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a b s t r a c t

Bamboo plants are an essential component of tropical ecosystems, yet their vulnerability to climate
extremes, such as drought, is poorly understood due to limited knowledge of their hydraulic properties.
Cephalostachyum pergracile, a commonly used tropical bamboo species, exhibited a substantially higher
mortality rate than other co-occurring bamboos during a severe drought event in 2019, but the under-
lying mechanisms remain unclear. This study investigated the leaf and stem hydraulic traits related to
drought responses, including leaf-stem embolism resistance (P50leaf; P50stem) estimated using optical and
X-ray microtomography methods, leaf pressureevolume and water-releasing curves. Additionally, we
investigated the seasonal water potentials, native embolism level (PLC) and xylem water source using
stable isotope. We found that C. pergracile exhibited strong resistance to embolism, showing low P50leaf,
P50stem, and turgor loss point, despite its rapid leaf water loss. Interestingly, its leaves displayed greater
resistance to embolism than its stem, suggesting a lack of effective hydraulic vulnerability segmentation
(HVS) to protect the stem from excessive xylem tension. During the dry season, approximately 49% of the
water was absorbed from the upper 20-cm-deep soil layer. Consequently, significant diurnal variation in
leaf water potentials and an increase in midday PLC from 5.87 ± 2.33% in the wet season to 12.87 ± 4.09%
in the dry season were observed. In summary, this study demonstrated that the rapid leaf water loss,
high reliance on surface water, and a lack of effective HVS in C. pergracile accelerated water depletion and
increased xylem embolism even in the typical dry season, which may explain its high mortality rate
during extreme drought events in 2019.
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1. Introduction

Over the past century, droughts have led to extensive forest
mortality across biomes worldwide (Allen et al., 2010; Hammond
et al., 2022). An increasing body of research suggests that many
tropical regions are experiencing a decrease in annual precipitation
and an increase in maximum temperatures, rendering them highly
vulnerable to drought (Dai, 2011; Yuan et al., 2019; Tao et al., 2022;
Doughty et al., 2023). Other research has demonstrated that the
failure of the xylem water transport system was the primary
mechanism triggering tree mortality during drought events
(Anderegg et al., 2016; Adams et al., 2017; Choat et al., 2018). Under
normal conditions, water evaporation inside the leaves creates a
negative pressure (tension), which draws water from the soil
through the roots and the stem to the leaves (Dixon and Joly, 1895;
Tyree, 1997; Tyree and Zimmermann, 2002). However, elevated
xylem tension under drought conditions potentially increases the
risk of hydraulic failure andmay permanently damage plant tissues
(Brodribb et al., 2021; Terra et al., 2021). Plants employ various
strategies to prevent drought-induced hydraulic failure, including
increasing the resistance to embolism (blockage of xylem conduits
by air bubbles), which may favor plant survival during drought
(Bartlett et al., 2014; Anderegg et al., 2016; Brodribb et al., 2016),
adopting hydraulic vulnerability segmentation mechanisms to
protect vital organs (Tyree and Zimmermann, 2002; Pivovaroff
et al., 2014), and extracting water from deep soil strata (Ennajeh
et al., 2008). Nevertheless, drought response strategies vary
across different taxa and habitats (Ennajeh et al., 2008; Choat et al.,
2012; Aritsara et al., 2022; Chen et al., 2021a).

Bamboo plants, a diverse group of woody grasses belonging to
the subfamily of Bambusoideae, are highly prevalent in tropical
areas (Vorontsova et al., 2016) with high value in ecosystem ser-
vices, biodiversity and economics (Akinlabi et al., 2017; Zhou et al.,
2017; Enarth Maviton and Sankar, 2023). Bamboos are an essential
component of tropical ecosystems; for instance, bamboo forests
were reported to be highly efficient carbon sinks due to their fast-
growing habit and can store up to 392 Mg C ha�1 (Yuen et al.,
2017). The extensive root systems of bamboo plants can also
help mitigate soil erosion caused by heavy rainfall or land
degradation (Liese and K€ohl, 2015). Furthermore, bamboo species
are extensively utilized in human diets, construction, furniture,
and paper production (Yang et al., 2004; Enarth Maviton and
Sankar, 2023). However, many bamboo species exhibit extensive
defoliation and high mortality rates during drought events (Zhang
et al., 2019; Fadrique et al., 2021), while the physiological mech-
anism accounting for this high mortality rate is poorly understood
until now.

