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The predicted increase of drought intensity in South-East Asia has raised concern about the sustainability of rubber
(Hevea brasiliensis Müll. Arg.) cultivation. In order to quantify the degree of phenotypic plasticity in this important tree
crop species, we analysed a set of wood and leaf traits related to the hydraulic safety and efficiency in PB260 clones from
eight small-holder plantations in Jambi province, Indonesia, representing a gradient in local microclimatic and edaphic
conditions. Across plots, branch embolism resistance (P50) ranged from −2.14 to −2.58 MPa. The P50 and P88 values
declined, and the hydraulic safety margin increased, with an increase in the mean annual vapour pressure deficit (VPD).
Among leaf traits, only the changes in specific leaf area were related to the differences in evaporative demand. These
variations of hydraulic trait values were not related to soil moisture levels. We did not find a trade-off between hydraulic
safety and efficiency, but vessel density (VD) emerged as a major trait associated with both safety and efficiency. The VD,
and not vessel diameter, was closely related to P50 and P88 as well as to specific hydraulic conductivity, the lumen-to-
sapwood area ratio and the vessel grouping index. In conclusion, our results demonstrate some degree of phenotypic
plasticity in wood traits related to hydraulic safety in this tropical tree species, but this is only in response to the local
changes in evaporative demand and not soil moisture. Given that VPD may increasingly limit plant growth in a warmer
world, our results provide evidence of hydraulic trait changes in response to a rising evaporative demand.

Keywords: embolism resistance, leaf turgor loss point, phenotypic plasticity, vapour pressure deficit, vulnerability curve,
wood anatomy.

Introduction

In South-East Asia, rubber (Hevea brasiliensis Müll. Arg.) plan-
tations are one of the economically most important cash crops.
Indonesia, the second largest latex producer worldwide, pro-
duced, in 2017, 3.6 million tons of latex on an area of 3.7 mil-
lion hectares (FAO 2017). Rubber, a tree species originally intro-
duced from the Amazon basin, is traditionally cultivated under
ample water supply on well-drained soils in the equatorial belt

under humid tropical and monsoon climates (Raj et al. 2005,
Priyadarshan 2017). The increasing intensity of El Niño–
Southern Oscillation events during the last decades, however,
might threaten the growth and yield potential of this important
crop in part of its current distribution range (Wichichonchai and
Manmeun 1992, Chandrashekar et al. 1998, Irawan 2003).
To explore the likely agronomic consequences of increasing
drought exposure in Indonesia (Susilo et al. 2013), evaluating
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the plasticity of functional traits related to the growth and
drought resistance of rubber is of great interest.

As a consequence of global climate warming, the drought
response of tropical trees has been intensively studied during
the past decades (Moser et al. 2014, Rowland et al. 2015,
Santiago et al. 2016, McDowell et al. 2018). As the involved
drought response mechanisms are complex (Aroca 2012),
there is a need to understand and identify the key factors
or traits linked to the mechanisms of drought avoidance and
tolerance (Rungwattana et al. 2018, Pritzkow et al. 2020).
Because plant hydraulic strategies are multidimensional, several
interdependent and coordinated functional traits associated with
drought-induced mortality have been identified in the recent
past (Adams et al. 2017, Choat et al. 2018). At the wood
level, xylem hydraulic safety from embolism formation as a direct
measure of the functionality of the water transport system
has emerged as a major trait related to drought resistance
(Rowland et al. 2015, Anderegg et al. 2016, Adams et al.
2017, Laginha Pinto Correia et al. 2019). Hydraulic efficiency
(i.e., the rate of water conductance per sapwood area across a
given pressure gradient), on the other hand, is closely related
to growth (Hajek et al. 2014, Kotowska et al. 2015, Schumann
et al. 2019), while the wood density (WD) as an integrative
trait has been associated with both growth (Hoeber et al. 2014,
Finegan et al. 2015) and drought survival (Phillips et al. 2010,
Poorter et al. 2019, Janssen et al. 2020). At the leaf level, the
water potential at the leaf turgor loss point (π tlp) emerged as
a good predictor of drought tolerance (Oppenheimer 1963,
Bartlett et al. 2012a). The π tlp is generally interrelated with
embolism resistance due to the relationship between the onset
of embolism formation and full stomatal closure that depends on
leaf turgor-induced abscisic acid synthesis (e.g., Brodribb et al.
2003, McAdam and Brodribb 2016, Rodriguez-Dominguez
et al. 2016).

In angiosperms, most current research has examined the
inter-specific variability of hydraulic-related functional traits,
while much less is known about trait variation at the intra-specific
level (Anderegg and Meinzer 2015). However, understanding
the intra-specific variability is mandatory in order to understand
the adaptive capacity of a given species. Such a variability can
result from the genetic differences between individuals or it
could be an expression of phenotypic plasticity (Aitken et al.
2008). In temperate forests, for example, branch hydraulic
safety increased in Fagus sylvatica with climatic aridity (Schuldt
et al. 2016, Stojnic et al. 2018). A similar dependence on
aridity was observed in this species for the water potential at
the turgor loss point and the sapwood-to-leaf area ratio (Rosas
et al. 2019), while this study could not detect a relationship
between embolism resistance and climatic aridity. Likewise, no
effect of water availability on embolism resistance was observed
in Quercus ilex (Martin-StPaul et al. 2012, Rosas et al. 2019). In
fact, several factors other than precipitation rates may influence

embolism resistance across climatic gradients, which could lead
to contradicting results. These include soil physical properties
related to water-holding capacity (Hultine et al. 2006, Waite
et al. 2019) and sampling height in the tree (Burgess et al.
2006, Rowland et al. 2015). Sapling studies with variable soil
water availability have shown that hydraulic safety generally
increases with decreasing water availability (Plavcová and Hacke
2012, Lübbe et al. 2017, Knipfer et al. 2018) due to vascular
adjustment. When grown in drier soil, tree saplings typically form
narrower vessels, while the vessel density (VD) increases (Fonti
et al. 2013, Lübbe et al. 2017).

Other than in temperate forests, intra-specific variation in
hydraulic safety-related traits has rarely been studied in tropical
tree species along environmental gradients. The only study that
we are aware of has been carried out on oil palm (Elaeis
guineensis), a tropical monocot that responded sensitively, in
its hydraulic architecture, to the changes in soil moisture (Waite
et al. 2019). It therefore remains an open question whether
embolism resistance in rubber is a more conservative or a
plastic trait that responds sensitively to local environmental
conditions. This tree crop has been widely distributed across
the tropics and is currently grown under a broad range of
climates outside its native range. In some regions, it is tolerating
a certain level of drought at the cost of reduced yield (Rao et al.
1998, Cahyo et al. 2016). Because the photosynthetic activity,
growth and yield of rubber are sensitive to the atmospheric
evaporative demand and soil water availability (Devakumar
et al. 1998, Clermont-Dauphin et al. 2013, Falqueto et al.
2017), at least some degree of phenotypic variability, as a
result of either genetic variation and/or phenotypic plasticity,
is to be expected (Valladares et al. 2007). In fact, Rung-
wattana et al. (2018) observed, for some drought-related
wood and leaf traits, a high degree of intra-specific genetic
variability in a rubber provenance trial. Because leaf traits
were more closely related to the climate at the place of
origin than wood traits, the latter seems to be more plastic,
while the former may contain a stronger phylogenetic signal
(Rungwattana et al. 2018).

