential
due to evaporative water loss during periods of water stress,
they may contribute towards preventing further loss of con-
ductivity and halting, at least temporarily, further embolism
propagation to neighbouring conduits (H6lttd et al. 2009). It has
also been suggested that local extraction of gas in a recently
embolised conduit may provide a temporary buffer to embolism
spread in a neighbouring conduit (Silva et al. 2024). Thus, the
capacitative release of water from embolised conduits may be
one of few potential mechanisms that could allow trees to
reduce the risk of further embolism spread without requiring an
increase in plant water volume. As a result, depending on the
magnitude and duration of this buffering effect from capaci-
tance, a tree may experience reduced overall damage to the
hydraulic system. This would reduce the costs of repairing or
replacing embolised xylem, potentially limiting the impact of
drought events on woody plants (Scholz et al. 2011). However,
there are limited ways to directly measure tree capacitance
(Scholz et al. 2011) and indirect measures remain complex to
implement due to the heterogeneous nature of wood, especially
at the whole-tree scale (Meinzer et al. 2004; 2008; Scholz
et al. 2011; Pfautsch et al. 2015; Vergeynst et al. 2015;
Jupa et al. 2016; Salomon et al. 2017; Santiago et al. 2018; Siddiq
et al. 2019; Wei et al. 2023). Consequently, quantitative esti-
mates of tree capacitance are often lacking in studies on
drought resistance (Vergeynst et al. 2015) and the role of
capacitance in slowing or temporarily reversing the effects of
embolism remains poorly understood (Wei et al. 2023).

Most evaluations of xylem vulnerability to embolism focus on
branch xylem (Gleason et al. 2014; Vergeynst et al. 2015;
Oliveira et al. 2019; Trifilo et al. 2019; Bittencourt et al. 2022;
Tavares et al. 2023; Wei et al. 2023), with relatively fewer
studies exploring vulnerability in leaves (Blackman et al. 2014;
Brodribb, Bienaimé, et al. 2016; Brodribb, Skelton, et al. 2016;
Scoffoni et al. 2017a; 2017b; Lucani 2019; Ziegler et al. 2019;
Creek et al. 2020; Powers et al. 2020; Tan et al. 2020;
Yao et al. 2021; 2023). The leaf vascular system plays a crucial
role in supplying the mesophyll with sufficient water for
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photosynthesis, governing the rate of water and CO, exchange
between plants and the atmosphere (Brodribb and
Holbrook 2006). Previous studies have shown that embolism-
induced declines in leaf hydraulic conductivity can strongly
impact the growth, productivity and overall water balance of
plants (Sack and Holbrook 2006; McDowell et al. 2008;
Anderegg et al. 2015). Given the crucial role of leaves in the
whole-plant hydraulic system, understanding which mecha-
nisms can help prevent hydraulic failure in the leaves is es-
sential, as these may strongly dictate plant responses to water
stress, drought-induced mortality and drought adaptive capacity
(Brodribb and Holbrook 2006; Blackman et al. 2010; Brodribb,
Bienaimé, et al. 2016; Brodribb, Skelton, et al. 2016).

As trees grow larger, their water storage capacity and the capacitive
effect of embolism are expected to increase (Phillips et al. 2003;
Holttd et al. 2009; Scholz et al. 2011), which could be particularly
important for alleviating drought in tall trees (Scholz et al. 2011),
such as those found in Southeast Asia (Banin et al. 2012; 2014).
However, quantifying the amount and physiological impact of
water released from embolised vessels remains challenging. While
the amount of water released by vessel embolism can be estimated
using vessel anatomy and branch structural traits, it is still unclear
how this relates to fluctuations in water potential of the sur-
rounding tissues and how much of this water eventually ends up in
the leaves (Wei et al. 2023). A modelling study by Holttd et al.
(2009) demonstrated that water released from embolism could
protect a plant from further embolism over short intervals. How-
ever, empirical studies reporting increases in water potential are
extremely scarce (i.e., no reported increases in Lamarque et al. 2018
and Avilla et al. 2022; but see Lo Gullo and Salleo 1992). Conse-
quently, quantitative estimates of the timing and magnitude of this
buffering effect are lacking. Given that plants often encounter
significant embolism only under extreme hydraulic stress (Meinzer
et al. 2009; Urli et al. 2013; Guan et al. 2022), understanding if and
where along the gradual dehydration phases of plants these water
potential increases occur is crucial.

In this study, we utilise high temporal resolution measurements
obtained with the optical method and psychrometers to inves-
tigate embolism formation in leaves and the dynamic changes
in branch water potential during desiccation, and explore the
potential impact on tree hydraulic functioning in Southeast
Asia’'s tallest tropical forests. We focus on five species belonging
to the family of Dipterocarpaceae, containing the tallest tropical
trees in the world, and explore the following questions:

1. Can increases in branch water potential be detected dur-
ing desiccation?

2. Do increases in water potential coincide with periods of
maximum rates of embolism spread?

3. Is the water released from vessel embolism likely to be
physiologically relevant?

2 | Methods
21 | Study Site and Sample Collection

This study took place in a mixed dipterocarp forest in the Kabili-
Sepilok Forest Reserve in Sabah, Malaysian Borneo (lat. 5°52’ 34" N,