Hydraulic properties, such as embolism resistance (xylem ten-
sion causing 50% loss of hydraulic conductance), are closely linked
to plant drought resistance and survival rate during the drought
(Choat et al., 2012, 2018; Anderegg et al., 2016; Chen et al., 2021a;
McDowell et al., 2022). However, our understanding of the hy-
draulic properties of bamboo species is limited due to the tubular
structure of their stems, which complicates the application of
conventional measurement methods. Fortunately, recent advances
in techniques, such as optical observation and X-ray computed
microtomography (MicroCT), have provided new opportunities for
studying plant hydraulics, enabling non-invasive visualization of
embolism occurrence in structures such as bamboo stems
(Brodersen et al., 2013; Brodribb et al., 2016; Chen et al., 2021b).
Unlike trees, bamboo species lack secondary growth (Clark et al.,
2015; Liese and K€ohl, 2015), which suggests they cannot replace
dysfunctional vascular tissues caused by drought-induced embo-
lism. Bamboos can develop high root pressure at night (Yang et al.,
2023), potentially enabling the refilling of embolized vessels after
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mild to moderate droughts (Cao et al., 2012). Nevertheless, the low
soil water availability during extreme droughts may overwhelm the
efficiency of this refilling mechanism. Meanwhile, it has been re-
ported that repeated embolism and refilling cycles can fragilize the
resistance of the vessel network to drought, a phenomenon known
as “embolism fatigue” (Hacke et al., 2001).

The concept of hydraulic vulnerability segmentation (HVS)
suggests that the terminal organs of a plant, such as leaves, are
more susceptible to embolism than the stem (Zhu et al., 2016). By
shedding less costly leaves, plants can reduce their transpiration
rates, conserve water, and thereby protect “more expensive” or-
gans, such as the stem and coarse roots, against drought-induced
damages (Pivovaroff et al., 2014; Tyree and Zimmermann, 2002).
This strategy is commonly observed in deciduous species and
regions with high seasonal variations in water availability
(Johnson et al., 2016). Indeed, deciduous plant leaves are generally
more susceptible to hydraulic failure than stems (Zhu et al., 2016).
Structural and hydraulic evidence has demonstrated the effec-
tiveness of this mechanism in many woody species (Johnson et al.,
2016; Levionnois et al., 2020).

Moreover, drawing water from deep soil layers and large soil
volumes is another effective strategy for plants to cope with
moderate and severe drought episodes (Watson, 1968; West et al.,
2012). This strategy is particularly important for species in Medi-
terranean regions (Ennajeh et al., 2008). Despite the high evapo-
ration demand, a sufficient water supply can prevent hydraulic
dysfunctions in the plant (West et al., 2012). However, it is impor-
tant to note that Gramineae plants, such as bamboos, generally
have shallow roots (Zhang et al., 2019; Schenk and Jackson, 2002).
Therefore, water uptake becomes challenging during drought due
to their shallow-rooting habit, as water from surface soil layers is
quickly depleted or evaporated.

During the dry seasons of 2019 and 2020, a historically un-
precedented drought event occurred in regions from southwest
China to the Indo-China Peninsula (Ding and Gao, 2020), resulting
in large-scale tree mortality, particularly bamboo species. A survey
on bamboo collections within the Xishuangbanna Tropical Botan-
ical Garden, Chinese Academy of Sciences, indicated that some
bamboo species experienced significantly higher mortality rates
than their coexisting plant species. Cephalostachyum pergracile is a
well-known bamboo species, widely used in traditional bamboo
fragrant rice in Southwest China and Southeast Asian countries
(Yang et al., 2004). It naturally distributes in lowland valleys and on
the lower slopes of tropical regions (Enarth Maviton and Sankar,
2023). During the extreme drought period of 2019e2020, this
species exhibited a remarkably higher mortality rate than other
coexisting bamboo species (Fig. 1).