The main objective of the present study was to investigate
the phenotypic plasticity of several morphological, anatomical
and physiological leaf and wood traits associated with drought
tolerance in rubber (H. brasiliensis). We focused on traits linked
to hydraulic safety (i.e., the ability of plants to maintain the
integrity of their conductive system during water stress) and
efficiency (i.e., the ability of the plants to conduct water effi-
ciently) that might respond sensitively to the local environment
(see Table 1). We compared clonal trees of similar height
across eight plantations differing in mean local microclimatic and
edaphic conditions. As all trees belonged to the same clone,
we could attribute all trait variations to phenotypic plasticity.
From the existing knowledge about acclimation of hydraulic-
related traits to water deficits, we hypothesized that (i) hydraulic
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Table 1. List of studied variables with abbreviations, units, and definitions.

Abbreviation Unit Definition

Environmental characteristics
VWC vol. % Volumetric soil water content at 0.3 m depth
VPD kPa Annual average vapor pressure deficit calculated from relative humidity and air

temperature for 2018
VPDdry kPa Annual average vapor pressure deficit calculated from relative humidity and air

temperature for the 20% driest days in 2018
Plot parameters

SD n ha−1 Stem density per hectare
A year Plantation age
% sand % Percentage of sand in the soil top 30 cm
% clay % Percentage of clay in the soil top 30 cm
Yield kg Total amount of latex harvested in 2017

Stand structural parameters
DBH cm Tree diameter at 1.7 m height
H m Tree height
WD g cm−3 Stem wood density

Hydraulic traits
Efficiency

Kp kg m−1 MPa−1 s−1 Potential hydraulic conductivity
Ks kg m−1 MPa−1 s−1 Branch xylem-specific hydraulic conductivity
K l kg m−1 MPa−1 s−1 Leaf-specific hydraulic conductivity

Safety
P12 MPa Xylem pressure at 12% loss of hydraulic conductance
P50 MPa Xylem pressure at 50% loss of hydraulic conductance
P88 MPa Xylem pressure at 88% loss of hydraulic conductance
HSM MPa Hydraulic safety margin calculated as π tlp–P88

Anatomical traits
Efficiency/safety

Alumen:Axylem cm2 mm−2 Lumen-to-sapwood area ratio
Efficiency

D μm Vessel diameter
Safety

VD n mm−2 Vessel density
Vg n group−1 Vessel grouping index: mean number of cells per group

Leaf traits
Efficiency/safety

SLA m2 kg−1 Specific leaf area
HV m2 m−2 Huber value as the ratio of branch xylem area and total leaf area distal to the branch

Safety
π tlp MPa Leaf turgor loss point

Efficiency
δ13C ‰ Carbon isotope signature

safety increases and hydraulic efficiency declines with increasing
evaporative demand and soil water scarcity; (ii) wood traits are
more plastic than leaf traits with regard to microclimatic and
edaphic conditions; and (iii) changes in embolism resistance
can be attributed to wood anatomical adjustments.

Materials and methods

Study site, plot and soil characteristics

The study was carried out in eight smallholder rubber (H.
brasiliensis) plantations in the province of Jambi, Sumatra
(Indonesia), at elevations of 39–79 m a.s.l. The region has
a moist equatorial climate with a mean annual precipitation

(MAP) of 2235 mm, a mean annual temperature of 26.7 ◦C
(Drescher et al. 2016) and a distinct dry season between May
and September. The plantations are located in a homogeneous
landscape, which is best defined by its dominant soil type
and texture, i.e., clayey Acrisol (Allen et al. 2016). In every
plantation, a 50 × 50 m plot was demarcated. Soil texture
was determined in all plots, except for P1 which was not
included in the survey of Allen et al. (2016) in 0- to 30-cm
soil depth by means of the pipette method of Köhn (DIN ISO
11277:2002-08 2002). The clay and sand contents varied
considerably among the plots (Table 2). All eight plots were
situated in the same region (maximum distance: 10 km; see
Table S1 available as Supplementary data at Tree Physiology
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Online for plot details). Plantation age ranged from 9 to
29 years, with trees planted at densities ranging from 300
to 732 trees per hectare (Table 2), which is within the common
range for latex production (Carr 2012). Such differences
were inherent to our experimental design which focused on
structurally variable small-holder plantations, representing a
gradient in water availability and evaporative demand. We
sampled only mature trees with similar height across plots
to account for size-related anatomical adjustments. The stem
density in rubber plantations can vary, with literature citing
densities ranging between 300 and 1000 stems per hectare
(Carr 2012, Blagodatsky et al. 2016). However, it is essential
to acknowledge that, for optimal productivity, typical densities
are more confined. Densities below 400 or above 800 stems
ha−1 can significantly influence the productivity per land area.
In the context of our study, the densities reflect common small-
holder practices, contrasting with large-scale plantations where
density is typically maintained closer to optimal. Nonetheless,
age- and density-related differences were always accounted
for throughout the statistical analyses. Please further note that,
because of latex-harvesting scars on the trees, diameter at
breast height (DBH) given here refers to the diameter taken
at 1.7 m throughout the manuscript. Latex was harvested by
tapping the tree trunk and was recorded by the plot owners, in
2017, two to three times a month (Tables 1 and 2).

Microclimatic and hydrologic conditions

On every plot, a climate station was installed in the centre
below the canopy and was operated throughout 2017 and
2018, which were representative years for the area in terms
of climatic conditions (based on WorldClim climatic data from
2010 to 2018; Figure S1 available as Supplementary data at
Tree Physiology Online). A meteorological station was installed
in the centre of each 50 × 50 m plantation (for details, refer
to Meijide et al. 2018). Volumetric soil water content (VWC,
%) at 30-cm soil depth was measured with three Trime-Pico32
sensors (IMKO, Ettlingen, Germany), and from this, the mean
was estimated. Air temperature (T, ◦C) and relative air humidity
(RH, %) at 2 m height were recorded with a thermohygrometer
(Galltec Mela, Bondorf, Germany). Data were logged every
hour using a UIT LogTrans 16-GPRS data logger (UIT, Dresden,
Germany). Atmospheric vapour pressure deficit (VPD) was
calculated from T and RH according to Allen et al. (1998).
Air and soil humidity in the stands were high throughout the
year, with a monthly mean daytime VPD (06:00 to 18:00 h)
ranging from 0.3 to 1.4 kPa and with a monthly mean VWC
varying between 25 and 65% across plots (Figure 1). Likewise,
the annual mean VPD in 2017 and 2018 ranged from 0.49 to
0.86 kPa across plots (Table 2). In 2017 and 2018, a distinct
dry season between July and September was observed, which
we used to calculate VPD for the 20% driest days of the year
(VPDdry; Table 2). Because the plantation structure remained Ta
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Hydraulic plasticity in rubber 2135