long. 117°56’ 58" E) from April-June in 2022. The region has a mean
(£ SD) monthly temperature of 26.5+0.6°C and mean annual
precipitation of 2640 + 675 mm, with no dry season (<100 mm
monthly rainfall) except under extreme drought conditions that
occasionally happen during El Nifio periods (Bittencourt
et al. 2022). Here, plant material was collected in three permanent
alluvial forest plots of 4 ha, characterised by nutrient rich and clayey
soils (Nilus et al. 2004; 2011; Bittencourt et al. 2022) where dipter-
ocarp trees taller than 70 m can occur (Jucker et al. 2018). The
distance between these plots was less than 1km, so climatic dif-
ferences across them should be small. Within the plots, five dip-
terocarp species were selected from multiple genera to represent a
broad phylogenetic spectrum, enabling more robust generalisations
for the Dipterocarpaceae family. These genera (Dipterocarpus,
Dryobalanops, Parashorea and Rubroshorea) are widespread across
the Asian tropics (WFO 2023) and are also the most abundant in
Borneo (Fox 1972; Romell 2011). The species selected were Dip-
terocarpus caudiferus, Dryobalanops lanceolata, Parashorea malaa-
nonan, Parashorea tomentella and Rubroshorea johorensis
(WFO 2023), and encompassed a wide range of ecological strategies,
from slow-growing, extremely shade-tolerant trees to light-
demanding fast growers (Scheire 2025; Jotan et al. in revision).

In total, 38 trees were sampled, ranging in height from 7 to 71 m
tall and diameter at breast height (1.3 m) from 9 to 153 cm. For
each species, a minimum of six trees was sampled. The aim of
the sampling design was to maximise the height variation
across trees (i.e., to obtain a distribution of tree heights ranging
from the shortest to tallest individuals of that species;
Figure S1). Tree crowns were accessed by experienced tree
climbers using double rope climbing techniques. Total tree
height and branch sampling height were measured using a laser
range finder (Forestry Pro II; Nikon, Tokyo, Japan), and height
values were confirmed by the tree climbers. For each tree, one
branch of approximately 1-2 m long was collected from the top
of the crown (i.e., from the uppermost branch). Depending on
individual tree crown size, additional branches were also sam-
pled from the lowest branch of the crown and from an inter-
mediary branch. Overall, 15 trees had top, middle and bottom
branches sampled, 10 had top and bottom branches sampled,
and 13 of the smaller trees only had top branches sampled due
to their small crown depths. Upon excision, branch samples
were quickly brought down to the ground and placed inside
black plastic bags containing moist tissue paper to avoid
dehydration while transporting the samples back to the lab at
the Forest Research Centre, 10-30 min’ walk from the plots.
When branch samples arrived at the lab, 1-2 h after being cut,
they were placed inside buckets filled with water and recut
under water. Branch samples were then stored in plastic bags
with the cut end of the branch remaining submerged in water
and were rehydrated overnight to ensure that each sample had
the same starting condition. Leaf measurements were con-
ducted using the branch as the sampling unit, meaning that all
leaves from an individual branch were considered equivalent.

2.2 | Constructing High-Resolution Leaf
Vulnerability Curves

Leaf vulnerability to embolism was measured using the optical
method (Brodribb, Bienaimé, et al. 2016; Brodribb, Skelton,
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et al. 2016). Conventional methods for constructing xylem
vulnerability curves implement a sigmoidal or Weibull function
to fit conductivity loss to water potential decline (Pammenter
and Van der Willigen 1998; Ogle et al. 2009; Duursma and
Choat 2017). These fits typically rely on relatively few water
potential measurements, spread over significant time periods
(hours to days) and use the fitting procedure to interpolate the
remaining water potential between full rehydration and com-
plete hydraulic failure (Duursma and Choat 2017). This means
that the curves may not have sufficient resolution to detect
releases of stored water and their impact on the water potential
of the branch segments. The combination of the optical method
(Brodribb, Bienaimé, et al. 2016; Brodribb, Skelton, et al. 2016;
Lucani 2019), in which a scanner or microscope is used to
visually detect embolism formation within the xylem, with
automated xylem water potential measurements (e.g., using
psychrometers), offers a finer time-resolution to detect water
potential increases. Because this approach measures water
potential continuously, at much finer intervals (e.g., every
10 min; Brodribb et al. 2017), it enables a more precise inves-
tigation of water potential and embolism fluctuations over time
and therefore offers a greater capacity to capture water potential
increases.

The optical method works by capturing images of the leaf xylem
at regular intervals over a period of time using transmitted light
and analysing the differences in light intensity that occur when
vessels in the xylem embolise (Brodribb, Bienaimé, et al. 2016;
Brodribb, Skelton, et al. 2016; see Lucani 2019 for details of
image processing). For each fully rehydrated branch, one leaf
was scanned every 10 min as it was left to dry out while still
being attached to the branch, using Epson Perfection V600 Photo
scanners at 4200 DPI resolution. Simultaneously, branch water
potential (Ypranch) Was monitored every 10 min using a stem
psychrometer (PSY1, ICT International, Armidale, NSW, Aus-
tralia). Given that the whole branch sample was disconnected
from the soil and that stomata were closed during the experi-
ment, the water potential of the entire branch sample was
assumed to be close to equilibrium (Brodribb and
Holbrook 2003; Lucani 2019). Leaves were scanned for at least
36 h, and were scanned for longer if Pyranch continued to decline
or leaves had not turned brown, at which point leaf xylem
vessels were assumed to be fully embolised. Subsequently,
xylem embolism per image was quantified in ImageJ (v1.54 h;
Schneider et al. 2012) as the count of embolised pixels per
image divided by the total cumulative count of embolised pixels
measured across the entire experiment to represent the per-
centage of total cumulative embolism (Lucani 2019; Creek
et al. 2020). The percentage of embolism at the time of image
capture was then linked to Ppranch from the psychrometer. Leaf
xylem vulnerability curves were then constructed (relationship
of percentage cumulative embolism plotted against Pprancn) to
extract Psy, the Pprancn at which 50% of total cumulative leaf
embolism had occurred. Leaf P,, and Pgg were also calculated.
These leaf vulnerability experiments were conducted as part of
a broader field campaign in which woody vulnerability curves
were also measured using the pneumatic method (Pereira
et al. 2020; Bittencourt et al. 2026). As a result, the optical
method was applied only to leaves, meaning that comparable
high-resolution vulnerability curves were not available for the
wood. Despite this high-resolution of the optical method, we

note that all methods involved in measuring leaf and branch
vulnerability curves make quantifying the direct impact of
capacitance on embolism formation complex (Cochard
et al. 2013). This is because they are generally carried out on
relatively small branch segments, which may limit the amount
of water available to be released (HOIttd et al. 2009). Further-
more, these branches have also been excised from the tree,
which accelerates experimental desiccation relative to natural
drought conditions and potentially masks the impacts of
increases in water potential.

