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Abstract

Background and Aims

Bamboos, arborescent monocotyledons without secondary growth, often.show top
dieback during the dry season. The potential mechanism underlying bambootop.dieback
and its association with culm hydraulic architecture and positive pressure dynamics
remain unclear. We investigated how the axial scaling ofianatomical traits influenced
physiological performances of the culm top under drought conditions, as well as how
seasonal changes in positive pressure were related to top dieback and culm height.
Methods

Variations in culm anatomical and physiological characteristics (hydraulic traits, leaf
photosynthetic gas exchange,; and water potentials) along the longitudinal axis of a
bamboo (Dendrocalamus membranaceus) were investigated and seasonal changes in
positive pressure were monitored to reveal potential factors associated with top dieback.
Key Results

The hydraulically-weighted mean vessel diameters (Dn) exhibited a widening pattern
from the culm apex with a scaling exponent in the range reported for trees. However,
Dn did not increase continuously and instead declined noticeably near the culm base.
Theoretical hydraulic conductivity decreased to a low level near the culm top, where
most of the resistance was located. The lower water potentials, maximum quantum yield
of photosystem II, stomatal conductance, and photosynthetic rate indicated that culm

top was subjected to severer water stress than the base part. Height supported by the
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maximum positive pressure declined from the wet season to the dry season, which was
close to the measured culm height after top dieback.

Conclusions

This study implies the potential impact of vessel widening pattern on water supply along
the culm height, and the association of seasonal changes in positive pressure with culm

height, which offers novel insights into understanding bamboo top dieback.

Keywords:

culm height, hydraulic traits, leaf physiological traits;. positive pressure, seasonal

drought, top dieback, vessel widening

INTRODUCTION

Vascular plants can effectively transport water through xylem to the plant tops under
normal conditions, keeping ‘the canopy hydrated. This is achieved by optimizing the
hydraulic architecture;. which follows a pervasive pattern of tip-to-base xylem conduit
widening (West.ef al., 1999; Anfodillo et al., 2006; Olson et al., 2014). Conduits widen
at a ‘just right’ rate during growth (known as the hydraulic optimality models), which
may balance the increases in hydraulic resistance with conductive path length and
vulnerability to embolism with conduit diameter if the conduits widen too slowly or
rapidly (Anfodillo ef al., 2013; Olson and Rosell, 2013; Petit and Crivellaro, 2014;
Olson et al., 2021). The relationship between mean conduit diameter (D) and distance
from the stem tip (L) follows a power function D o« L?, where b approaches 0.2
(Anfodillo et al., 2006; Petit et al., 2009; Lintunen and Kalliokoski, 2010; Bettiati et al.,

2012; Lechthaler et al., 2019). Therefore, the conduits are narrowest at the stem tip and

3
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widen very quickly near the tip, then widen slowly and continuously toward the stem
base (Kiorapostolou et al., 2018; Olson et al, 2021). However, in some cases, the
hydraulic benefits of conduit widening and photosynthetic return are not enough to
offset the high carbon costs associated with building conduits with large diameters-and
thick walls, leading to no change or even a reduction in conduit size at a certain L (James
etal., 2003; Fan et al., 2009; Petit et al., 2010; Pfautsch et al., 2018; Déria et al.,2019;
Aritsara and Cao, 2020). Narrowed conduits at the stem tip and increased path length
can potentially limit efficient water supply to tissues at the top; which experience the
lowest water potential within the individual and the highest risk of embolism (blockage
of xylem conduits by air bubbles). Yet, how this hydraulic architectural design is related
to top dieback under drought awaits further investigation, especially for arborescent
monocots such as bamboos lacking secondary growth but showing substantial positive
pressure.

When experiencing limited water supply, leaf abscission and twig necrosis often
begin to appear at the tip in.many plant species, that is, the phenomenon of top dieback
(Mueller-Dombois, 1988; Davis et al., 2002; Hentschel et al., 2014; Pellizzari et al.,
2016; Savi ef al.,,2019; Camarero, 2021). During the past decades, a large number of
plant top dieback events have been reported worldwide and raised concerns about the
consequent decrease in plant height and forest productivity with the increased incidence
of drought (Nardini et al., 2013; Hentschel ef al., 2014; Rosner et al., 2016; Nolan et
al., 2021). Although a few studies suggest that the upper part of a plant seems to be more
vulnerable to embolism than the base (Fang ef al., 2021), the underlying morphological
and physiological mechanisms leading to plant top dieback ask for more studies.

Bamboos are particularly prone to top dieback during the dry season (Kongjarat et al.,
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2024). Given that drought is becoming longer, more frequent and more severe under
global climate change (Dai, 2013; Ault, 2020), revealing the mechanisms underlying top
dieback can aid in predicting bamboo response to increasing drought.

Top dieback could be associated with the narrowest conduits at the stem tip with
relatively low hydraulic conductance (Fang et al, 2021), which may result in
insufficient water supply to leaf tissues under drought conditions. Branches near the
stem top often experience the severest water stress during drought due to.small conduit
size, increased path length, and the accumulation of hydraulie  resistance with plant
height (Tyree and Zimmermann, 2002; Petit ef al., 2010; Pfautsch, 2016). Additionally,
they are exposed to microenvironments with higher atmospheric water demand than the
basal branches, resulting low water potentials thatimay cause xylem embolism (Davis
et al., 2002; Xu et al., 2023). These factors together may bring hydraulic dysfunction
and subsequent stomatal closure, photosynthetic inhibition, tissue desiccation, and
branch shedding during” water deficits. According to the hydraulic vulnerability
segmentation hypothesis, thetop dieback could be an adaptive phenomenon because it
would allow «rees to protect carbon costly proximal organs in drought periods by
shedding the distal parts of xylem pathways to reduce path length and transpirational
demand on conduit systems (Rood et al., 2000; Pivovaroff et al., 2014; Anfodillo and
Olson, 2021). The influence of the tip-to-base conduit widening pattern on plant
physiological perforamnce and drought resistance needs further investigation.