In this study, we selected Cephalostachyum pergracile as an
example to investigate the hydraulic properties and the drought
response strategies adopted by bamboo species. We evaluated the
drought resistance and safety margins of its stems and leaves, the
degree of hydraulic vulnerability segmentation, and the soil water
source partitioning. Additionally, we monitored its seasonal dy-
namics in water potential and xylem native embolism level. Due to
the higher mortality rate of C. pergracile compared to the coexisting
bamboo species, we hypothesized that: 1) C. pergracile has low
drought resistance, hydraulic safety and narrow safety margins,
which may explain its high drought-induced mortality rate; 2)
C. pergracile exhibits weak hydraulic vulnerability segmentation
due to its humid-tropical origins, thus showing a limited ability to
protect expensive organ such as stems from drought-induced
damage; 3) C. pergracile primarily relies on water from shallow
soil layers, exacerbating water stress under drought conditions due
to its limited capacity to access deep soil water when soil water in
shallow layer is depleted.



Fig. 1. Images of dying Cephalostachyum pergracile in 2019 (a, b & c) and dynamics of the climatic conditions at the study site from January 2017 to June 2023. The climatic data
include six months-timescale Standardized Precipitation Evapotranspiration Index (SPEI_6), which was downloaded from www.spei.csic.es (a, consulted on 2023-11-08), the
Photosynthetically Active Radiation (PAR, d), the daily precipitation (e) and the 20 cm topsoil humidity (f, brown lines) and average daytime atmospheric humidity (f, blue lines).
Subpanel (a) shows the bamboo plantations in XTBG. The blue window in (a) highlight two dying C. pergracile clumps; (b) and (c) show terminal branches of the dying culms in the
middle of the drought event in 2019 (April). The gray shadows in (d, e, f & g) highlight the extreme drought period of 2019e2020.
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2. Materials and methods

2.1. Study site and species

The study was conducted in a bamboo plantation within the
Xishuangbanna Tropical Botanical Garden, Chinese Academy of Sci-
ences (XTBG, 101�460E, 21�540N, at an elevation of 540 m) in Mengla
County, Xishuangbanna prefecture, Yunnan province, Southwest
China. The mean annual temperature in the area is 21.7 �C, with
temperatures ranging from 15.1 �C in January to 21.7 �C in June, and
the mean annual rainfall is 1493 mm. This region experiences a
distinct dry season and wet season, with the dry season lasting from
November to April and consisting of a cool-dry period (from
November to February) and a hot-dry period (from March to April),
while the wet season (rainy season) occurs between May and
October. In 2019 and 2020, this region experienced historical
408
unprecedented drought events caused by strong El Ni~no effects (Ding
and Gao, 2020; Feng et al., 2022; Shen et al., 2022). During this
period, the lack of precipitation, high temperature, and low Stan-
dardized Precipitation Evapotranspiration Index (SPEI) substantially
reduced the atmosphere humidity and soil water content, especially
in the upper 20-cm-deep soil stratum (Fig. 1d, e, f & g).

Cephalostachyum pergracile is one of the most abundant species
in the bamboo garden of XTBG. This species belongs to the sub-
family of Bambusea and is native to the Southeast Asian region,
typically growing at elevations between 50 and 1200 m. It thrives
on lower slopes and in well-drained valleys and grows preferably
on well-hydrated loamy soil (Enarth Maviton and Sankar, 2023;
Yang et al., 2004). C. pergracile exhibits sympodial growth
(clumping bamboos) with a culm diameter ranging from 5 to 7 cm
and a maximal height of 20 m (Enarth Maviton and Sankar, 2023).
Six distinct healthy clumps were selected for this study. Based on

http://www.spei.csic.es
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our observations, C. pergracile displayed severe terminal branch
die-back and whole-individual death during the extreme drought
of 2019e2020 (Fig. 1aec).

2.2. Stem vulnerability curve

The stem vulnerability curves (VCs) were determined using the
MicroCT scanning method (Chen et al., 2021b) during the wet
season (July to October) in 2022 and 2023. Twenty-five 2e3 m long
healthy branches were randomly harvested from the six clumps
before sunrise to measure stem VCs. All leaves were sprayed with
water, sealed in black plastic bags, and promptly transported to the
laboratory. All samples were cut underwater, and the cut endswere
submerged to rehydrate for more than 2 h before themeasurement.
Subsequently, the basal cut-end was sealed with fast-drying glue
and parafilm, and the branches were left to dehydrate in an air-
conditioned laboratory to achieve different levels of dehydration.
The water potential was measured using a pressure chamber
(PMS1505D-EXP, Corvallis, OR, USA). When a specific water po-
tential was reached, the leaf and xylem water potentials were
equilibrated by sealing the entire branch in a black plastic bag for at
least 30 min until water potentials at different positions were
similar. Then, the branch was cut twice under water to release the
xylem tension and obtain an 8e10 cm long segment at the end of
the cutting series. The obtained segment was sealed with parafilm
and scanned twice with the MicroCT apparatus (SkyScan1275;
Bruker Corporation, Billerica, MA, USA). The first scan highlighted
the initially embolized vessels (Fig. 2a, Video S1). The second scan
was conducted after the segment had been flushed with high-
pressure air (100 kPa) for 3e5 min to embolize all the vessels
(Chen et al., 2021b). The diameter (Di) of each embolized vessel i in
Fig. 2. Embolism propagation in the stem (a) and leaf (b) of Cephalostachyum pergracile d
indicated by different colors in the leaf (b).