2.3 | Psychrometer Measurement Accuracy

Given the focus of our study on fluctuations in Pyrancn during
branch desiccation, measurement accuracy was crucial. While
psychrometers provide continuous Yy ancn measurements, the
precision of readings below 0.1 MPa remains uncertain, as they
may be influenced by specific parameter settings, such as
cooling and waiting times. To minimise potential artifacts, our
psychrometer settings followed best practices and recommen-
dations from (published) studies (Brodribb et al. 2017;
Lucani 2019) and the psychrometer manufacturer (ICT Inter-
national 2014; Dixon and Downey 2017). In one of these studies,
cooling time during psychrometric measurements was
increased throughout the experiment (i.e., from 5 to 30s in
Brodribb et al. 2017) as Ppranch became more negative to ensure
sufficient condensation on the thermocouple and a stable wet-
bulb depression. In practice, however, guidance on how to
adjust cooling time during progressive desiccation is limited,
particularly for understudied tropical species, and arbitrary
changes without clear benchmarks could introduce additional
uncertainty. For these reasons, cooling time for our studied
species was held constant across the entire experiment, fol-
lowing the manufacturer's default settings (10s cooling, 6s
waiting, 15s pre-measurement delay; ICT International 2014;
Dixon and Downey 2017). We acknowledge that holding cool-
ing time constant may introduce a systematic bias at more
negative Ppranch- However, all experiments were conducted with
identical psychrometer settings, ensuring that any potential bias
was consistent across samples and thus not a confounding
factor when interpreting the results. In addition, we collected
preliminary {y.ncn measurements over several hours on des-
iccating branches of our study species to evaluate the per-
formance of the chosen psychrometer settings. These tests
indicated that the chosen parameters produced stable readings,
with no evidence of irregularities such as premature plateau
loss (which would indicate false readings) or failed measure-
ments. We are therefore confident that we applied the most
appropriate protocol available to ensure measurement accuracy
and minimise bias.

2.4 | Evaluating Changes in Water Potential

Changes in Ypranch Over time were initially calculated as the
difference between consecutive psychrometer measurements
(i.e., delta water potential every 10 min; Alprancn).- TO more
accurately isolate YPprancn increases associated with embolism-
related water release, the time series for each branch was de-
trended to remove the overall secular decline during
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dehydration. This was achieved by fitting a locally weighted
regression (LOESS) to the Yprancn Mmeasurements as a function
of time, using a smoothing span of 0.3. The span was empiri-
cally determined by fitting a series of LOESS models for each
branch and selecting the mean span across branches that
minimised spurious positive excursions in the detrended water
potential signal. The fitted LOESS curve represents the under-
lying decline in Ppranch- The detrended signal was obtained by
subtracting this curve from the original Ppancn Mmeasurements,
isolating transient positive and negative excursions. Negative
excursions were assumed to reflect background noise and were
used to estimate its mean magnitude. To isolate positive ex-
cursions associated with embolism-related water release, the
mean magnitude of negative excursions was subtracted from
the positive excursions. Any positive excursions smaller than
the estimated background noise were set to zero and the mag-
nitude of the remaining positive excursions was calculated as
the difference between the fitted Pprancn post-detrending and
the actual psychrometer measurement.

During the experiments, room temperature and relative
humidity were simultaneously measured every 5min using
Sensirion SHTC3 temperature and air humidity sensors coupled
to a custom datalogger. The temperature in the lab during
measurements was 20.2 + 0.50°C on average (mean = SD) and
ranged from 19.0°C to 22.0°C. The relative humidity averaged
54.1+6.0% (mean +SD), with a range of 36.4%-76.0%. To
evaluate the possibility that increases in Yyranch (i-€., positive
AYprancn) may have been driven by changes in temperature and/
or relative humidity, positive values for Ay anch Were tested for
correlation with the corresponding changes in room tempera-
ture and relative humidity. Increases in Ypancn, Were not related
to changes in temperature or relative humidity (Figures S2
and S3).

To evaluate the timing of increases in Ypranch relative to
hydraulic thresholds, we also obtained data on branch (i.e.,
woody) Pi,, Psy and Pgg, as well as the leaf turgor loss point
(TLP) for each of the branches (for detailed methods see
Bittencourt et al. 2026). To evaluate whether increases in Ypranch
scaled with the amount of ongoing embolism, the proximity of
changes in Ppranch to branch Pso (hereafter termed branch Ps,
difference) was determined by subtracting branch Ps, from
Poranch for each point in the respective vulnerability curve, with
positive values indicating that the respective change in Ypranch
occurred before branch Ps, (i.e., at a less negative water
potential). This was also done for leaf Ps, (leaf Ps, difference).
To evaluate similarity of embolism resistance between leaves
and branches we compared their respective embolism ranges
(i.e., P1,—-Psg) and also tested for significant differences between
leaf and branch P, (see Table S1).