To deal with occasional embolism events and maintain the maximum heights,
plants have evolved diverse strategies. Bamboos with vascular bundles embedded in
parenchyma tissue may use hydraulic capacitance to avoid xylem embolism. When

embolism does happen, gymnosperm and dicotyledonous, can form new conduits
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through the vascular cambium to replace impaired ones (Brodribb et al., 2010; Trugman
et al., 2018). Whereas, in the absence of vascular cambium, positive pressure is the main
mechanism that can actively refill embolized conduits (Cochard et al., 1994; Saha et al.,
2009; Yang et al., 2012; Schenk et al., 2021). Monocots, especially their arborescent
members (e.g. bamboos), usually adopt this strategy to ensure the hydraulic functions
of conduits from the stem (culm) tip to base (Cao et al, 2012; Yang et al., 2015).
Therefore, the value of positive pressure has a significant positive relationship with the
maximum plant height in arborescent monocots (Cao et al.,.2012). Because positive
pressure can be affected by soil water conditions (Stiller ef al., 2003; Singh, 2016;
Gleason et al., 2017; Drobnitch et al., 2021; Fu et al.; 2022), seasonal changes in rainfall
and soil water availability may influence the ability.of arborescent monocots to supply
water to the tops and keep their maximum heights. Declines in positive pressure could
severely impede the refilling of petential xylem embolism at the top. As the arborescent
monocots are important components of forests in tropical and temperate regions, there
is a need to investigate how their maximum heights will respond to changes in positive
pressure under changing climates.

In this study, a bamboo species Dendrocalamus membranaceus Munro, which
often exhibited top dieback during the dry seasons (Figure S1), was chosen as a typical
arborescent monocot to study its hydraulic architecture, examine how xylem anatomical
and hydraulic traits change along the culm longitudinal axis, and test the potential
association of culm hydraulic architecture and seasonal changes in positive pressure
with top dieback and determining maximum bamboo culm height. Specifically, we
hypothesized that: (1) conduit diameter (Dn) would increase from the culm tip to base

following the hydraulic optimality models established for eudicots, but Dn would not
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change or even decrease at the base; (2) due to the conduit widening pattern from the
apex and increased path length, the lower water potentials of culm top would cause a
more stressful water status relative to culm base, especially under drought conditions;
and (3) with the decreasing soil moisture, positive pressure would decline during dry
seasons, and the culm height after dry season top-dieback would equal to. the height

calculated by the dry season positive pressure.

MATERIALS AND METHODS

Study site and plant material

The present study was undertaken in a large bamboo collection at the Xishuangbanna
Tropical Botanical Garden (XTBG, 21°56'N, 101°150'E; 570 m altitude) in Yunnan
Province, SW China. In this region, there is'a distinct dry season from November to
April and a wet season from May to October. During the dry season, the climate is
characterized by high temperature ‘and vapor pressure deficit (VPD), with substantially
reduced precipitation.and soil volumetric water content (Figure S2) which measured by
Time Domain Reflectometry (TDR-350 Soil Moisture Meter, Spectrum, Aurora, IL,
USA).

Our target arborescent species, Dendrocalamus membranaceus Munro, a giant
bamboo is typically found in tropical areas, particularly in Myanmar, Laos, Thailand,
Vietnam and southern China. This kind of large clumping bamboo species has formed
large natural bamboo forests in Southern China. For this study, all sampled culms were
of similar age (3-year-old) to minimize age-driven variability. Ten individuals (culms)
located in the bamboo common garden at XTBG were randomly selected, among which

three culms were harvested for anatomical traits measurements, and the remaining four
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and three culms were used for physiological traits and positive pressure in situ

measurements, respectively.

Anatomical traits of bamboo culm

The actual height of three culms before and after dieback (Measured-Hwet and
Measured-Hdry) were measured by a measuring tape in the wet and dry seasons. After
the culm height reduction in the dry season, all branches and leaves were removed from
the culm, and the sampled culms were sawn in the middle of each internode. For each
culm, the cross-sectional discs of about 2 cm thickness were sawed manually in the
middle of each internode from the tip to the base along.the axial culm. For each sawed
culm disk, the actual distance and relative distance. from the culm tip (L; cm and %)
along the axial culm were carefully recorded, transformed and normalized as a
percentage form (%). Freshly excised culm segments were numbered, remarked, and
wrapped in three big black plastic bags. Then, they were immediately transported to the
laboratory for further anatomical measurements.