Figure 1. Annual course of (a) atmospheric VPD and (b) volumetric soil moisture (VWC) for the years 2017 and 2018 at eight H. brasiliensis
plantation sites in Jambi province, Sumatra, Indonesia. Each point represents the monthly average calculated from daily values measured every 10 min
between 06:00 h and 18:00 h. Each line represents one of the eight plots.

stable across the years (i.e., within plots, canopy structure,
tree space and density remained the same and understorey
vegetation was always well controlled), we assume that the
atmospheric and edaphic conditions measured in 2017 and
2018 reflect fairly well the past growing conditions of the trees
throughout the study. Indeed, both years were not extreme
with regards to their climate conditions (Figure S1 available as
Supplementary data at Tree Physiology Online).

Tree selection and plant material

In each plot, 15 mature rubber trees of similar height and
canopy position were selected. According to the plot owners
and collaborators, all sampled rubber trees are PB260 clones,
a widely planted clone in Indonesia and Malaysia from where
it originates (Hoong 1997, Pereira et al. 2018). The PB260
clone is suitable for areas with low MAP and is one of the
best-studied clones of the Sumbawa Research Centre in South
Sumatra (Ardika et al. 2017). In an initial collection campaign

between September and November 2017, we collected samples
from the same preselected 120 trees (15 trees × 8 plots). We
sampled one wood core on each tree (c. 7 cm length) at 1.7 m
stem height above the rubber tapping scars using an increment
corer (Haglöf, Långsele, Sweden). From the upper canopy of
these trees, we took branches (about 60 cm long) using a
long-reaching branch cutter. These branches were dedicated to
measuring the leaf morphology and hydraulic efficiency (n = 1
branch × 15 trees × 8 plots = 120). We also extracted
small adjacent leafy branch segments, around 20 cm long, and
immediately stored them in humidified bags for subsequent
analyses of the leaf water potential at turgor loss point (π tlp;
n = 120). In the field, all leaves distal to the branch segments
to be used for measuring hydraulic efficiency were collected,
and branches were immediately transferred to polyethylene
tubes filled with deionized water containing a sodium-silver-
chloride complex (16 μg L−1 Ag and 8 mg L−1 NaCl; Micropur
katadyn, Wallisellen, Switzerland) to prevent microbial growth.

Tree Physiology Online at http://www.treephys.oxfordjournals.org
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After harvest, all samples were transported to the University of
Jambi (UNJA) and were stored in a fridge until being possessed.

A second collection campaign in March 2018 aimed at deter-
mining the hydraulic safety. We initially took branch samples
from 64 trees (8 trees × 8 plots), a subset from the previous
120 trees. From these, 35 vulnerability curves (VCs) were
included in further analyses (for details, refer to the subsequent
sections). Special care was taken during the transfer of these
branches to the Phenobois facility at the University of Bordeaux
to ensure they remained hydrated throughout. This transfer,
which included necessary storage precautions, spanned 3–4
days.

Tree height and WD

Tree height (H) was measured with a Vertex III height metre
in 2016 (Haglöf). Stem WD (g cm−3), defined as the oven-
dry mass over wet volume, was measured for 119 trees after
removing the bark. The fresh volume of each previously sampled
c. 7-cm long and c. 5-mm wide core was calculated based
on means of 2 length and 10 diameter measurements using
a digital calliper (cf. Schüller et al. 2013). Subsequently, cores
were oven-dried at 105 ◦C for 72 h to obtain dry mass.

Leaf morphology

All leaves distal to the twig segments used for hydraulic con-
ductivity measurements were scanned in order to determine
the leaf areas (WinFolia 2005; Régent Instruments, Quebec,
Canada). Per branch segment and tree, 5–52 leaves were
scanned, yielding 2313 leaves in total. We calculated the Huber
value (HV) as the ratio of branch sapwood area to the total
leaf area (Axylem:Aleaf ; 10−4 m2 m−2). Subsequently, leaves were
oven-dried at 70 ◦C for 48 h and specific leaf area (SLA;
cm2 g−1) calculated. Dried and grinded leaf samples were
shipped to the University of Göttingen, Germany, and were
analysed for the leaf mass carbon isotope signature (δ13C) by
mass-ratio spectroscopy (Deltaplus; ThermoFinnigan, Bremen,
Germany) at the Center for Stable Isotope Research and Analysis
(KOSI). We used δ13C for inferring on the leaf intrinsic water-use
efficiency and stomatal limitation of leaf gas exchange (Bchir
et al. 2016).

Water potential at turgor loss point

A vapour pressure osmometer (VAPRO 5600, Wescor, Logan,
USA) was used to measure the osmolality of apoplastic and
symplastic liquid fractions inside the sampled leaves. Osmolality
(mmol kg−1) was then derived into osmotic potential (πosm;
MPa) using the Van’t Hoff equation. Finally, water potential at
turgor loss point (π tlp; MPa) was derived from πosm accord-
ing to the equation given by Bartlett et al. (2012b). We
used fully hydrated leaves from branches re-cut under water,
stored overnight at 4 ◦C with their basipetal ends submerged
in water and covered with an opaque plastic bag. Prior to
measurement, two leaves per branch segment were stored in

humidified, air-blown and refrigerated plastic bags in order to
avoid dehydration. For each leaf, one 8-mm diameter disc
was stamped out between the midrib and the margin of one
of the leaflets, thereby avoiding minor veins. Following the
method described in Bartlett et al. (2012b), we wrapped
each disc in an aluminium foil and submerged it into liquid
nitrogen (LN2) for 2 min. After the LN2 treatment, the disc was
punctured with sharp pliers in order to facilitate evaporation
and were placed in the osmometer chamber within 30 s. The
apparatus subsequently measured osmolality until equilibrium
was reached, i.e., two following readings differed by less than
0.05 mmol kg−1 from each other. Subsequently, leaf π tlp was
calculated according to Bartlett et al. (2012b) as follows:

πtlp = 0.832 · πosm − 0.631. (1)