2.5 | Physiological Relevance of Water Released
From Woody Vessels

To evaluate the potential physiological relevance of water
released from woody vessel embolism, we pursued three ob-
jectives: (1) estimate the amount of water released from woody
vessels, (2) estimate the resulting increase in leaf water poten-
tial assuming all released water is distributed to the leaves and

(3) compare the amount of water released from woody vessels
with that from other sources of capacitance.

In order to estimate the water released from woody vessels, we
required branch anatomical characteristics. We obtained these
data at 1 m distance from the tip of the branch for each of the 75
branches, as described in Jotan et al. (in revision). Using a
simple modelling approach, the water content inside the vessels
of 1-m-long cylindrical branch segments was determined for 72
of our studied branches, for which wood anatomical features
were available. Model parameters and equations are shown in
Table S2. First, vessel lumen fraction was multiplied by branch
xylem cross-sectional area and branch segment length (1 m) to
obtain the total xylem lumen volume, assuming that vessels
were randomly distributed within the branch segment. Total
vessel water content was then determined by converting
xylem lumen volume (um®) to the corresponding weight of
water (grams). The water released from this theoretical branch
segment at a given percentage of vessel embolism was then
calculated as a fraction of the total vessel water content.

To investigate the potential impact of this water released on leaf
function, we assumed all of this water would eventually be
redistributed towards the leaves due to leaves being the primary
sites of evaporation. The resulting increase in leaf water
potential due to water released from vessel embolism was
determined using leaf capacitance data. Area-based leaf capac-
itance was measured at the leaf level using pressure-volume
curves, following Williams et al. (2017). For each branch, this
measurement was then scaled up to total leaf capacitance, ac-
counting for the total leaf area within 1 m of the branch tip,
where the anatomical measurements were taken. Thus, total
leaf capacitance was calculated as the amount of water (grams)
leading to a 1MPa increase for a given branch's leaf water
potential. The mean (+ 95% confidence interval) increase in leaf
water potential was determined for all branches within and
across species.

Importantly, our approach to estimate the amount of water
released by embolism could be overestimated, as it is possible
that not all of the water released ends up in the leaves, and
some of it is lost through residual conductance through the
bark. Consequently, the values derived from our analysis should
be interpreted with caution and not considered empirical evi-
dence of water redistribution from branch to leaf. Despite this
uncertainty, we believe that our analysis is a useful exercise to
investigate the potential physiological relevance of the water
released from vessel embolism for leaf hydraulic function.
Additionally, to put our estimates of the water released from
vessels into perspective, for 66 sampled branches, we derived
the ‘standardised water content’ (i.e., the water content per cm
of branch length; gcm™) from measurements of saturated
water content in the sapwood and bark at 1 m distance from the
tip of branches. These values were compared with our estimates
of water content in the vessels, which are included in the sap-
wood. The relative contribution of bark, sapwood and vessels
specifically to the standardised water content was calculated as
a fraction of the standardised water content of bark and sap-
wood combined (termed ‘standardised water content fraction’).
Next, by accounting for the respective tissue volumes per cm of
branch length in each of our sampled branches, we calculated
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the amount of water likely to be released during severe desic-
cation (i.e., up to Pso) per cm of branch length. This was done
assuming that 20% of the water contained in the bark and non-
vessel sapwood (e.g., parenchyma and fibres; calculated as
sapwood water content minus vessel water content) and 50% of
the vessel water content is released at Psy. A 20% release from
bark and non-vessel sapwood was used based on the branch
desiccation experiments by Borchert and Pockman (2005) and
Knipfer et al. (2019), as well as broader scientific literature
indicating that living cells in these tissues are expected to stay
above 80% relative water content to prevent structural damage.
Thus, these calculations should provide realistic estimates of
the total releasable water (g cm™') within a physiologically
relevant range.

2.6 | Statistical Data Analysis

Analysis of variance was used to test whether the mean increase
in Pyranch significantly differed between species. Pearson's cor-
relation analysis was used to test whether the increases in
Yprancn Were significantly correlated with changes in room
temperature and relative humidity. Wilcoxon signed-rank test
was used to test for significant differences between leaf and
branch Ps,. Fixed effect linear models were used to test for
significant relationships between the mean and cumulative
increases in Pyranch and branch height, with branch height as a
fixed effect. All analyses were performed in the R statistical
environment (v.4.2.2; R Core Team 2020). The ‘loess’ function
from R's base package was used to fit the detrended Py anch time
series. The ‘aov’ and ‘cor. test’ functions from R's base package
were used for the analysis of variance and Pearson's correlation
analysis, respectively. The ‘Im’ function from R's base package
was used for fixed-effect linear models.

3 | Results

3.1 | Can Increases in Branch Water Potential Be
Detected During Desiccation?

All branches showed an overall progressive decline in water
potential (Ppranen) during desiccation. However, temporary
increases in Pppancn Were observed in the leaf xylem vulnerability
curves of all 75 samples. For some curves, the increases in Ppranch
resulted in a clear ‘bump’ in the curve's general trajectory
(Figure 1a,b), whereas for others this effect was less pronounced
(Figure S4). Figure 1a,b illustrates the changes in Pyanch Over time
for two example curves, with subpanels highlighting specific parts
of the curves where increases in YPprnc, Were greatest. Across
branches, the mean increase in Ypranch (i-€., positive Apranch for
each 10-min interval; Figure 2a) was 0.036 +0.042 MPa
(mean + SD). The increases in Pyranch Were not related to changes
in temperature or relative humidity (Figures S2 and S3). The
maximum YPyranch increase across branches ranged from 0.043 to
0.5552 MPa, averaging 0.214 +0.112 MPa (mean + SD). The anal-
ysis of variance showed that the mean increase in Pypanen did not
differ significantly among species (F[4, 21,588] = 1.751, p = 0.136),
which was 0.034+0.033MPa (mean=+SD) (D. -caudiferus),
0.029 +0.033 MPa (D. lanceolata), 0.037 +0.044 MPa (P. malaa-
nonan), 0.038 +0.041 MPa (P. tomentella) and 0.038 + 0.049 MPa
(R. johorensis).