409
the scanned images was measured using ImageJ (Schindelin et al.,
2012). In this approach, the percent loss of conductivity (PLC) was
calculated as the ratio between the conductivity of the air-filled
vessels before and after flushing (Kt0 and Ktmax, respectively).
Based on the HagenePoiseuille equation Eq. (1), the PLC of each
segment was calculated using Eq. (2). The vulnerability curve was
constructed by fitting the percent loss of conductivity (PLC) and
water potentials to Eq. (3) (Pammenter and Vander Willigen, 1998)
using the fitplc package (Duursma and Choat, 2017) to estimate the
xylem water potential at 50% loss of conductivity (P50stem).

Supplementary video related to this article can be found at
https://doi.org/10.1016/j.pld.2023.12.003

Kt0 or Ktmax ¼ pr

128h

Xn
D4
i Eq. 1
i¼1

With h is water viscosity, and r is water's volumetric weight.

Thus; PLC¼100� Kt0

Ktmax
¼

Pn0

i¼1
D4
i

Pnmax

i¼1
D4
i

Eq. 2

PLC¼ 100
1þ exp ðaðWP � bÞÞ Eq. 3

With a and b are fitted equation parameters.
uring dehydration. The water potentials were labeled in the image for stems (a), and

https://doi.org/10.1016/j.pld.2023.12.003
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2.3. Leaf hydraulic traits

One leafy branch was collected from each of the six selected
clumps in the early morning during the wet season (JulyeOctober)
between 2019 and 2022. Leaves were covered with black plastic
bags, and the base of the branch was recut under water and left to
rehydrate for more than 3 h.

2.3.1. Leaf pressureevolume curve
Six mature leaves were taken from the six rehydrated branches.

The initial water potential was initially checked to be close to
-0.1 MPa. Each leaf was preliminary scanned to determine the leaf
area (LA). Then, the leaf fresh weight (FW) and the water potential
Jleaf (MPa) were repeatedly measured using a 0.0001 g precision
digital scale (Mettler-Toledo ME204E, Shanghai, China) and the
pressure chamber, respectively. A total of 12e15 measurements
were performed until the leaf water potentials stopped decreasing
or began to rise. Finally, the leaf dry mass was determined after
oven-drying at 70 �C for more than 72 h (Perez-Harguindeguy et al.,
2013). The pressureevolume curve of each leaf was fitted using a
publicly available Excel spreadsheet (Sack et al., 2011) to determine
the turgor loss point (pTLP).

2.3.2. Leaf water-releasing curves
Six mature leaves were selected from six rehydrated branches to

determine the leaf water-releasing curves. The leaf sheath was
removed, and the saturated weight (SW) of each leaf was first
measured using the 0.0001 g resolution digital scale. Then, each
leaf was dehydrated in a growth chamber set at 26 �C and 60%
relative humidity. Selected leaves were repeatedly weighted to
obtain the fresh weight (FW) until no substantial change in water
content was observed. Due to the non-linear dehydration rate of
the leaf, the measurement frequency was gradually decreased as
the leaf sample dried. Finally, each leaf was dried at 70 �C for more
than 48 h, and the dry weight (DW) was measured.

At each step, the relative water content (RWC) was calculated as
per Eq. (4):

RWC¼ðFW � DWÞ = ðSW � DWÞ � 100 Eq. 4

RWC¼ a * tb Eq. 5

RWC was fitted to a power function (Eq. (5)) against the time
interval t (min) during the measurements using the sma function
from the smatr R-package (Warton et al., 2012). Then, the fitted
parameters were used to estimate the time needed to dehydrate
the leaf to 70% SWC (T70).