Hydraulic efficiency and safety

Axial hydraulic conductivity was measured on branch segments
(mean diameter ± SE: 7.81 ± 0.09 mm) from 14 to 15
trees per plot, yielding 115 samples in total. After harvest,
each branch was processed in the laboratory within a week.
Before measurements, branch segments were shortened (mean
length ± SE: 39.73 ± 4.16 cm), branch diameter was measured
twice at the basal and distal ends and at four positions along the
segment, lateral branches cut-off and scars sealed with a quick-
drying glue (Loctite 431, Henkel, Düsseldorf, Germany). Sub-
sequently, segments were connected to the Xyl’em apparatus
(Bronkhorst, Montigny les Cormeilles, France) and were flushed
three times for 10 min at a pressure of 120–180 kPa and
the hydraulic conductivity (Kh, kg m MPa−1 s−1) was measured
at 25 ◦C at a pressure head of 5 kPa. For the conductivity
measurements, a degassed and filtered (0.22 μm) 10 mM
KCl and 1 mM CaCl2 solution was used. Sapwood-specific
hydraulic conductivity (Ks, kg m−1 MPa−1 s−1) was calculated
by dividing Kh by the average xylem cross-sectional area (cf.
Schuldt et al. 2016). We used anatomical images taken at
the base of the same branches to quantify the proportion of
xylem tissue (Axylem, mm2) per cross-section area (Across, mm2)
for each segment. The following regression coefficients were
used to calculate the sapwood area without pith and bark for
a given segment diameter: Axylem = −6.02 + 0.54 × Across

(P < 0.001, r2 = 0.81; n = 90). Leaf-specific hydraulic
conductivity (K l, kg m−1 MPa−1 s−1) was calculated by dividing
Kh by the total supported leaf area distal to the branch segment.

Branch xylem VCs were measured according to the standard
protocols (Delzon et al. 2010) at the Phenobois platform of
the University of Bordeaux (France) using a modified centrifuge
flow technique (Cochard et al. 2005) and the Cavisoft soft-
ware (Cavisoft v1.5, University of Bordeaux). Per plot, branch
samples from three to six trees were processed, yielding 35
constructed VCs. To exclude possible bias caused by the open-
vessel artefact (Torres-Ruiz et al. 2014, 2017), additional
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branch material was used to guarantee that the maximum vessel
length (MVL) was shorter than the centrifuge rotor diameter (c.
27 cm). To measure the MVL, we injected air with a syringe at
low pressure (0.10 MPa) into the open-cut distal branch end.
The proximal end was submerged in water and was cut succes-
sively until bubbles, i.e., air flowing in from the syringe, became
visible. We assumed that the remaining length of the branch
corresponds to the longest open-cut vessel. We found a MVL of
13.86 ± 1.31 cm (mean ± SE; n = 30; Table S2 available
as Supplementary data at Tree Physiology Online). However,
MVL remained highly variable across segments (range = 5–
28 cm), indicating that an open-vessel artefact could have been
present in some of the samples used for the construction of
xylem VCs. We reduced this risk by selecting curves based
on their shape. The R-shaped curves, likely resulting from
open vessels, were therefore dismissed from the analyses.
This selection process reduced our initial sample size from
64 to 35.

Branches were shortened to 27 cm length and the bark was
removed at both ends. Segments were subsequently placed in
a custom-made honeycomb rotor mounted on a commercially
available centrifuge (HS18; MSE Scientific, London, UK). Con-
ductivity measurements with a degassed and filtered (0.22 μm)
10 mM KCl and 1 mM CaCl2 solution started at −0.8 MPa and
were repeated stepwise at intervals of 0.2–0.3 MPa until c. 85%
loss of hydraulic conductance was recorded. The xylem pres-
sures at 12, 50 and 88% loss of hydraulic conductance (P12,
P50 and P88) were calculated according to a Weibull function
(see the Statistical analysis section). We further calculated the
hydraulic safety margin (HSM) as the difference between π tlp

and P50 (Martin-StPaul et al. 2017, Berry et al. 2019, Ziegler
et al. 2019).

Wood anatomy and potential conductivity

Semi-thin branch transversal sections were cut with a slid-
ing microtome (G.S.L.1; Schenkung Dapples, Zurich, Switzer-
land) on the 120 branches collected for measuring hydraulic
efficiency-related traits. Transversal sections were dyed with
alcian blue and safranin, embedded in Euparal (Carl Roth, Karl-
sruhe, Germany) and the complete cross-section was digitalized
at ×100 magnification using a stereomicroscope equipped with
a digital camera (SteREOV20; Carl Zeiss MicroImaging GmbH,
Göttingen, Germany). Image processing was done with the add-
on ROXAS (von Arx and Carrer 2014) for the software Image-
Pro Plus v7.0 (Media Cybernetics, Rockville, MD, USA). For
every section, total cross-sectional (Across, m2), xylem (Axylem,
m2) and lumen area, average vessel lumen area (Alumen, μm2),
relative vessel lumen area, i.e., the lumen-to-sapwood area ratio
(Alumen:Axylem, %), VD (n mm−2), vessel group index (Vg), i.e.,
mean number of cells per group (Carlquist 2001), and the
radial and tangential vessel diameters were estimated. The latter
were used to calculate the average vessel diameter (D, μm)
according to Lewis and Boose (1995). Potential conductivity

(Kp; kg m−1 MPa−1 s−1) was calculated according to the
Hagen–Poiseuille equation as follows:

Kp = πρ · ∑
D4

128η · Axylem
, (2)

where η is the viscosity (1.002 10−9 MPa s−1) and ρ the density
of water (998.2 kg m−3), both at 20 ◦C.

Statistical analysis

Statistical analyses were conducted with R version 4.2.2 (R
Development Core Team 2022). All investigated variables are
summarized in Table 1.

To proceed with the analyses, we first built the VCs with the
cumulative function of the Weibull distribution. We fitted them
to the data with non-linear hierarchical models using R package
nlme (Pinheiro et al. 2018) to account for the plot effects in
parameter estimates. Effects of the major sources of variability
in our plots (i.e., stem density, age and DBH) were also tested,
but they did not improve the explanatory power of the model
(measured through Akaike’s information criterion, AIC, in the
ANOVAs). We used a nested study design and investigated one
branch i per tree j and three to six trees per plot k. Model
equations were re-parameterized with P50 and slope at P50

(Ogle et al. 2009) to build Eq. (3), where PLC indicates the
percent loss of hydraulic conductivity and Ψ x indicates the
measured xylem water potential.

PLCijk = 100 ×

⎛
⎜⎜⎝0.5

(
ψxijk
P50jk

)( −P50jk×slopejk
50×ln(0.5)

)⎞
⎟⎟⎠ . (3)

From this expression, we estimated the parameters P50

and slope as the linear functions of plot-aggregated VPD,
with trees and plots as random effects (Table S3 available
as Supplementary data at Tree Physiology Online). The model
which includes VPD was the best-fitting model according to
the ANOVA analysis. As a natural variable, VPD was centred
around the mean before implementation in the model to avoid
impossible values (i.e., negative VPD values). We estimated
P12, P50 and P88 (water potential at 12, 50 and 88% loss
of hydraulic conductivity) for each plot and tree from the
predictions of the model (Table S3 available as Supplementary
data at Tree Physiology Online). Due to some differences in
stand structure across plots (Table 2), we considered stem
diameter, plot age and density as either fixed or random effects,
but none of them improved the different models, allowing us
to keep the initial hierarchical structure of trees nested in
plots.