When the increases in Ppancn Within each curve were summed
up, the total cumulative increased Yppancn Wwas 4.705+
2.900 MPa on average (mean + SD), ranging from 1.120 to
15.962 MPa across branches (Figure 2b). The mean increase in
Ppranch and the total cumulative increased YPyranch Were signifi-
cantly and positively related to branch sampling height for D.
caudiferus only (p < 0.01 and p < 0.05, respectively; Table S3).

3.2 | Do Increases in Water Potential Coincide
With Periods of Maximum Rates of Embolism
Spread?

The mean Ps, values for leaf and branch xylem were closely
aligned, and the leaf embolism range (P;,-Pgg) fell entirely
within the branch embolism range (Figure 3a). When all
samples were pooled together, leaf and branch Ps, differed
significantly (p <0.001), with branches reaching Ps, on
average (mean + 95% CI) 0.26 + 0.13 MPa before leaves (see
Table S1). However, when examined within species, signifi-
cant differences between leaf and branch Ps, were observed
only for D. lanceolata (p < 0.001), P. tomentella (p < 0.05) and
P. malaanonan (p < 0.05), whereas no significant differences
were detected for R. johorensis (p =0.568) and D. caudiferus
(p=0.383). The frequency and magnitude of changes in
Ppranch varied across the Pyranch range measured (Figure 3a).
Evaluating the occurrence of increases in Pyrancn (i-€., posi-
tive AQprancn) With regards to key hydraulic thresholds
showed that 64.30% of increases occurred between the Pyranch
corresponding to branch P,,-Pgs. With regards to the leaf
embolism thresholds, 41.90% of the Yyranen increases oc-
curred between leaf P;,-Pgg and were strongly clustered
around leaf Ps,, as 18.88% occurred within a+ 0.1 MPa
interval around leaf Ps, (Figure 3b). Increases in Yprancn Were
slightly less clustered around branch Ps,, as 16.03% of the
increases occurred within a + 0.1 MPa interval around branch
Pso (Figure 3c). Despite the variability in hydraulic thresh-
olds across species, the increases in Vyancn relative to the
species-specific thresholds systematically showed the same
patterns described above for each of the five species
(Figure S5).

3.3 | Is the Water Released From Vessel
Embolism Likely to Be Physiologically Relevant?

The water content inside woody vessels was estimated for 72
out of 75 branches based on anatomical features. Model
parameters and equations are shown in Table S2. Vessel
diameter at 1m distance from the tip of branches was
71.91 +14.43 um on average (mean+SD) and ranged from
40.98 to 106.31 um (Figure 4a). Vessel lumen fraction averaged
0.16 + 0.03 (mean + SD), with a range of 0.07-0.24 (Figure 4b).
The estimated mean vessel water content for branch segments
of 1 m length was 12.55+2.32g (mean +95% CI) and ranged
from 1.41 to 51.25g. Assuming all of the water released from
woody vessel embolism eventually ended up in the leaves, the
water released at 50% vessel embolism (Figure 4c) would
increase leaf water potential (Pjear) by 2.05+0.40 MPa on
average (mean +95% CI; Figure 4d). At 12% and 88% vessel
embolism, P, Was predicted to increase by 0.49 +0.10 MPa
and 3.60 + 0.71 MPa on average (mean + 95% CI), respectively.
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Lastly, for 66 sampled branches, we derived the ‘standardised
water content’ (i.e., the water content of the sapwood and bark
combined per cm of branch length; g cm™; Figure S6a) from
measurements of saturated water content in the sapwood and
bark at 1 m distance from the tip of branches. These values were
compared with our estimates of water content in the vessels of
the sapwood (Figure S6). The relative contribution of bark,
sapwood and vessels specifically to the standardised water
content, termed ‘standardised water content fraction’, is shown
in Figure S6b. The total water likely to be released from these
tissues during desiccation up to Ps is shown in Figure 4e. This
analysis revealed that vessel water content significantly con-
tributes to the total water released from branch tissues during
desiccation (Figure 4f). Across all branches, the contribution of
vessel water content to the total releasable water up to Ps,
termed ‘releasable water fraction’ (unitless), was 0.33 + 0.07 on
average (mean =+ SD) and ranged from 0.20 to 0.53 (Figure 4f).
In comparison, the contribution of bark and non-vessel

sapwood was 0.39+0.08 and 0.28+0.07 on
(mean + SD), respectively (Figure 4f).

average

4 | Discussion

Leaf vulnerability curves constructed using high temporal res-
olution measurements reveal that increases in branch water
potential (Yprancn) during desiccation are a common phenome-
non across all five dipterocarp species studied. In this study, we
show that increases in YPprancn reached 0.036 MPa on average
and temporarily prevented further declines in Pyranch Although
the magnitude and variability of these increases varied both
across and within species, our results show that increases in
Ypranch €an be substantial and halt further declines in Yppapncn for
considerable periods of time. This is, to our knowledge, the first
time that the occurrence of increased Py anch during periods of
embolism has been reported for tropical trees. If this mecha-
nism allows these trees to reduce the risk of further embolism,
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it may allow them to prevent catastrophic embolism during
periods of increased water stress, potentially making them more
resistant to drought than previously thought (HGltt4 et al. 2009;
Scholz et al. 2011; Bennett et al. 2015; Liu et al. 2022). This is
critical as these species represent some of the largest tropical
species in the world, which play a key role in forest ecosystems
(Lindenmayer et al. 2012) and are critical for maintaining a
global carbon store (Lutz et al. 2012; Qie et al. 2017) and source
of biodiversity (Brearley et al. 2016).