2.3.3. Leaf vulnerability curve
We constructed leaf vulnerability curves (VCs) using an optical

method (Brodribb et al., 2016). Three rehydrated terminal branches
(1.5e2 m) were randomly selected to measure leaf VCs. The
selected leaf was placed on the scanner bed (Epson V850 pro, USA)
and was automatically grayscale-scanned at 4800 dpi at 10-min
intervals for 3e5 days (Fig. 2b, Video S2) until it was fully dehy-
drated (Chen et al., 2021b). The water potentials were periodically
measured using the pressure chamber from leaves attached to the
twig to predict the water potentials during dehydration. Because
the bamboo leaves dehydrated faster than other woody species,
such as angiosperm woody trees, the room temperature and rela-
tive humidity were strictly maintained at approximately 65% and
24 �C, and the branch was enclosed in black plastic bags to slow the
dehydration. The water potentials were measured using the pres-
sure chamber to construct theJleafetime relationships. Afterward,
the 10-min time resolution Jleaf values were predicted from the
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Jleafetime relationships. Using ImageJ (ImageJ 1.53c, National In-
stitutes of Health, USA), we used the image subtraction method
(Brodribb et al., 2016b) to estimate the cumulative embolism area
in the leaf veins over time. The percentage of the embolized area
(PEA) was quantified as the ratio of embolized pixels at a given
water potential to the number of embolized pixels at the fully
embolized stage. One vulnerability curve per leaf was constructed
by fitting PEA against the leaf water potential using a Weibull
model with the fitplc R-package (Duursma and Choat, 2017) to es-
timate the leaf water potential at 50% PEA (P50leaf).

Supplementary video related to this article can be found at
https://doi.org/10.1016/j.pld.2023.12.003

2.4. Diurnal water potential and native embolism

We monitored predawn (Jpre) and midday (Jmid) water po-
tentials during different seasons. The predawn samples were
collected between 05:30 and 06:30 a.m., and midday samples were
collected from 13:00 to 15:00 p.m. Canopy twigs from each indi-
vidual (n ¼ 6) were cut and immediately sealed in vapor-saturated
bags. The water potential of each twig was measured using a
pressure chamber after equilibrium for about 10min inside the bag.

The native embolism during the wet and dry seasons was
measured in five branches collected from five clumps at midday. To
avoid ‘cutting-under tension’ artifacts (Wheeler et al., 2013), the
targeted branches were sprayed with water and bagged for over
30 min to release the tension before harvest. A truck crane with a
25-m arm was used to assist the whole operation. The collected
samples were transported to the laboratory, where theywere cut to
the desired length under water and submerged for about 30 min to
release the remaining tension. The protocol for sample collection,
treatment and MicroCT measurements was the same as for the
stem vulnerability curves.

2.5. Xylem tissue samples and soil hydrogeneoxygen isotope
composition

To quantify the contribution of different soil depth profiles to
bamboo water use in the dry season, we collected soil and bamboo
tissue samples in April 2023 for hydrogeneoxygen isotope
composition analysis. Two healthy, sun-exposed, mature clumps
were selected, and soil samples were collected at three horizontal
positions nearby. A terminal branch was cut from the top of each
individual with a telescopic pruner. Then, a 10-cm-long segment
was excised from the branch and immediately placed in glass
containers, sealed with parafilm, and stored at 4 �C.

Soil samples were collected using an auger at eight different
depths (0e2, 2e5, 5e10, 10e20, 20e50, 50e80, 80e120, and
120e160 cm) for soil water potential and isotope composition
measurements. The water from the xylem and the soil samples
were extracted using a vacuum condensation extraction system
(Li-2100, Lica United, Beijing, China). Subsequently, the isotope
composition of the extracted water was analyzed using a liquid
water isotope analyzer (GLA431-TLWIA, ABB, Canada).
The isotope ratios R for 2H and 18O were calculated using Eq.
(6), and the isotopic values d2H and d18O were determined using
Eq. (7).