Culmdiameter and culm wall thickness along the axial culm were determined
by a measuring tape and an electronic digital caliper (Mitutoyo 500-196-30, Tokyo,
Japan). In addition, the culm wall cross-sectional area and its ratio to the culm area of
each culm segment were measured and calculated. The cross-sectional discs of each
culm segment were prepared with different types of fine sandpaper to be flat, smooth,
and clear enough until they were suitable for anatomical observations under a stereo
microscope (Leica M50, Wetzlar, Germany). The surface contrast of the cross sections
was enhanced with very fine, white chalk powder after the surfaces of the cross sections

were stained with 1% safranin solution for 5 minutes. Then, the culm cross-sectional
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discs were observed under the aforementioned stereo microscope. Digital images were
captured by a connected digital camera (Leica IC80 HD, Wetzlar, Germany) at x10, x16,
x25, and x40 magnifications, respectively. In order to get the anatomical traits of the
entire cross-section, overlapping images covering the whole cross-sectional area were
stitched with PTGUIPRO software (New House Internet Service B.V., Rotterdam, The

Netherlands), then scaled and analyzed with Image J (http:/rsb.info.nih.gov/ij/). »Culm

anatomical traits, such as the cross-sectional area of each vessel and parenchyma, the
diameter of all vessels, and the number of vessels with differentlumen diameters, were
measured and estimated in several views with a known area. Lastly, the area ratio of the
vessel and parenchyma of the total area of each cross=section, and the vessel density in

the sampled cross-sectional discs of each culm were calculated, respectively.

Hydraulic and wood properties-of bamboo culm
All vessels of bamboo culm were considered to be circular and the hydraulically -
weighted mean vessel diameter (Dn) was assessed for each image as
Dh = (3 D*/Ny 14
where D'is the mean vessel diameter and N is the number of vessels in the image (Tyree
and Zimmermann, 2002; Choat et al., 2007).

The theoretical hydraulic conductivity (theoretical Kn) of the vessels in the culm
wall was calculated according to the following Hagen-Poiseuille equation:
theoretical Kn= (Dn*mp)/128nxVD
Where p is the density of water at 20°C (998.2 kg m™), n is the viscosity of water at
20°C (1.002x107° MPa s), Dn is the hydraulically-weighted mean vessel diameter, and

VD is the vessel density (Choat et al, 2007; Fichot et al, 2010). The theoretical

Gz0z aunr zo uo Jasn YAl INOIHLYIAAN Aq ¥€88%18/20 L4oW/qoe/c601L 01 /10p/3]0ILE-80UBAPE/GOR/WOD dNO OlWapede//:sdiy woly papeojumoq



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

sapwood-specific hydraulic conductivity (theoretical Ks) was estimated as theoretical Kn
scaled per unit sapwood area (the culm wall cross-sectional area, here).
The resistance (r) of a single vessel within each bamboo internode is given by

the equation:

128 xmx1
r= X d*

where 1 = water viscosity (1.002x10" MPa s) at 20 °C, /= 0.1 c¢cm long employed in
each segment, and d = vessel diameter (Tyree and Zimmermann.2002; Petit et al., 2008;
Williams et al., 2019). The hydraulic resistance (R) of all vessels within any culm
segment (k) is the inverse sum of hydraulic conductivity (1/r) of each single vessel. With
considering the resistance of successive vessels connected in series and assuming no
vessel furcation, the cumulated total theoretical hydraulic resistance (Rot) from the base
(Level 0) to top (Level N) through suecessive culm segments is calculated as Riot=
Yr_o R (Becker et al., 2000; Petit et al., 2010).

For culm wood density (WD) along the culm axial height, 2-cm-thick culm
segment samples ‘were collected from the middle part of each internode after labeling
the relative”distance from the culm tip. Culm segment samples were immersed in
distilled water to obtain the fresh volume using Archimedes’ immersion method. Dry
weight.was determined after all the culm segment samples were dried to a constant
weight at 80°C for 72 h. Culm WD was calculated as the ratio of dry weight to the fresh

volume of the culm segment samples.

Leaf physiological traits
During the dry season, four individuals showed top dieback were selected for

physiological traits measurements. Each individual was divided into seven or eight

10
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height intervals from top to bottom along the culm. By using a manual lift truck (Figure
S1), we can access each height to measure leaf photosynthetic gas exchange in sifu and
collect samples for leaf water potential and trait measurments. At each height, we
measured five fully expanded leaves.

A portable infrared gas analyzer (L1-6800, LI-COR, Lincoln, NE, USA) with a
blue-red light source was used to measure leaf gas exchange. All measurements  were
performed in the morning between 09:00 and 11:30 h. Irradiance, CO2 concentration,
temperature, and relative humidity inside the leaf chamber of the gas-exchange system
were maintained at 1200 umol m2s™!, 400 ppm, 25 + 1°°C, and 70%—80%, respectively.
We recorded the maximum photosynthetic rate (4max); stomatal conductance (gs), and
transpiration rate (£) for each leaf after the intercellular CO: concentration was
stabilized. Instantaneous water-use_efficiency (WUE;i) was calculated as the ratio of
maximum photosynthetic rate and transpiration rate (Amax/E).

Chlorophyll fluorescence was measured between 06:00 and 06:30 h on leaves
that had been dark-adapted overnight on the following day of leaf gas exchange
measurements. A portable fluorometer FluorPen (FP 110, Photon Systems Instruments,
Drasov, Czech Republic) was used to measure the maximum quantum yield of

photosystem II (PSII) (Fv/Fm = (Fm—Fo)/Fm). At least five replicates for each height

interval were made.