4.1 | Dynamic Changes in Branch Water
Potential During Desiccation

Our study demonstrated that every species and branch ex-
amined experienced periods of positive change in Py ancn during
desiccation. Given that no additional supply of water was
available to the plants during desiccation, this water must have
come from internal plant sources, most likely from water re-
distributed as vessels embolised (Tyree and Yang 1990; Tyree
and Zimmermann 2002). Thus, while embolism results in a loss
of hydraulic conductivity and is not costless (as embolised
xylem must be repaired or replaced), our results indicate that it
can affect plant water status positively in the short term due to
its capacitive effect (Holttd et al. 2009; Gleason et al. 2014) and
may therefore act, within limits, as a water deficit buffering
mechanism (Tyree and Yang 1990; Lo Gullo and Salleo 1992). It
is also likely that a recently embolised vessel, which has a gas
pressure close to zero (i.e., vacuum), will attract gas by diffusion
from surrounding tissue (Wang, Liu, et al. 2015; Wang, Pan,
et al. 2015). This local extraction is likely to include gas dis-
solved in xylem sap of vessels surrounding the recently embo-
lised vessel. As such, changes in gas concentration and pressure
could provide an additional buffering effect, assuming that the
amount of gas relates to embolism spread (Guan et al. 2021;
Avila et al. 2022, 2023; Silva et al. 2024).

Our results show that increases in Yppancn mostly occurred
within the P;,-Pgg embolism range of branches and were almost
completely absent outside of this range. Given the pancn range
where the increases occurred and the tight correlation between
the magnitude and frequency of Pyrancn increases with branch
embolism thresholds (e.g., Psy, Figure 3), our results indicate
that the observed increases in YPpranch are most likely driven by
the release of water from embolised vessels. However, we
cannot fully exclude that water released from other sources,
such as parenchyma cells or the bark, may also be involved, as
these can influence branch desiccation rate and therefore the
timing and magnitude of the observed increases. Despite con-
siderable differences in hydraulic thresholds among species, the
patterns of Yy ancn increases were consistent across the five
species studied, suggesting that this may be a common phe-
nomenon within the Dipterocarpaceae family.

Interestingly, in all species, the peak magnitude and frequency
of increases in YPprancn Were strongly centred around leaf Ps,
(Figure 3). This suggests that the buffering effect associated
with embolism formation would be greatest when vessels in leaf
and branch xylem embolise simultaneously at maximum rates
(i.e., during the steepest part of the vulnerability curve, around
Psp). The clustering of increases in Yprancn around leaf Psg
(Figure 3) also suggests that, alongside branch capacitance, leaf
capacitance could play an important role in avoiding critical
thresholds for hydraulic failure. These results support model-
ling simulations that have demonstrated that feedback from
embolising xylem vessels can theoretically hold xylem water
potential around the Ps, mark for considerable periods of time
(Holttd et al. 2009). Similarly, Sevanto et al. (2014) reported that
Ppranch 'emained near homeostasis in the —2 to —3 MPa range,
most likely due to water release from embolising needle xylem.
Although leaves and branches in our study exhibited similar
embolism resistance (Figure 3a), significant differences between
leaf and branch Ps, were observed for some, but not all species.
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Additionally, branches reached Ps, 0.26 MPa before leaves on
average. Although these results cannot definitively rule out
hydraulic segmentation between leaves and branches, they
provide little support for the hypothesis that leaves in the spe-
cies studied are being sacrificed (i.e., by embolising first) to
protect the costly woody xylem (Levionnois et al. 2020; Rimer
et al. 2026). Clearly, further investigation into how water release
from embolism relates to hydraulic segmentation and, more
broadly, plant drought-resistance strategies remains an impor-
tant avenue for future research.

Our results indicate that the timing and frequency of increases
in Ppranch Mmay provide an important buffer to reduce the risk of
further embolism, at least temporarily (Holtt4 et al. 2009; Scholz
et al. 2011), before more lethal thresholds of embolism are
reached, like Pgg (Urli et al. 2013). Furthermore, it has recently

been suggested that the spread of embolism through the
remaining xylem is faster once a certain embolism threshold
has been passed (i.e., when a substantial portion of gas has
entered the xylem tissue; Avilla et al. 2022). This, together with
the observed scaling between increased Ypranch and ongoing
embolism, would suggest that the buffering effect becomes
increasingly important as embolism progresses, potentially
providing an additional layer of protection against reaching
critical embolism thresholds and a rapid escalation of hydraulic
failure.

Several studies have successfully used psychrometers to con-
struct leaf vulnerability curves (Brodribb, Bienaimé, et al. 2016;
Skelton et al. 2017; Lucani 2019; Creek et al. 2020; Powers
et al. 2020; Yao et al. 2021; Ziegler et al. 2023). Yet, studies on
tropical trees remain rare (Powers et al. 2020; Ziegler et al. 2023)
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and the occurrence of increased Py ancn during periods of em-
bolism has, to our knowledge, never been reported. In tem-
perate systems, however, there are some examples of increased
water potentials. Lo Gullo and Salleo (1992) reported that water
from embolised vessels rehydrated leaves of dehydrated Populus
deltoides twigs. Additionally, Beckett (1997) detected increases
in Pjear in some species, while using psychrometers to construct
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pressure-volume curves of lichens, bryophytes, ferns and an-
giosperms, although these increases occurred at much higher
water potentials (meaning less negative) and were attributed to
the presence of negative turgor. It remains unclear why
increases in Pprancn Were observed in all five of our study spe-
cies, because similar observations have not been reported in
other studies (Lamarque et al. 2018; Avilla et al. 2022). It may be
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that the increases are particularly large in our species, making
them easier to separate from potential errors that can make it
hard to detect increased Ypranch, Or it may be that the phe-
nomena we observed are restricted to this tropical tree family.