R¼
2H
1H

or
18O
16O

Eq. 6

R¼
�
Rsample

RVSMOW
� 1

�
� 1000 Eq. 7

https://doi.org/10.1016/j.pld.2023.12.003


Fig. 3. Stem (a) and leaf (b) vulnerability curves of Cephalostachyum pergracile. PLC,
percent loss of conductivity; PEA, percent of the embolized area. The solid and dashed
vertical lines in are the mean and bootstrap 95% confidence interval of the water
potential at 50% loss of conductivity of the stem (a, P50stem) or at 50% embolized vein
area (b, P50leaf).
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With RVSMOW is the Vienna Standard Mean OceanWater isotope
ratio.

2.6. Data analysis

All the data analyses and illustrations were performed using
R v.4.3.1 (R Core Team, 2023). To analyze the water source par-
titioning, the isotopic values of all the soil strata were collected,
and their relative contributions to the xylem water were
analyzed using Bayesian mixing models with the MixSIAR R-
package (Stock and Semmens, 2016). The models mixed values
based on two biotracers (2H and 18O) to differentiate the
contribution of various sources (soil strata) to the isotopic
composition of the xylem water. The hydraulic safety traits were
compared by assessing the overlap between their confidence
intervals.

3. Results

Both stems and leaves exhibited ‘S-shape’ vulnerability curves
(Fig. 3a and b). Cephalostachyum pergracile showed high drought
resistance in both the leaf and stem. In particular, the estimated
P50stem and P50leaf were -6.07 ± 0.48 MPa and -8.36 ± 0.12 MPa,
respectively. The water potential at leaf turgor loss was
-4.14 ± 0.4 MPa (Fig. 4a). Unexpectedly, P50stem was 2.29 MPa less
negative than P50leaf, indicating a lack of effective hydraulic
vulnerability segmentation (Fig. 3a and b). In contrast, pTLP was
1.93 MPa less negative than P50stem (Fig. 4a). There was no
overlap between the 95% confidence interval of the three traits.
The leaves of C. pergracile had low water-retention capacity and
took only 80.14 ± 5.22 min to dehydrate the fully hydrated leaves
to 70% relative water content at 26 �C and 60% relative humidity
(Fig. 5).

The xylem water potential exhibited great diurnal and seasonal
variations (Fig. 4a). The midday leaf water potential decreased from
-1.42 MPa in July (wet season) to -3.93 MPa and -5.17 MPa in March
(mid-dry season) and April (late dry season), respectively (Fig. 4a).
Such water potential caused a 5.87 ± 2.33% loss of the conductivity
of the stem xylem in the wet season and 12.87 ± 4.09% in the dry
season at midday (Fig. 4d). This conductivity loss resulted from the
embolism of numerous vessels in the dry season (Fig. 4c). However,
the hydraulic safety margins of stems and leaves were 0.96 MPa
and 3.25MPa, represented by the difference between theminimum
Jmid and P50stem (Jmid � P50stem) and between the minimumJmid
and P50leaf (Jmid� P50leaf), respectively (Fig. 4b). Additionally, water
source analyses using stable isotopes indicated that 49.4% of the
absorbed xylemwater of C. pergracile came from upper 20 cm-deep
topsoil layers (Fig. 6).

4. Discussion

This study shows high resistance of the stem and the leaf vein of
Cephalostachyum pergracile to xylem embolism, as well as strong
desiccation tolerance of its leaves, but the low capacity of its leaf
epidermis to prevent water loss. Additionally, the lack of hydraulic
vulnerability segmentation, the high permeability of the leaf
epidermis, and the high reliance on shallow soil layer water make
C. pergracile susceptible to water stress, particularly under extreme
drought conditions when soil water availability is extremely low.

4.1. High hydraulic safety but highly permeable leaf in
Cephalostachyum pergracile

Despite the preference of C. pergracile for tropical humid valleys,
it exhibited a high hydraulic safety in both leaves and stems (Fig. 3a
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and b). Its P50stem was more negative than that of 87.4% of the
species listed in the xylem functional trait database (Fig. 7) (Choat
et al., 2012). The P50stem value indicates that the xylem of
C. pergracile can be more resistant to hydraulic failures than many
tree species growing in dry habitats such as chaparral and Medi-
terranean regions (Jacobsen et al., 2014; Lobo et al., 2018). This
suggests that the stem xylem of C. pergracile could keep most of its
vessels functioning even under mild or moderate low water po-
tentials (Hacke and Sperry, 2001). Similarly, C. pergracile exhibited
extraordinary resistance to embolism in its leaves (Fig. 3b), indi-
cating greater embolism resistance than the leaves of other woody
species from various habitats worldwide (Fig. 7) (Yan et al., 2020).
This also implies that the leaf veins of C. pergracile remained
functional even under very low water potentials, theoretically
aiding the plant in withstanding drought (Brodribb et al., 2016,
2021). The high hydraulic safety of C. pergracile is also confirmed by
its notably negative leaf pTLP value (Fig. 4a), which was more
negative than that of most tree species across various biomes in
China (Fig. 7) (Zhu et al., 2018) and from tropical dry forests (Vargas
et al., 2021). The pTLP of C. pergracile measured in this study was
also far more negative than that of the annual monocot maize (Li
et al., 2009). However, the high mortality rate despite high