For leaf water potential, three small shoots at each height were cut and placed in
sealed plastic bags until water potential measurements were taken in a lab nearby. Shoots
were approximately 20 cm in length with 3—5 leaves and intact septa between nodes.
The leaf water potential at predawn (Wpre) and midday (Wmid) was measured using a

pressure chamber (PMS1505D, PMS Instrument, Albany, OR, USA). The predawn

11
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water potential (Wpre) was determined in the early morning (06:00-07:00 h) before
sunrise and transpiration, and midday water potential (Wmid) was measured at noon
(13:00—14:00 h) on sunny days.

Following water potential measurements, leaves on the small shoots were
collected to determine leaf size (single leaf area, AL) and leaf dry mass per unit-area
(LMA). The leaves were scanned using a scanner (CanoScan LiDE300, Canon, Japan)
and leaf areas were estimated by Image] V1.45 (Schneider et al., 2012). Leaves were

dried at 65 °C for 48 h and weighed to calculate LMA (leaf dry mass/leaf area).

Seasonal changes of positive pressure

In February and August (representing the dry and wet seasons, respectively), the
dynamics of positive pressure from.three individuals were simultaneously measured
using digital pressure transducers. (PX26-100DV, Omega Engineering, Stamford, CT,
USA) on consecutive sunny. days (Figure S4). A small branch at the bottom
(approximately 1 m above the ground) of the mature culm was selected and cut by a
scissor at dusk. The cross section of the branch stump was re-cut with a fresh razor
blade. Then,a single pressure transducer connected to a silicone tube filled with distilled
water was fitted to the branch stump using zip-ties. The xylem pressure was recorded at
a 10 min interval automatically with a data logger (CR1000, Campbell Scientific, Logan,
UT, USA). Positive pressure was the xylem pressure recorded at the cut end of the small
branch stump, plus the hydrostatic pressure generated by the water column from the
ground to the small branch stump. The maximum positive pressures monitored in the
dry and wet seasons were used to calculate the height limitation of bamboo culms

(Calculated-Hary and Calculated-Hwet) based on the assumption that bamboos need to

12
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use positive pressure to push water to the top of the culm and positive pressure
determines bamboo height (Cao et al., 2012). Thus, the estimated maximum height
equals to the height (h) of water column maintained by the maximum positive pressure.
The height (h) can be derived from the liquid pressure formula P = pgh, where P is the
maximum positive pressure, p is the water density, and g is the gravitational

acceleration.

Statistical analysis

For each individual culm, the different relative distance from the culm tip (L) to each
culm segment was carefully calculated and normalized-by their actual maximum height.
Culm anatomical and hydraulic parameters at different actual (absolute) or relative
distances from the culm tip (L; cm or %) were averaged for the four orientations of each
culm segment. We used exponent or linear regression analysis to fit the relationships
wherever possible. Regression coefficients, the 95% confidence intervals (Cls), and the
95% prediction intervals (Pls) were computed using SigmaPlot 10.0 (Systat Software,
SPSS Inc., Chicago, IL, USA). We also conducted #tests for the maximum positive
pressure across the two seasons, between Measured-Hdary and Calculated-Hary, and
between Measured-Hwet and Calculated-Hwet, using SPSS 20.0 software (IBM, New
York, USA), respectively. Then, Tukey’s comparison tests were applied to assess the

differences significance at a = 0.05 level.

RESULTS

Axial variation of anatomical and hydraulic traits

The hydraulically-weighted mean vessel diameter (Dn) of the bamboo species showed a

13
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basipetal widening pattern that generally followed a power-law scaling relationship with
the distance from the culm tip (L). However, this widening trend was interrupted within
the basal 20% of the culm length, where conduit diameters transitioned to a narrowing
profile (Figure 1). The axial increasing pattern in Dn not only followed a linear'log
relationship along the culm (Figure 1, the inset), but was well-fitted by.the power
functions, which explained 94-96% of the total variance (Table 1). The three sampled
culm individuals showed similar degrees of axial conduit widening, with the scaling
exponent (b) that varied near 0.17 (Table 1).

The vessel area ratio showed a decreasing trend with the increase of relative
distance from the culm tip (L), from 8.4% to 2.3% (Figure 2a). The vessel area ratio was
also negatively correlated with the parenchyma area ratio in the culm wall transverse
sections (Figure 2a, the inset). While vessel number increased linearly with relative L
for each cross-section (Figure 2¢), vessel density decreased from the culm tip to base,
ranging from 12.7 to 2.3no. mm2/(Figure 2b). The maximum vessel diameters (Dmax)
increased from the culm tip to ca. 80% of relative L and then decreased, thus the widest
Dmax was notobserved at the culm base (Figure 2d).

A pronounced curvilinear pattern of theoretical hydraulic conductivity (Kn) was
detected along the axial culm, with the lowest value at the tip and the peak at ca. 80%
of relative L (Figure 3a). However, theoretical sapwood-specific hydraulic conductivity
(Ks) decreased from the culm tip to the base (Figure 3b). Accumulating from the basal
culm upwards, total theoretical hydraulic resistance (Rtwt) increased along the culm
(Figure 3c), and the most pronounced change in resistance of each internode (R)
occurred near the culm top (Figure 3c, inset). Similarly, wood density (WD) also

increased upwards. from 0.67 to 0.91 g cm™ (Figure 3d).