Artefactual detection of increased Ypranch may potentially occur
from the complexity of using psychrometers, particularly at
high temporal resolution (Vergeynst et al. 2015). Changes in
microclimate leading to temperature gradients in the psy-
chrometer during the experiment or electronic noise may cause
increases in the Ypranen reported by psychrometers
(Comstock 2000). However, the duration and patterns of
occurrence of the increases in Ypranch across all branches make
this unlikely to be the cause of our results. First, the increases in
Ypranch Were not significantly correlated with changes in tem-
perature or relative humidity in the lab, and so were unrelated
to changes in microclimate (Figures S2 and S3). Second, if
electronic noise alone was the source of our results, the
increases in YPprancn, Would be stochastic and not clustered
around particular parts of the curve. Furthermore, they would
not occur consecutively over time, as observed here. Also, for
electronic noise to be the cause, the variability of increased
Ypranch across curves would be low and the mean increase
across curves should be more constant than we observed
(Figures 1 and 2).

Consequently, we do not suspect that our results are artefacts,
but believe they are related to phenomena affecting the water
status within the plant. We note that while additional verifi-
cation of the psychrometer water potential measurements
throughout the experiments with a pressure chamber would
have been ideal, this was not logistically possible at the time of
our study. However, even with perfect accuracy, the magnitude
of measured water potential increases will still be influenced by
the sample desiccation rate, which our study could not fully
standardise due to anatomical and structural variation across
branch samples. Because of this, our study does not intend to
provide perfect quantitative estimates of the increases, but
rather to document and highlight the frequent occurrence of
these unexpected rises in water potential. While we acknowl-
edge the limitations regarding measurement accuracy, inher-
ently tied to psychrometer use, we believe the strength of our
study lies in drawing attention to the phenomenon of increasing
water potential during desiccation, which could be more com-
mon in these tropical species than previously assumed. Our goal
is therefore not to argue that embolism-driven water potential
increases are universal, but to highlight that they may occur

under certain conditions and within at least some species, and
thus merit further investigation. We also stress that the primary
focus still remains the underlying mechanism, namely the
ability of embolism-associated water release to temporarily
buffer changes, and thus prevent further declines, in plant
water potential under field conditions, rather than the magni-
tude of the increases per se.

4.2 | The Capacitive Effect of Embolism as a
Crucial Component of Whole-Tree Water Status

How much water is released to the plant during embolism and
the fate of this water are ultimately very challenging to observe
directly. Here, we theoretically modelled, using xylem ana-
tomical data collected on each of our branches, the water that
could potentially be released from vessels during branch em-
bolism (Figure 4c). Furthermore, our results reveal that woody
vessel water content contributes significantly to the total
releasable water from branch tissues during desiccation up to
Ps, accounting for 33.0 + 7.2% on average (mean + SD) and up
to 52.8% (Figure 4f). This highlights the potentially significant
role of water released from vessel embolism for plant water
status. However, it is important to note that these estimates are
for cut branches. In reality, trees also have access to soil water
reserves and their total xylem volume is much larger than that
of our 1-m-long theoretical branches. If the entire tree is taken
into account, the total amount of water released and its buff-
ering effect on tree water status may be much larger. Addi-
tionally, our estimates also do not take into account the water
that may be released from other tissues, such as tracheids,
parenchyma, fibres or the bark, which can constitute large tis-
sue fractions in tropical trees (Zieminska et al. 2015; Morris
et al. 2016; Lourenco et al. 2022;) and have been shown to
contribute substantially to water storage capacity and capaci-
tance (Holbrook 1995; Borchert and Pockman 2005; Pfautsch
et al. 2015; Jupa et al. 2016; Knipfer et al. 2019). Assuming that
20% of the bark and non-vessel sapwood water content can be
released up to Ps, the relative contribution of the bark and non-
vessel sapwood to the total releasable water was 38.6 + 7.6% and
28.4+6.7% on average (mean =+ SD), respectively (Figure 4f).
These findings indicate a large capacity for water storage in
these tissues and suggest that their role in whole-tree capaci-
tance should not be overlooked.

Previous studies have shown that bark tissues release and
replenish water on a diurnal basis (De Schepper et al. 2012) and

FIGURE 4 | Woody xylem vessel diameter (um) and lumen fraction (unitless), measured at 1 m distance from the tip of branches (a, b), plotted