We then explored the relationships between different func-
tional traits and the relationships between traits and mean local
environmental factors. Inter-relationships among traits were first
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analysed by constructing a pair-wise Pearson’s correlation table
using the R package corrmorant (https://github.com/r-link/co
rrmorant/) at the tree level. To complement the correlation
analyses, we employed the linear mixed effects models (R
package lme4; Bates et al. 2015) to take into account the plot,
tree diameter, plantation age and density as random effects,
selecting the best model based on AIC. We used the same
linear mixed effect model approach to analyse the relationships
between traits and the local environment. This was done by
investigating the relation of hydraulic conductivity (Ks and K l),
branch embolism resistance (P12, P50 and P88), anatomical
traits (WD, Alumen:Axylem, VD, D and Vg), leaf traits (i.e., SLA,
π tlp, δ13C and HV), and HSM with VPD, VPDdry and VWC. Further
models were developed to describe the variation of P88 as a
function of VD and Vg and the variation of P50 as a function
of VD, SLA, their interaction, the mean D per cut and Vg. We
always introduced tree and plot as random effects and tested the
importance of the stem density, tree age and DBH in our models.

To estimate the goodness of fit of nonlinear VC models,
we calculated equivalent r2 values as the ratio of residual and
total variance of the model, following Nakagawa and Schielzeth
(2013). For linear mixed effects models, we calculated general-
ized r2 values after Jaeger et al. (2016) using the standardized
generalized variance approach and calculated marginal r2 values
as per Nakagawa and Schielzeth (2013).

Results

Soil moisture status and microclimatic gradient

The selected sites presented a clear microclimatic gradient
with respect to the atmospheric evaporative demand and soil
moisture levels (Figure 1 and Table 2). In 2017 and 2018,
VWC ranged from 32.47 ± 0.05 to 56.86 ± 0.10% across
plots. Likewise, both the 2-year VPD average and the mean
VPD of extreme days (VPDdry) differed significantly across plots
(VPD range: 0.49 ± 0.01 to 0.86 ± 0.02 kPa, VPDdry range:
0.78 ± 0.01 to 1.31 ± 0.01, respectively).

Embolism resistance variation across plots

The shape of the predicted tree-level xylem VCs was sigmoidal
in all cases, as indicated by the shape parameter k of the
Weibull distribution, which reached values well above 1 (Figure
S2 available as Supplementary data at Tree Physiology Online).
We estimated the overall means of xylem pressures causing
12, 50 and 88% loss of conductivity (P12, P50 and P88)
of −1.67 ± 0.05, −2.36 ± 0.05 and −4.00 ± 0.13 MPa
(mean ± SE, n = 35), respectively (Figure 2 and Table S4
available as Supplementary data at Tree Physiology Online).
Across plots, we found a variation in embolism resistance
thresholds, with mean P50 ranging from −2.01 to −2.51 MPa
(Figure 2 and Table S4 available as Supplementary data at Tree
Physiology Online).

Trait variation in response to the mean local site-specific
environment

All investigated plant traits exhibited some degree of plasticity
across trees and plots (Figure 2). We found a strong
relationship between the mean local microclimatic conditions
and branch hydraulic safety (Figure 3 and Table 3): plot-level
VPD was a good predictor for P50 (r2 = 0.39, P < 0.01,
b = −1.53 MPa kPa−1), P88 (r2 = 0.28, P < 0.05,
b = −3.62 MPa kPa−1) and the HSM (r2 = 0.28, P < 0.01)
(Figure 3 and Table 3). By contrast, the mean local VWC had
no influence on the branch embolism resistance. Including VPD
as a predictor improved the model estimates for the tree-
level VCs. The model for the VCs had a marginal r2 of 0.83
and a conditional r2 of 0.94 (including plot and tree effects;
Table S3 available as Supplementary data at Tree Physiology
Online).

Other than for hydraulic safety, no effect of the mean local
evaporative demand on hydraulic efficiency was observed
(Table 3). Likewise, differences in VPD did not affect the vessel
diameter (Table 3). However, the lumen-to-sapwood area ratio
(Alumen:Axylem) increased significantly with an increase in VPDdry

(P < 0.04; Table 3). The VPDdry also tended to explain the
variation of VD (P < 0.08), although at marginal significance
only (Table 3). At the leaf level, SLA declined with an increase
in VPD (r2 = 0.36, P < 0.05; Figure 3 and Table 3), indicating
that leaves become smaller and thicker with an increase in
atmospheric evaporative demand.

Relationships across leaf and wood traits

Relationships among traits as revealed by the tree-level
Pearson’s correlation analyses (Figure 4) were in good
agreement with the output of our linear mixed effects models
with plot, tree diameter, plantation age or density added as
random effects (Table S5 available as Supplementary data at
Tree Physiology Online). According to the Pearson’s correlation
analyses, VD (r = −0.57, P < 0.001), Alumen:Axylem (r = −0.55,
P = 0.002) and the vessel grouping index (Vg; r = −0.38,
P < 0.01) were closely related to P88. The VD was also related
to P50, but only at marginal significance (VD: r = −0.35,
P = 0.054) (Figure 4). When accounting for random plot
effects, however, the relationship between VD and P50 became
significant according to the LME output (effect r2 = 0.33;
Figure 5 and Table S5 available as Supplementary data at Tree
Physiology Online). By contrast, vessel diameter (D) and the
three measures of hydraulic efficiency (Kp, Ks and K l) were
all unrelated to embolism resistance (Figure 4 and Table S5
available as Supplementary data at Tree Physiology Online).
In addition to the three anatomical measures related to the
number of vessels, i.e., VD, Vg and Alumen:Axylem, SLA was also
associated with the P50 value according to the LME (Figure
S3 available as Supplementary data at Tree Physiology Online;
Table 3).
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Figure 2. Boxplots of all functional wood and leaf traits in H. brasiliensis from eight plantation sites in Jambi province, Sumatra, Indonesia. Given are the
(a) potential conductivity (Kp), (b) specific conductivity (Ks), (c) leaf-specific conductivity (K l), (d) xylem pressures at 12% (P12), at (e) 50% (P50)
and at (f) 88% loss of hydraulic conductance (P88), (g) HSM (π tlp—P88), (h) WD, (i) percentage of lumen area per xylem area (Alumen:Axylem), (j)
vessel diameter (D), (k) VD, (l) vessel grouping index (Vg), (m) SLA, (n) leaf water potential at turgor loss point (π tlp), (o) carbon isotope signature
(δ13C) and (p) the HV.