14
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From tip to base, culm diameter increased 3.6-fold (17.5 to 62.7 mm; Figure
S3a), while culm wall thickness showed a nonlinear 5.9-fold increase (3.1 to 18.3 mm;
Figure S3b). Internode length exhibited a complex curvilinear pattern, initially
increasing before reaching a plateau and subsequently decreasing (Figure S3c).<The
culm wall cross-sectional area increased dramatically by 38-fold (0.7 to 26.8 cm?; Figure

S3d), reflecting its hollow cylindrical structure analogous to tree sapwood.

Axial variation of leaf physiological traits during the dry season

A sharp decline in the maximum quantum yield of photosystem II (Fv/Fm)as the distance
from the tip decreases was observed in the upper part-of the culm (from 20% of relative
distance to the tip, Figure 4a). Leaf dry mass per-unit area (LMA) increased upwards
within the culm from 50% of relative distance to the tip, while leaf size (AL) decreased
in the apical direction (Figure 4b). Both predawn (Wpre) and midday leaf water potential
(Wmid) increased with the increasing distance from the culm tip (Figure 4c, d). Wmid
decreased from -3.67 MPa at 70% of relative distance to -4.89 MPa at the tip (Figure
4d).

The maximum photosynthetic rate (4max) and stomatal conductance (gs) were
smallest in the upper part of the culm, increased substantially in the middle, and tended
to decrease in the lower part (Figure 5a, b). Transpiration rate (£) exhibited an increasing
trend from the culm tip to the base (Figure 5c), while instantaneous water-use efficiency

(WUE)) exhibited the opposite trend (Figure 5d).
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Culm height and positive pressure in the dry and wet seasons

The maximum positive pressure reduced from 151.6+3.3 kPa in the wet season to
124.3+£3.3 kPa in the dry season (the inset in Figure 6 and Figure S4). Seasonal drought-
triggered shoot dieback was observed at the bamboo culm top (Figure S1), which caused
terminal branches shedding and culm height reduction. Thus, the measured height of the
culm apex in the dry season (Measured-Hdry) was lower than that (Measured-Hwet) in
the wet season (Figure 6). The heights calculated based on maximum positive pressure
in the wet (Calculated-Hwet) and dry seasons (Calculated-Hdary) were close to the

measured culm heights in the wet and dry seasons respectively (Figure 6).

DISCUSSION

Our study demonstrates that the culm.hydraulic architecture of the bamboo species is
overall in line with the hydraulic. optimality models, while it achieved this without
secondary growth. Interestingly,” the tip-to-base widening pattern of Dn is not
continuous, and exhibits a declining trend close to the base, which warrants future
investigation ‘into-its adaptive significance. The culm hydraulic architecture and leaf
physiological traits of this bamboo species also suggests that culm top is susceptible to
drought stress due to the tip-to-base widening hydraulic design and low water potentials
at the top. Further, water stress of the top is exacerbated by declines in positive pressure
during the dry season. Declines in positive pressure may impede the refilling of the
water storage pool and possible xylem embolism in the dry season, potentially leading
to enhanced water deficits and dieback at the top. However, further studies should
combine visualization methods such as the micro-CT and optical methods (Kongjarat et

al., 2024) with xylem pressure measurements to estimate the critical thresholds of
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embolism occurrence and potential refilling by xylem pressures at different culm height.
Previous evidence from the decline and recovery of leaf hydraulic conductance in
bamboo (Yang et al., 2012) may not be related to xylem embolism (Schenk et al., 2021).
Our study thus provides a possible explanation for the commonly-found top dieback in
bamboos in terms of culm hydraulic architecture and seasonal declines in positive

pressure, asking for further physiological studies.

Hydraulic architecture and axial vessel widening in bamboo.culm

Our findings that the hydraulically-weighted mean vessel diameter (Dn) increases with
the distance from culm tip (L), are in line with ‘the hydraulic optimality models. The
conduit widening exponents (b) of three D.wmembranaceus individuals were
approximately equal to 0.2 regardless of their heights, suggesting stability of the
widening pattern among different. individuals. Anatomical studies that investigated the
conduit diameter scaling with plant height provided strong evidence for the stability of
widening exponents across.various clades, ontogenetic stages, and life forms including
trees, shrubs, succulents, lianas, arborescent monocots, etc. (West et al., 1999; Anfodillo
et al., 2006; Petit-et al., 2014; Pfautsch, 2016; Rosell et al., 2017; Prendin et al., 2018a;
Olson et al., 2021). In addition, plants under different environmental settings (e.g.
temperature, precipitation, CO2, nutrient availability) and vigor degrees also showed a
stmilar relationship between Dn and L (Olson et al, 2013; Prendin et al., 2018b;
Lechthaler et al., 2019; Fajardo et al., 2020; Kiorapostolou et al., 2020; Rita et al.,
2024). Such widespread convergence on an exponent of about 0.2 indicates that vascular

designs with conduits widening at this ‘just right’ exponent should be adaptative for

plants (Anfodillo et al., 2013; Olson et al., 2014; Kogillari et al., 2021). On the one
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hand, conduit widening might buffer the accumulation of hydraulic resistance with plant
height and allow leaves at different L to maintain a constant hydraulic conductance
(Becker et al., 2000; Petit et al., 2008; Echeverria et al., 2019; Yang et al., 2021). On
the other hand, this ‘just right’ widening pattern (b = 0.2) might avoid overbuilt large
vessels at the base (b > 0.2), reducing the risk of drought/freezing-induced xylem
embolism and conduit wall construction costs (Mencuccini et al., 2007; Olson et al.,
2018).