Fig. 4. Predawn (Jpre, blue boxplot) and midday leaf water potentials (Jmid, red boxplot, a), hydraulic safety margins (b) and native embolism (c & d). The horizontal lines in (a)
represent different hydraulic safety metrics and the 95% confidence intervals of P50stem, P50leaf, and pTLP. The green and red polygons in (b) illustrate the daytime range of leaf and
stem hydraulic safety margins across seasons, respectively. (c) shows a MicroCT image with embolized vessels (white arrows) in the xylem in the dry season.

Fig. 5. Leaf water releasing curves of the leaves of Cephalostachyum pergracile. RWC,
relative water content. Each curve represents one replicate. The solid and dotted
vertical lines are the mean and standard errors of the dehydration time to 70% RWC.
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drought resistance of C. pergracile during the extreme drought
period aligns with previous studies, which found that species with
high embolism resistance exhibited higher top-kill and mortality
rates when experiencing extreme drought events compared to
species that employ a drought avoidance strategy (Anderegg et al.,
2018; Kukowski et al., 2013).

The leaf vein exhibited greater resistance to embolism than the
stem xylem, suggesting a lack of effective hydraulic vulnerability
segmentation in C. pergracile (Figs. 3a and b, 4a). In contrast, leaves
are generally more vulnerable than the stem inmost woody species
(Pivovaroff et al., 2014; Johnson et al., 2016; Aritsara et al., 2022).
This pattern may be attributed to its large vessels in the stem of
C. pergracile, as revealed by theMicroCT images, whichmay limit its
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embolism resistance (Hacke et al., 2006). Alternatively, while pTLP
was less negative than P50stem, the rapid daytime drop in water
potential depicted its inefficiency in preventing water loss during
drought (Fig. 4a), in contrast to trees (Scoffoni et al., 2017; Aritsara
et al., 2022). Consequently, xylem tension at the leaves can easily
spread to the stem (Pivovaroff et al., 2014). In such cases, hydraulic
failure at leaves cannot protect the more expensive stem from
embolism (Johnson et al., 2016; Zhu et al., 2016), whichmay further
accelerate the propagation of embolism throughout the plant
(Skelton et al., 2017). For instance, a 12.8% loss of conductivity was
recorded in the stem xylem during a typical dry season in this
study. Therefore, the lack of, even inverted, hydraulic vulnerability
segmentation in C. pergracile may raise hydraulic risks during
extreme drought.

Our results also showed that the safety margins remained
positive but were smaller than 1 MPa (Fig. 4b), and were narrower
than those of most tree species growing in tropical regions (Smith-
Martin et al., 2023). The narrow safety margins measured in this
study during the normal dry season suggest a high risk of hydraulic
failure under severe drought conditions. Indeed, the extremely low
water availability and high evapotranspiration demand during the
drought events in 2019 and 2020 (Fig. 1) certainly exposed C. per-
gracile to much lower water potentials than the values measured in
this study. Additionally, leaves of C. pergracile showed a rapid leaf
dehydration rate (Fig. 5), which was much faster than that of co-
occurring tree species (Fig. 7) (Hao et al., 2010). Thus, the high
permeability of the leaf epidermis indicates the inability of the
plant to control water loss under drought. Without such control,
the plant continues to lose water at a high rate during drought, thus
rapidly dropping the stem and leaf water potentials to values below
P50stem and P50leaf, particularly when water supply from the soil is
limited (Meinzer et al., 2009; Carminati et al., 2020). For instance,
the midday leaf water potential of C. pergracile reached an excep-
tional value of -5.16 MPa in a normal dry season, leaving less than



Fig. 6. Water uptake depth distribution by Cephalostachyum pergracile at fine (dark grey boxes) and coarse (light grey boxes) depth resolution.