At the wood level, VD emerged as a major trait, responding
sensitively to the changes in VPD. The VD was positively
associated with hydraulic efficiency (Ks; r = 0.31, P = 0.003)
and was negatively associated with hydraulic safety (P50 and
P88) (Figure 3 and Table S5 available as Supplementary data
at Tree Physiology Online), and it showed a close relation to Vg

(r = 0.59, P < 0.001) and Alumen:Axylem (r = 0.77, P < 0.001),
but not to D (Figure 4). At the leaf level, VD was closely
negatively related to HV, i.e., sapwood-to-leaf area ratio (HV;
r = −0.44, P < 0.001). However, no relationship was observed

between VD and turgor loss point (π tlp; r = 0.11, P = n.s.),
and π tlp was also unrelated to P50 (r = 0.04, P = n.s.) or P88

(r = −0.01, P = n.s.) (Figure 4). Overall, SLA emerged as one
of the most influential traits at the leaf level. This widely studied
functional leaf trait did not only tend to respond to changes
in VPD (P < 0.07), but it was also positively related to WD
(r = 0.39, P < 0.001) and to P50 at marginal significance
(r = 0.32, P = 0.088) (Figure 4). Similar to the relationship
between VD and P50, however, random plot effects had to
be accounted for in order to observe a significant relationship
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2140 Waite et al.

Figure 3. Xylem pressures inducing 50 or 88% loss of hydraulic conductance (circle = P50; square = P88) of H. brasiliensis branches in relation to
(a) VWC and (b) VPD. Further shown are (c) HSM and (d) SLA in dependence on VPD. Values are mean ± SE per site. Given are the conditional r2

of the LME models (including plot and stem density as random effects), and asterisks indicate the level of significance (ns, P > 0.05; ∗, P < 0.05;
∗∗, P < 0.01). Each plot is represented by one colour.

between SLA and P50 (effect r2 = 0.14; Table S5 available
as Supplementary data at Tree Physiology Online; Figure S3
available as Supplementary data at Tree Physiology Online).

Discussion

Hydraulic strategy of H. brasiliensis

As a consequence of an increasing global demand for latex,
rubber plantations are expanding into drought-prone and
thus climatically suboptimal regions. This indicates that this

economically important tree crop species must tolerate a
certain extent of drought intensity even though it originates
from a humid tropical environment. Our data on the xylem
pressure at 50% loss of hydraulic conductance are indeed
the lowest P50 values documented for H. brasiliensis so far
(−2.33 MPa; clone PB260). While Hazir et al. (2022) found
an average P50 of −2.0 MPa across nine rubber clones using
the pneumatic method, Jinagool et al. (2016) reported P50

values for the PB260 clone of −1.96 MPa using the same
methodology as we did. By contrast, Sangsing et al. (2004a)
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Table 3. Summary of mixed effects models on the influence of VWC, mean annual VPD and mean VPD of the 20% driest days (VPDdry) on the 16
wood and leaf traits related to hydraulic efficiency and safety.

Variable VWC VPD VPDdry

Marginal r2 Conditional r2 P Marginal r2 Conditional r2 P Marginal r2 Conditional r2 P

Kp 0.02 0.24 0.83 0.00 0.24 0.83 0.00 0.24 0.81
Ks 0.03 0.30 0.44 0.00 0.30 0.90 0.01 0.30 0.65
K l 0.02 0.23 0.27 0.00 0.28 0.91 0.00 0.28 0.76
P12 0.04 0.04 0.30 0.03 0.03 0.38 0.03 0.03 0.36
P50 0.08 0.51 0.35 0.39 0.39 0.005 0.41 0.41 0.004
P88 0.01 0.28 0.72 0.29 0.29 0.01 0.31 0.31 0.01
HSM 0.02 0.33 0.57 0.31 0.31 0.01 0.36 0.36 0.007
WD 0.00 0.59 0.88 0.21 0.56 0.08 0.16 0.57 0.14
Alumen:Axylem 0.02 0.33 0.49 0.08 0.33 0.20 0.13 0.32 0.04
D 0.00 0.24 0.99 0.03 0.24 0.40 0.05 0.24 0.25
VD 0.02 0.52 0.65 0.11 0.51 0.21 0.19 0.50 0.08
Vg 0.06 0.29 0.23 0.05 0.30 0.29 0.07 0.28 0.18
SLA 0.02 0.39 0.59 0.17 0.36 0.05 0.12 0.37 0.13
π tlp 0.00 0.26 0.90 0.01 0.26 0.66 0.02 0.26 0.47
δ13C 0.04 0.12 0.21 0.01 0.12 0.54 0.01 0.13 0.60
HV 0.01 0.13 0.45 0.01 0.13 0.47 0.12 0.13 0.50

For abbreviations, see Table 1. Given are the marginal r2, conditional r2 and P-values of the models, including plot and stem density as random effects.
Details are shown in Table S4 available as Supplementary data at Tree Physiology Online. Significant relationships (P < 0.05) are marked in bold,
marginally significant relationships (P < 0.10) in bold and italics.

and Chen and Cao (2015) found less negative values using
the bench dehydration method on different clones (−1.22
and −1.42 MPa for Sangsing et al. 2004a and −1.06 MPa for
Chen and Cao 2015). This collection of P50 values indicates
that the xylem of this tropical deciduous tree species is fairly
vulnerable to drought-induced embolism even though the
sensitivity may vary according to environmental conditions
or genotype. In agreement herewith, several studies have
reported a tight stomatal control of transpiration in rubber
which may help to avoid hydraulic failure (Isarangkool Na
Ayutthaya et al. 2011, Sopharat et al. 2015, Kumagai et al.
2015). Such risk-avoiding behaviour is confirmed by the fairly
high water potential at turgor loss point (π tlp) and a large
HSM (−2.12 and 1.97 MPa, respectively). Because of its
relationship with the water potential at stomatal closure, π tlp

reflects the ability of plants to regulate their stomata under
water stress (Brodribb et al. 2003, Farrell et al. 2017). Our
findings are generally in agreement with the notion that rubber
regulates its stomata sensitively (cf. Rodriguez-Dominguez et al.
2016, Berry et al. 2019). Interestingly, π tlp was in general
more negative or equivalent to P12. Such an unusual result
might mean that rubber is closing its stomata after the onset of
embolism formation in its xylem, albeit before a major hydraulic
failure. This may allow rubber to be highly productive and
competitive in a particularly humid environment (Carr 2012),
highlighting the threat of increasing drought events on rubber
plantations.