Consistent with our hypothesis, Dn did not increase continuously, but rather,
showed an obvious declining trend close to the culm'base. Similar findings had also
been reported in other plants such as a shrub, eucalypts and palms (Petit et al., 2010;
Pfautsch et al., 2018; Doria et al., 2019; Aritsara ‘and Cao, 2020). While a continuous
tip-to-base widening of conduits is widely accepted in the literature (Anfodillo et al.,
2006; Rosell et al., 2017; Olson-et al., 2021), we can explain the growing evidence of a
narrowing trend near the stem base with various factors. Including a sufficient number
of sampling points/(especially at the base) help to reveal the overall trend of conduit
diameter along the whole plant height (Soriano ef al., 2020). Interestingly, bamboos, as
monocots without secondary growth, pre-determine this vessel size distribution pattern
at the early primary growth stage. It seems monocots are programmed to ‘know’ the
final height and form the vessel size distribution pattern accordingly at the early
development stage (Petit et al., 2014; Yang et al., 2021), with the detailed regulation
mechanism and impacts on physiological performances relatively unknown.
Physiological causes may be related to the constraints on hydraulic efficiency and the
high carbon investment if conduits are still widening toward the base. First, wider

conduits at the base would increase the volume of xylem water in the plant transportation
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system, which has been suggested to reduce the efficiency of the water distribution
network due to the large volume of water needed to fill the base water pool (Banavar et
al., 1999). Second, larger conduits at the stem base may provide negligible benefit to
the hydraulic efficiency of the whole plant (Petit ef al., 2010; Prendin et al., 2018a),
since the majority of hydraulic resistance is concentrated near the top where the conduits
are narrowest (Petit and Anfodillo, 2009; Lechthaler et al., 2020). Additionally, such a
small hydraulic benefit may not offset the carbon costs for constructing and maintaining
larger conduits (Mencuccini et al., 2007; Holttd et al., 2011). Therefore, basal conduit
narrowing suggests a limitation to the hydraulic compensation mechanism by axial
conduit widening (Williams et al., 2019). The pronounced narrowing observed at the
culm base, which coincides with rhizome connections, highlights a critical functional
interface between belowground and. aboveground hydraulic systems. This structural

feature underscores the need forinvestigation into this junction of hydraulic continuity.

Axial scaling of physiological traits reflects water stress at the culm top during the dry
season

The trends of physiological traits along the longitudinal axis of the bamboo culm
showed a clear divergence between the top and the base, with the top experiencing
strong water stress during the dry season. As conduit diameter contributed to a large
portion of the hydraulic resistance (Becker ef al., 2003; Petit ef al., 2010; Williams et
al., 2019; Lechthaler et al., 2020), the vast majority of total hydraulic resistance (Rtot)
was located towards the culm top where xylem conduits tapered more sharply (Petit and
Anfodillo, 2009; Lechthaler et al., 2020). This, in combination with increased path

length for water transport, constrained the theoretical hydraulic conductivity (Kn) to be
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at a low level near the culm top (Pfautsch et al., 2018; Yang et al., 2021). Similarly, in
Populus trees, the practical measurement of Kn also showed a sharp decrease in the
apical branches (Fang et al., 2021). We recognize that xylem vessel diameter alone does
not solely determine water transport. Other xylem characteristics, such as vessel length,
may also significantly influence hydraulic conductance (Comstock and Sperry, .2000;
Jacobsen et al., 2012), although this aspect was not investigated in the present study.
When water supply from the soil was limited, maintaining apical branches
hydrated with low Kn became increasingly difficult because increased xylem tensions
may intensify the limitations on water flow, dropping water potentials (Wpre and Wmiq)
and further increase water stress of the culm top (Xu-et al., 2023). Lower maximum
quantum yield of photosystem II (Fv/Fm) at the tip.(0.65) also supported the idea that
culm top was subjected to severer water stress than the base part. Meanwhile, upper
leaves exhibited remarkable decreases in stomatal conductance (gs), transpiration rate
(E) and leaf photosynthesis (4max)With sampling heights near the culm top. This could
result in carbon imbalance (declined or limited carbon return on input in stem and leaf
biomass), which is'used to explain tree top and individual dieback (Zhang et al., 2009).
Although previous studies showed that leaf photosynthesis increased with heights
within an individual or across different species (Ellsworth and Reich, 1993; Kenzo et
al., 2015), reflecting acclimation to vertical trend of increasing light from bottom
towards treetop, similar lower rates of photosynthesis for upper leaves were often
observed in water-limited environments (e.g. tropical dry forest) (Zhang et al., 2009;
Kenzo et al., 2012; Jin et al., 2024). Since our physiological measurements were
conducted only during the dry season (due to the acute onset of dieback symptoms),

future studies comparing irrigated and drought-affected individuals (Xu et al., 2023) or
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incorporating seasonal monitoring (Kongjarat et al., 2024) could help establish causal
links between physiological decline and top dieback.