for each sample (n=73). Red = Dipterocarpus caudiferus, yellow = Dryobalanops lanceolata, green = Parashorea malaanonan, blue = Parashorea
tomentella, purple = Rubroshorea johorensis. Bars within species are in order of increasing branch sampling height. Minimum and maximum height
(m) within species are displayed along the x-axis. The estimated amount of water released from woody vessels at 50% embolism is shown for 72
samples (c). Colours and order of bars are as above. The estimated increase in e, as a result of the water released from woody vessel embolism is
plotted against the percentage of vessel embolism for each species (d). Colours are as above; black = mean trendline across species (n = 72); error bars
represent the 95% confidence intervals. The total water that can be released from the sapwood and bark during desiccation up to Ps, is shown for
each species (mean + SD) as a stacked bar graph, accounting for the respective tissue volumes per cm of branch length in each of our sampled
branches (n = 66), measured at 1 m distance from the tip of branches (e). The top and bottom part of each bar represents the contribution of bark (B)
and sapwood (S), respectively (mean + SD). The contribution of vessels (V) specifically (mean + SD), which are included in the sapwood, is plotted
within the sapwood portion for each bar. The relative contribution (mean + SD) of these tissues to total releasable water, termed ‘releasable water
fraction’ (unitless), is shown in (f). Colours of bars are as above. [Color figure can be viewed at wileyonlinelibrary.com]
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that ray parenchyma plays a crucial role in the exchange of
water between bark and xylem tissues (Pfautsch et al. 2015).
Water release from the bark likely occurs at less negative water
potentials than those causing water depletion of the xylem
matrix (i.e., non-vessel sapwood) and vessel embolism, and may
therefore be particularly useful to reduce the risk of hydraulic
failure during early drought (Pfautsch et al. 2015). Additionally,
in a study on intact saplings of American chestnut, Knipfer
et al. (2019) found that most of the water stored in the xylem
matrix surrounding the vessels was released after vessel em-
bolism began, suggesting that this release likely plays a role in
regulating tree water status during drought, but is not primarily
aimed at preventing vessel embolism. More research is needed
here to determine whether the findings by Knipfer et al. (2019)
also hold for mature trees growing in tropical environments.
Tropical hardwoods, which often contain greater volumes of
parenchyma tissue relative to temperate species (Zieminska
et al. 2015; Morris et al. 2016), may have unique adaptations
that influence how water is stored and released. The prevalence
of paratracheal parenchyma in tropical species, including in all
of the species studied, and more broadly, within the Dipter-
ocarpaceae family (Ashton 2003), could suggest different
mechanisms of water release under drought stress compared to
temperate species. If and to what extent these additional sour-
ces of water release may have contributed to the observed
increases in YPpranch iS Not possible to tell with certainty from our
experiments, and their role in capacitance and tree water status
should be explored in more detail.

Depending on the amount of water that is released from em-
bolised vessels and where it is redistributed to, it could signif-
icantly impact the water balance of trees (Sperry et al. 2008;
Scholz et al. 2011). This may allow trees to reduce the overall
damage to the hydraulic system experienced during periods of
increased water stress, as less xylem would need to be repaired
or replaced if temporary increases in water potential can slow
the rate of further embolism. Although it remains challenging
to predict the amount and consequences of the water released
in non-excised branches under natural conditions—and
uncertainty remains about how much of this water reaches
the leaves—our results obtained from high temporal resolution
leaf vulnerability curves shed light onto a novel mechanism by
which increased Ppranch may temporarily mitigate further em-
bolism and preserve hydraulic function in leaves (Figures 1
and S4). Extending this approach to woody xylem vulnerability
curves with comparable temporal resolution in future studies
will be crucial for assessing the resilience of woody tissues and
the overall integrity of the plant hydraulic system during
drought. Fully understanding the impact of water released from
vessel embolism on subsequent embolism events likely requires
simultaneous high temporal resolution measurements of both
water potential and embolism formation in both leaves and
branches. This is likely the only way to determine whether
transient increases in water potential are directly linked to
embolism dynamics within and between organs. Moreover,
further research is needed to more precisely quantify the
redistribution of water from branches to leaves. Such studies
will be critical for determining both the amount and rate at
which water released from vessel embolism becomes available
to leaves. Furthermore, determining how water redistribution
between plant organs relates to hydraulic segmentation

between leaves and branches (Rimer et al. 2026), while also
considering additional mechanisms that shape plant water
status during desiccation, such as residual conductance from
leaf and bark (Burlett et al. 2025), is also an important area for
future studies.

Finally, as tree water storage capacity and the capacitive effect
of embolism are expected to increase with tree size (Phillips
et al. 2003; Holttd et al. 2009; Scholz et al. 2011), this mecha-
nism could be particularly important for alleviating drought in
these tall dipterocarps, and might contribute towards the ex-
traordinary growth and maximum tree sizes in the Dipter-
ocarpaceae family. However, the relationship between
increased Yprancn and height was significant for only one spe-
cies, perhaps suggesting that this mechanism is not related only
to tree height, potentially due to exceptionally large capacitance
or water storage capacity within the tree crown (Williams
et al. 2017). Our study shows that significantly more research in
this area may help us understand how these forests manage to
survive periods of drought and maintain such colossal sizes.

5 | Conclusion

Our findings reveal that isovolumetric water potential increases,
which refers to increasing plant water potential without an increase
in water volume, can occur during the desiccation of dipterocarp
trees. These increases do not occur randomly, but rather when
plants are in the water potential range where embolism occurs, and
are sufficiently large to be physiologically relevant for these trees to
mitigate periods of increased water stress. Our process modelling
parametrised from anatomical measurements indicates that the
release of water stored in the xylem significantly contributes to the
isovolumetric water potential increases observed from branch
samples sampled from the field, corroborating our hypothesis that
the phenomenon we observed using psychrometers is most likely
driven by water released from the xylem during embolism.

Traditionally, drought vulnerability has been evaluated by
looking solely at Ps,, focusing on a tree's ability to avoid severe
levels of embolism. However, our study suggests that water in
the xylem may be more dynamic than previously assumed, and
that mechanisms delaying or mitigating high levels of embolism
might have an important role in plant drought resistance
strategies. This capacity may be linked to the ability of some
species in the Dipterocarpaceae family to grow so large, or to
survive periods of severe drought. However, the extent to which
this buffering capacity is common amongst other tropical or
temperate species remains to be explored in greater detail.
Future assessments of vulnerability to drought should therefore
not only consider the avoidance of severe embolism, but also
examine how and when trees can sustain hydraulic function
under such conditions. This broader approach will provide a
more comprehensive understanding of tree water dynamics and
their strategies for coping with drought.
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