Overall, we confirm the drought-avoiding strategy of rubber.
Supporting our observations, several studies have reported

other drought-avoidance characteristics, such as a deep rooting
pattern (Zeng et al. 2022), which could explain why rubber
is viable in drought-prone areas despite its significant water
demand (Tan et al. 2011). The high acclimation potential
and versatility of rubber is well illustrated by its leaf shed-
ding behaviour, especially when cultivated in varied climatic
conditions. In regions with pronounced climatic seasonality,
like Northern Thailand, a distinct dry period causes rubber
trees to rapidly shed their leaves. This behaviour effectively
mitigates potential drought impacts on the hydraulic system of
rubber (Li et al. 2016, Zhai et al. 2019). However, in regions
with milder seasonality, such as Jambi province in Sumatra,
our study location, the leaf shedding process appears more
staggered and may not be strictly related to water availability
(Yeang 2007). Notably, our observations in Jambi highlighted
a lack of complete canopy shedding in the studied plantations.
This staggered shedding ensures a consistent photosynthetic
activity, with new leaves emerging in certain canopy parts,
while older leaves start falling in others. It is this nuanced
shedding pattern that has led some authors to classify rubber
with contrasted definitions, either as an evergreen species with
opportunistic deciduous tendencies (Chen and Cao 2015, Li
et al. 2016) or as a deciduous species with diffuse behaviour
(Yeang 2007). This remarkable flexibility in leaf phenology,
corroborated by studies emphasizing the petiole as the organ
with the least hydraulic resistance in rubber hydraulic path-
way (Sangsing et al. 2004b), might reflect rubber’s intrinsic
plasticity in hydraulic traits, especially in climatically diverse
habitats.
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Figure 4. Pair-wise Pearson’s correlation table (upper triangle), scatter plot (lower triangle) and density plot (diagonal panels) for the relationships
between 14 functional traits of H. brasiliensis. Shown are the data on tree level (n = 125), including trend lines from linear regressions with 95%
confidence intervals. Embolism resistance was only quantified for a subset of tree individuals (n = 35). Colour and size indicate the strength of the
correlation.

Trait plasticity in response to soil water availability

We observed a very limited impact of soil moisture on the wood
and leaf traits related to hydraulic efficiency or safety, partly
contradicting our first hypothesis. Because all studied trees
belong to the same clone (PB260), we were able to quantify the
degree of phenotypic plasticity in response to water availability.
In a provenance trial with 15 rubber provenances located in
Northern Thailand, Rungwattana et al. (2018) observed a
strong correlation between the leaf traits and the climate at
the place of origin, while wood-related traits were only weakly

related. We therefore assumed that wood-related traits might
respond more plasticly to the local water content, while leaf
traits are under stronger genetic control. However, all wood and
leaf traits were unrelated to the variations in volumetric water
content (VWC).

It is reasonable to assume that modification of a tree’s
anatomy, morphology and physiology is related to the leaf
habit, i.e., drought-deciduous or evergreen. The xylem of tropical
evergreen or semi-deciduous tree species (e.g., with refoliation
patterns during dry periods as is rubber in Jambi plantations)
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Figure 5. (a) Xylem pressures inducing 50 or 88% loss of hydraulic conductance (circle = P50; square = P88), (b) specific conductivity (Ks), (c)
lumen-to-sapwood-area ratio (Alumen:Axylem) and the (d) vessel grouping index (Vg) in dependence on VD. Given are the conditional r2 based on the
LME models, and asterisks indicate the level of significance (∗, P < 0.05; ∗∗, P < 0.01; ∗∗∗, P < 0.01). Different colours indicate different plots.

must withstand greater xylem pressure gradients during the
dry season than that of drought-deciduous species (Choat
et al. 2005, Fu et al. 2012). While species retaining their
foliage during dry spells might need higher adjustments in
their xylem properties to support water transport under shifting
water availability, we did not find such a result in rubber. The
limited impact of soil water availability on hydraulic traits could
be attributed to its potential access to deep water reserves
(Vijayakumar et al. 1998, Wu et al. 2016, Zeng et al. 2022),
especially in regions like Jambi province, where we did not
observe complete deciduousness during drier periods. Yet, we
had anticipated variations in xylem anatomy in line with available
literature, such as a decrease in conduit diameters and increases
in conduit density (Fonti et al. 2013, Schuldt et al. 2016,

Lübbe et al. 2017). Rubber’s distinctive hydraulic strategy and
its potential access to deeper water might be one reason for
the lack of effects of VWC fluctuations. Furthermore, water
availability likely does not affect vascular differentiation directly.
Its primary effect may manifest through growth modulation,
impacting the tree size and shoot elongation rates (Olson et al.
2014, Dória et al. 2019, Lechthaler et al. 2019). Given that
rubber trees in our study exhibited consistent height and branch
diameters, we do not expect variances in flow path length or
cambial age between plots (cf. Li et al. 2019).

An alternative explanation for the absence of an effect of VWC
on the hydraulic safety and efficiency in rubber may be the lack
of spatial representativeness of the soil moisture measurements.
Soil moisture usually shows a high spatial variation, and the
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three sensors per plot that were used may not be sufficient
when comparing plantation types (Western et al. 2003). This
may have masked any relationship between the hydraulic traits
and soil moisture in our study. Moreover, VWC remained rel-
atively high in all plots, which could explain why soil water
availability did not affect the safety- and efficiency-related traits.
In comparison, VWC ranged between 20 and 40% in seasonal
flooded forest and between 20 and 35% in well-drained areas
in an Amazonian tropical forest (Stahl et al. 2011). At our sites,
VWC remained above 30%, which suggests that the trees of
our study rarely experience stress due to soil drought. Given
the intriguing results from our current study location, there
is a clear need to further study rubber in areas with more
pronounced dry conditions. Assessing rubber’s comprehensive
hydraulic behaviours and unique phenological traits in regions
with strong seasonal variations could provide more information
on its ability to adapt and acclimate, which is crucial, given the
tree’s economic importance.

Trait plasticity in response to the evaporative demand

Across the eight sites, a close relationship of the mean local
evaporative demand and hydraulic safety was observed, but
not with xylem efficiency. With an increase in VPD, the xylem
pressures at 50 and 88% loss of hydraulic conductance (P50

and P88, respectively) both declined, while the HSM increased.
In contrast to the wood-related traits, the water potential at
turgor loss point (π tlp) was unaffected by the differences in VPD.
The increase in hydraulic safety was accompanied by an increase
in VD, but not vessel diameter. This is in line with a recent study
that highlighted the importance of vessel grouping and density
for hydraulic safety across species (Levionnois et al. 2021).
Traditionally, the atmospheric water status has been viewed
as the factor driving water transport and influencing stomatal
aperture, but its role as a factor influencing tree water status,
growth and vitality has only rarely been considered (but, see
Köcher et al. 2012, Brodribb et al. 2017, Amitrano et al. 2019).
However, rising global temperatures have resulted in an increase
in the frequency and intensity of ‘hotter droughts’ (Allen et al.
2015), which has increased the awareness to consider VPD
as a driving factor of drought-induced tree mortality (Eamus
et al. 2013, Grossiord et al. 2020a). While Blackman et al.
(2017) related VPD to leaf embolism resistance in Corymbia
calophylla, a direct link between the VPD level at a site and
branch xylem P50 has, to our knowledge, not yet been shown.
Because the annual mean VPD has strongly increased since
the late 1990s, both regionally and globally (Barkhordarian
et al. 2019, Yuan et al. 2019, Schuldt et al. 2020), our
finding of an apparent adaptive response of hydraulic safety
in rubber to a VPD increase is of high interest. Rubber trees
growing in an environment with higher mean VPD had lower
P50, and especially P88, values and a higher HSM than trees
exposed to lower VPD. The HSM, calculated here as the

difference between π tlp and P88, increased from plots with
lower to higher evaporative demand due to the decrease in
P50/P88, while π tlp remained constant. With respect to climate
warming, this is a promising result, as it may indicate that
certain species are able to counteract the increases in the
evaporative demand to a certain extent by increasing the xylem
hydraulic safety. In the absence of electron microscopic data,
we can only speculate that higher VPD may have triggered the
development of thicker and thus more embolism-resistant pit
membranes in the xylem since structural modification of inter-
vessel pits can reduce the spread of embolism (Li et al. 2016,
Isasa et al. 2023).