The bamboo D. membranaceus also exhibited trait adjustments to mitigate the
effects of increased water stress at culm top like other tree species (Choat et al., 2005;
Domec et al., 2008). At the leaf level, mature leaves became smaller and thicker, while
dry mass per unit area (LMA) increased upwards (Koch et al., 2004), which may resist
collapse caused by a low water potential and contribute to high drought tolerance of
upper leaves (Woodruff et al., 2004; Williams et al., 2017)..By controlling stomatal
conductance, the upper leaves could minimize transpiration consumption and improve
leaf water use efficiency (WUE), and a high WUE-was important to advantageous
photosynthetic production under drought conditions. At the branch level, an increase in
sapwood-specific conductivity (Ks) resulted from a lower rate of decline in K relative
to the sapwood area, a pattern.also observed in Sequoia sempervirens (Burgess et al.,
2006), indicating partial compensation for hydraulic limitation. In this context, dieback
of top branches could prevent further water loss and protect more carbon-costly organs
by shedding <terminal organs according to the theory of hydraulic segmentation
(Pivovaroff ef al.;, 2014), thus enhancing survival at the whole-tree level.

Anatomical traits of the culm base were associated with mechanical support and
water storage. Compared with the culm top, the base part was composed of thicker culm
walls and higher culm wall cross-sectional areas (Figure S3), which could provide
strong physical support (Aritsara and Cao, 2020). The highest parenchyma area ratio
was accompanied by decreases in vessel area ratio and wood density at the culm base,
which reflected a large volume for storage of water and non-structural carbohydrates

(Plavcova et al., 2016). This large parenchyma area ratio could provide a reservoir to
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buffer the daily water loss by leaf transpiration (Yang et al.,2015; Williams et al., 2021).
Therefore, the culm base was the part less likely susceptible to water stress relative to

the culm top.

Seasonal positive pressure changes influence the maximum culm height
The observed decline in positive pressure during the dry season in bamboo likely reflects
a dynamic interplay between environmental stressors and regulation of pressure
generation. The maximal positive pressure of D. membranaceus decreased (Figure 6 and
Figure S4) as soil moisture declined and vapor pressure deficit (VPD) increased (Figure
S2). This aligns with previous studies showing that.episodic pressure patterns are
strongly influenced by soil moisture (Singh, 20165.Gleason et al., 2017; Drobnitch et
al., 2021; Fu et al., 2022) and atmospheric. demand (Michaud et al, 2024), which
underscores the sensitivity of-pressure generation to ambient humidity. Traditional
studies have postulated that xylem positive pressure originates from root, where changes
in soil humidity alter aquaporin activities in roots, thereby regulating water influx and
subsequent pressure generation (Singh, 2016; Schenk et al, 2021). However, recent
work by Michaud et al. (2024) challenges this assumption by demonstrating that stems
and ‘thizomes of bamboos can generate positive pressure, a process that may involve
mechanical swelling in tissues such as phloem, parenchyma, or fibres. In light of these
findings, the observed pressure decline may also reflect differential stem water status
and tissue rehydration capacity under varying water conditions.

During the dry season, the decreased maximum positive pressure could serve as
an indicator of water scarcity, indicating insufficient soil moisture to sustain hydraulic

recovery. Positive pressure can dissolve conduit embolisms and restore xylem function
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(Knipfer et al., 2015; Gleason et al., 2017; Schenk et al., 2021). This is an important
physiological mechanism of hydraulic recovery in many plant groups, especially for
monocots (e.g. bamboos) that have no secondary growth to replace embolized conduits
(Cochard et al., 1994; Stiller et al., 2003; Saha et al., 2009; Yang et al., 2012). In
arborescent monocots such as bamboos, positive pressure declines with culm height,
reaching near-zero values at the apex due to the gravitational pressure (Cao ef al.,2012).
This axial reduction in positive pressure along the culm limits hydraulic recovery in
upper regions, as refilling embolized xylem conduits requires overcoming gravitational
and hydraulic constraints. Here we assume that maintaining the xylem fluid pressure at
zero MPa is sufficient to refill xylem embolism. Some previous studies have found that
atmospheric pressure is indeed sufficient to refill leaf xylem embolism with enough time
(Subczynski et al., 1992; Hochberg et al., 2016; Knipfer et al., 2016; Yang et al., 2024).
However, when seasonal declines in positive pressure occur during drought periods,
combined with multiple” hydraulic constraints (e.g., tapered conduit architecture,
elevated atmospheric demand, and impaired tissue rehydration), pressure values at the
apex may drop further, thereby exacerbating hydraulic dysfunction in apical regions.
Thus, a clear relationship exists between bamboo’s positive pressure and culm height
across seasons (Figure 6). The high positive pressure of D. membranaceus in the wet
season could pump water to a height (Calculated-Hwet) close to its maximum culm height
(Measured-Hwet), which allowed culms to refill the xylem embolisms at the top.
However, the height of the water column supported by the maximum positive pressure
in the dry season (Calculated-Hdry) was lower than that in wet season, resulting in a lack
of refilling of the bamboo terminal shoots above Calculated-Hary. In line with our

hypothesis, Calculated-Hdary was close to measured culm height in the dry season

23

Gz0z aunr zo uo Jasn YAl INOIHLYIAAN Aq ¥€88%18/20 L4oW/qoe/c601L 01 /10p/3]0ILE-80UBAPE/GOR/WOD dNO OlWapede//:sdiy woly papeojumoq



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

(Measured-Hary), which provided an implication on the role of decreased positive
pressure in top dieback. Additionally, because nocturnal sap flow driven by positive
pressure is important in recharging the water storage (Yang et al, 2015), declined
maximum positive pressure in the dry season may also impede the refilling of water
storage at the top. While reduced positive pressure may partially account for top
dieback, it likely operates within a complex framework of environmental and
physiological stressors. Under climate change-driven extreme  drought conditions,
diminished positive pressure likely interacts with broader. hydraulic impairments
exacerbating top dieback and mortality that critically undermine bamboo forest

productivity.