Fig. 7. Comparison of different hydraulic safety-related traits of Cephalostachyum pergracile with data from the literature (Choat et al., 2012; Hao et al., 2010; Yan et al., 2020; Zhu
et al., 2018). The points represent the mean value for C. pergracile, and the error bars are the standard errors.
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1 MPa of safety margins for the stem to face extreme drought
conditions (Fig. 4a and b). Therefore, although C. pergracile exhibits
high resistance to drought-induced embolism and low pTLP, hy-
draulic failure may still occur when exposed to severe drought
conditions.

Bamboo plants cannot replace embolized vessels like some ring-
porous trees in temperate regions due to the lack of secondary
growth (Clark et al., 2015; Liese and K€ohl, 2015). Although bamboo
plants can generate positive pressures from the root, thus repairing
drought-induced embolism in aboveground organs (Cao et al.,
2012), high root pressure to refill embolized vessels is physically
unrealistic under severe drought conditions when soil water
availability is extremely low. Additionally, frequent embolism-
refilling cycles may also damage the xylem structure (Hacke et al.,
2001). Further investigation of the xylem structure of
C. pergracile, particularly the intervessel pit structure, is needed to
fully understand the mechanism underlying its high xylem embo-
lism resistance.

4.2. Shallow rooting: Limited water supply during the dry season

The water source partitioning using stable isotopes reveals that
nearly half of the water absorbed by C. pergracile originated from
the upper 20-cm depth soil layer, indicating its high reliance on
surface water (Fig. 6). Considering that C. pergracile generally grows
in well-drained loamy soils (Enarth Maviton and Sankar, 2023) and
that the coarse texture of such soils imposes weak limitations to the
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vertical extension of the roots (Schenk and Jackson, 2005), the
limited access to deep water sources is primarily inherent to the
species and is less reliant on the environment. This pattern aligns
with the steep depletion of soil water content in the upper 50-cm
depth soil layer in a moso bamboo forest under drought (Zhang
et al., 2019). In contrast, some tree species coexisting with
C. pergracile in tropical humid regions can access water sources
several meters belowground (Canadell et al., 1996). The restricted
access to water by C. pergracile during the dry season is further
supported by the substantial decline in leaf water potentials
compared to the wet season, indicating that the amount of water
exploitable by C. pergracile was insufficient to replenish water lost
through transpiration (Watson,1968). In addition to the high rate of
water loss during drought, limited water supply from the soil
further exacerbated the xylem tension in the plant, hastening the
decline in water potential and increasing the risk of embolism in
the xylem. While some vascular species can close the leaf stomata
under water deficits (Carminati et al., 2020), the permeability of
C. pergracile's leaf epidermis restricts the effectiveness of this pro-
tective mechanism. Therefore, the shallow rooting habit imposes a
significant constraint on the survival of C. pergracile during drought.

Bamboo plants are characterized by their belowground rhizome
system, and different aboveground individuals within the same
clump are connected via the rhizome system to exchangewater and
nutrients (Banik, 2015). The rhizome system also ensures resource
storage and distribution to support rapid growth and facilitates the
regeneration of the entire clump (Liese and K€ohl, 2015). In fact,
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drought and fire experiments on grasses showed that rhizomatous
species resprouted faster than other species (Pausas and Paula,
2020). While high embolism resistance of the aerial organ can
assist the culm and the leaves to remain operational during
drought, fast water loss and limited water supply from the soil may
lead to a severe depletion of the water pool in the rhizome system,
which further limits the ability of bamboos to recover or regenerate
new culms upon drought release, ultimately resulting in the death
of the entire plant.

5. Conclusions

In this study, Cephalostachyum pergracile exhibited high hy-
draulic safety, characterized by low P50leaf, P50stem, and turgor loss
point, while no effective vulnerability segmentation mechanism
was found between its leaves and stems. Nevertheless, C. pergracile
may easily reach critical thresholds during severe drought due to its
low water-retention capacity and reliance on surface water, sug-
gesting that root pressure may be inefficient in refilling the
embolized vessels during severe droughts. Our findings provide
physiological evidence of the high mortality rate of a bamboo
species during droughts, thereby helping to clarify the drought
response mechanism of bamboo species.
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