At the leaf level, we observed a decline in SLA with an
increasing VPD level. A decrease in leaf area per dry mass is
caused by anatomical changes in the lamina, and this has been
linked to a reduced drought-induced mortality of trees (Green-
wood et al. 2017). Both adjustments, the increase in hydraulic
safety and the development of smaller and/or thicker leaves,
have frequently been observed with inter-specific trait variation
along climatic gradients, but these were rarely confirmed for
intra-specific trait variation within a species (e.g., Schuldt et al.
2016, Rosas et al. 2019). In our research, there was no
notable difference in the leaf carbon isotope signature (δ13C)
across plots, a proxy for plant water-use efficiency (Petrík et al.
2023). This suggests that the vascular modifications resulting in
higher hydraulic safety in combination with the development of
leaves capable of tolerating more negative water potentials were
sufficient to avoid reductions in stomatal conductance under
higher VPD conditions. Interestingly, this contrasts with previous
studies that identified strong stomatal responses under elevated
VPD even in well-watered scenarios (Isarangkool Na Ayutthaya
et al. 2011, Sopharat et al. 2015). The absence of δ13C changes
that we observed could also be attributed to the milder seasonal
droughts in our study area as opposed to North-East Thailand.
Other factors, such as the specific clone varieties (PB260 vs
RRIM 600) and whether the trees were tapped for latex, may
also play roles in these differences, as indicated by Kunjet et al.
(2013). Nonetheless, our results show that this economically
important tropical tree species has a sufficiently high phenotypic
plasticity to adjust its xylem structure in response to a higher
evaporative demand in agreement with our first hypothesis.
A high degree of phenotypic plasticity in traits related to
hydraulic safety might be more advantageous for coping with the
anticipated increase in drought intensity than genetic adaptation
(Grossiord et al. 2020b). The tight relationship between P50

and VPD clearly demonstrates the magnitude of phenotypic
plasticity in rubber. While we do not believe that the VPD level
experienced in 2017 and 2018 had a distinct effect on the
anatomy of the xylem formed in 2018, weather data show that
climatic conditions in the region changed only little during the
last 8 years prior to the measurements. Thus, the 2017 and
2018 VPD levels can be assumed to be representative of the
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growth conditions in the near past and may therefore serve as
a proxy for the evaporative demand experienced by the trees
during the period of branch xylem and leaf formation of our
samples.

Relationships among traits

In agreement with a growing body of intra-specific studies,
we could not confirm any trade-off between hydraulic safety
and efficiency (e.g., Hajek et al. 2016, Schuldt et al. 2016,
Pritzkow et al. 2020). Our results support the assumption that
this trade-off is generally weak and that safety and efficiency
might largely be decoupled (Gleason et al. 2016). In intra-
specific data sets, the variation in either hydraulic safety or
efficiency might simply be too small to observe this trade-off, as
speculated by Schuldt et al. (2016). In fact, most recent studies
confirming this classic plant hydraulic paradigm (cf. Tyree et al.
1994) were inter-specific studies (e.g., Maherali et al. 2006,
Fan et al. 2011, Markesteijn et al. 2011, Schumann et al. 2019,
van der Sande et al. 2019). In contrast to vessel diameter (D)
and hydraulic efficiency, a close relationship between VD and
embolism resistance was observed. While the often-observed
relationship between D and P50 (e.g., Wheeler et al. 2005,
Domec et al. 2010, Hajek et al. 2014) is most likely related to
the changes in pit properties (Li et al. 2016, Isasa et al. 2023),
the observed relationship between VD and embolism resistance
has been attributed to pathway redundancy (Schuldt et al.
2016, Levionnois et al. 2021). In rubber, VD is further associ-
ated with the lumen-to-sapwood area ratio (Alumen:Axylem), and
consequently, hydraulic efficiency, while D is not. Supporting our
results, a growing body of recent studies observed a close rela-
tionship between Alumen:Axylem and P50 (e.g., Lübbe et al. 2022,
Avila et al. 2023). However, one would expect D to be the prin-
cipal determinant of hydraulic conductivity according to Hagen-
Poiseuille’s law. One explanation for our finding could be that
the branch xylem of rubber is composed of very large vessels
of c. 60 μm in diameter, resulting in a high specific conductivity
(Ks; mean ± SE: 3.22 ± 0.40 kg m−1 MPa−1 s−1). Because
hydraulic efficiency is already high, it might be favourable to
increase the vessel numbers and not vessel diameter. In rubber,
the high degree of trait plasticity of VD and Alumen:Axylem in
relation to other functional wood traits has also been observed
by Rungwattana et al. (2018). In their provenance trial, both
traits were related to the climate at the place of origin even
though a much closer relationship was observed for SLA. In our
study, we likewise observed that VD and SLA were not only
reacting sensitively to changes in evaporative demand, but both
were also related to the P50 value. At the leaf level, significant
relationships between hydraulic safety and leaf scleromorphy
have mainly been observed across species (Willson et al. 2008,
Fan et al. 2011; but, see Schumann et al. 2019) but not within
species. While H. brasiliensis seems to increase its hydraulic
safety mostly through vascular adjustments, leaf morphological

modifications also seem to contribute to its hydraulic safety to
some extent.

Conclusions

A main motivation of the present study in Indonesian rubber
plantations was to analyse the effect of soil moisture regime
and evaporative demand on 16 wood and leaf traits related to
hydraulic safety and efficiency. Because all trees belonged to the
same clone (PB260), we were able to quantify the degree of
phenotypic plasticity in response to the variation in edaphic and
atmospheric water statuses across an environmental gradient.
Mean local evaporative demand, and not VWC, impacted on the
branch hydraulic safety and efficiency and leaf morphological
traits. In light of the general VPD increase with global warming
during the past 30 years, our results are, to our knowledge,
the first evidence that trees may be able to modify their woody
and foliar tissues to acclimatize to an increasing evaporative
demand. Due to its drought-avoiding strategy in conjunction
with a high degree of phenotypic plasticity, rubber might be
able to acclimatize successfully to more intensive droughts. This
may even not be at the cost of a yield reduction as rubber is
a secondary metabolite and therefore is not directly related to
the general metabolism of the tree. Future experimental studies
have to show which atmospheric and soil moisture conditions
will drive rubber beyond its drought limit.
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