CONCLUSIONS

In summary, the culm hydraulic architecture of the bamboo without secondary growth
also conforms to the predictions of hydraulic optimality model, with a vessel widening

pattern (b~=0.2) that matches the expected value. However, vessels near the culm base

are narrower thanexpected, which may reflect the constraints on high carbon investment
toward the base. As bamboos are monocotyledons without secondary growth and the
vessel. widening pattern is formed before shoot elongation, there seems to be a
predetermined blueprint for their hydraulic construction. At the culm apex, low
hydraulic conductivity, water potentials, Fv/Fm and gas exchange parameters suggest
severe water stress during the dry season, which may result in carbon imbalance and
partly be responsible for top dieback. Moreover, declined maximum positive pressure
in the dry season is closely related to culm height reduction after top dieback, which

could be caused by insufficient refilling of water storage and xylem embolism. This
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study implies the influences of vessel widening pattern and positive pressure decline on
the physiological responses of culm top, providing important implications for

understanding the bamboo top dieback under increasing drought.
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Figure Legends

Figure 1. Variation of hydraulically-weighted mean vessel diameter (Dn) with the
distance from the culm tip (L) (a). Linear relationship between Logio(Dn)and Logio (L)
is shown in the inset. Hollow symbols were removed from the Log-Log correlation.
Solid, dashed and dotted lines are the regression line, the 95% Cls (confidence intervals)
and 95% PIs (prediction intervals), respectively (details in Table 1). Anatomical images
(b, ¢, d, and e) of bamboo culm cross-sections are illustrated using light microscopy
along a vertical gradient within a single culm of a tall D. membranaceus (D1). The
distance from the culm tip (L) that theses collected samples is shown at the bottom of

each image, respectively. Scale bars=200 um.

Figure 2. Variation of vessel traits in cross-section of culm wall with different relative
distance from the culm tip. The vessel traits include (a) vessel area ratio, (b) vessel
density, (¢) vessel number, and (d) maximum vessel diameter (Dmax). The area
percentage relationship between vessel and parenchyma of the total area of each cross-
section is shown in the inset (a). Solid, dashed and dotted lines are the regression line,

the 95% Cls.and 95% PIs, respectively.

Figure 3. Variation of hydraulic traits in cross-section of culm wall with different
relative distance from the culm tip. The hydraulic traits include (a) theoretical hydraulic
conductivity (Kn), (b) theoretical sapwood-specific hydraulic conductivity (Ks), (c)
theoretical cumulated total hydraulic resistance (Riot) from the basal culm upwards, and
(d) wood density (WD). The hydraulic resistance of each internode (R) is shown in the

inset (¢). Solid, dashed and dotted lines are the regression line, the 95% CIs and 95%
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PIs, respectively.

Figure 4. Variations in leaf chlorophyll fluorescence, morphology and water potential
with different relative distance from the culm tip during the dry season. (a) maximum
quantum yield of photosystem II (¥v/Fm), (b) leaf dry mass per unit area (LMA), single
leaf size (leaf area, AL) (the inset), (c) leaf predawn water potential (Wpre), and (d) leaf
midday water potential (Wmid). Error bars represent variation (mean £ SE) among
different measurements within the height interval. Solid, dashed-and dotted lines are the

regression line, the 95% Cls and 95% PlIs, respectively.

Figure 5. Variations in leaf photosynthetic gas exchange with different relative distance
from the culm tip during the dry season. (a).maximum photosynthetic rate (4max), (b)
stomatal conductance (gs), (c¢)-transpiration rate (E£), and (d) instantaneous water-use
efficiency (WUE;). Error bars represent variation (mean = SE) among different
measurements within the height interval. Solid, dashed and dotted lines are the

regression line, the 95% Cls and 95% PlIs, respectively.

Figure 6. Correlation between measured culm height and maximum positive pressure.
The measured height of culm apex after top dieback in the dry season (Measured-Hary,
black circle), measured height of culm apex before top dieback in the wet season
(Measured-Hwet, white circle), and heights calculated by maximum positive pressure in
the dry (Calculated-Hary, black triangle) and wet (Calculated-Hwet, white triangle)
seasons are shown, respectively. The maximum positive pressure measured during the

dry (black bar) and wet (white bar) seasons is shown in the inset. 7-tests (**, P <0.01;
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11
12

ns, P > 0.05) were used to determine the statistical difference. All data are presented as
mean + SE.

Table 1. Parameters of'the linear relationship Logio (Dn)=a + bLogio (L) along the culm
of the sampled bamboo (D. membranaceus) with three different individuals (D1,D2,
and D3). Dnis hydraulically weighted mean vessel diameter, L is distance from the culm
tip. NV is the number of sampling points for the Log-Log correlation along the bamboo

culm. The 95% Cls of a and b are in parentheses, respectively.

ID N a b R? P

D1 24 1.85 (1.82-1.87) 0:17 (0.16-0.18) 0.95 <0.0001
D2 27 1.87 (1.85-1.89) 0.16(0.15-0.16) 0.94 <0.0001
D3 29 1.83 (1.81-1.85) 0.17 (0.17-0.18) 0.96 <0.0001
D1+ D2+ D3 80 1.84 (1.83-1.85) 0.17 (0.17-0.18) 0.95 <0.0001
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