1 NORA-NERC Open %22 KCE

e .00
eioment RESEArch Archive o o e U I I
Research Council .

Article (refereed) - postprint

Bittencourt, Paulo ; Scheire, Arne ; Jotan, Palasiah ; Lourenco, Jehova ; Banin, LindsayF. ;
bin Suis, Mohd Aminur Faiz ; Burslem, David F.R.P. ; Christoffersen, Bradley ; Coomes,
David ; Groenendijk, Peter ; Jansen, Steven ; Jucker, Tommaso ; Matula, Radim ;
Mencuccini, Maurizio ; Oliveira, Rafael ; Plichta, Roman ; Nilus, Reuben; Robert, Rolando ;
Svatek, Martin ; Rowland, Lucy. 2026. Height does not impair the hydraulic system of
the tallest tropical dipterocarp trees.

© 2026 the authors, some rights reserved; exclusive licensee American Association for
the Advancement of Science.

This manuscript version is made available by the University of Exeter under the CC BY
4.0 license https://creativecommons.org/licenses/by/4.0/.

This version is available at https://nora.nerc.ac.uk/id/eprint/541979.

Copyright and other rights for material on this site are retained by the rights owners.
Users should read the terms and conditions of use of this material at
https://nora.nerc.ac.uk/policies.html#access.

This is an unedited manuscript accepted for publication, incorporating any revisions
agreed during the peer review process. There may be differences between this and the
publisher’s version. You are advised to consult the publisher’s version if you wish to cite
from this article.

The definitive version was published in Science, 393 (6806): 60-64.
https://doi.org/10.1126/science.aea9013

Contact UKCEH NORA team at noraceh@ceh.ac.uk

The NERC and UKCEH trademarks and logos (‘the Trademarks’) are registered
trademarks of NERC and UKCEH in the UK and other countries, and may not be used
without the prior written consent of the Trademark owner.


https://creativecommons.org/licenses/by/4.0/
https://nora.nerc.ac.uk/id/eprint/541979
https://nora.nerc.ac.uk/policies.html#access
https://doi.org/10.1126/science.aea9013
mailto:noraceh@ceh.ac.uk

AN L AW

10

11
12

13
14
15

16
17

18
19

20
21

22
23

24
25

26
27
28

29
30

31
32

33
34
35

Submitted Manuscript: Confidential
Template revised July 2024

Title: Height does not impair the hydraulic system of the tallest tropical Dipterocarp trees

Authors: Paulo Bittencourt'?*1, Arne Scheire?t, Palasiah Jotan’t, Jehova Lourengo-Junior?,
Lindsay F Banin’, Mohd. Aminur Faiz bin Suis®’, David FRP Burslem®, Bradley Christoffersen’,
David Coomes!?, Peter Groenendijk'!, Steven Jansen'?, Tommaso Jucker!®, Radim Matula®,
Maurizio Mencuccini'*!">, Rafael Oliveira'!, Roman Plichta'®, Reuben Nilus®, Rolando Robert®,
Martin Svatek'¢, Lucy Rowland?

Affiliations:
'School of Earth and Environmental Sciences, Cardiff University; Cardiff, CF10 3AT, UK.

? Faculty of Environment, Science and Economy, University of Exeter, Exeter; EX4 4Q]J,
UK.

3 Department of Forest Ecology, Faculty of Forestry and Wood Sciences, Czech University
of Life Sciences Prague; Prague, 165 00, Czech Republic.

4 Royal Botanic Gardens, Kew; Richmond, TW9 3AE, UK.
5> UK Centre for Ecology & Hydrology; Penicuik, Midlothian, EH26 0QB, UK.
6 Sabah Forestry Department, Forest Research Centre; Sandakan, 90715, Malaysia.

7 Research Management Centre, Universiti Malaysia Sabah; Kota Kinabalu, 88400,
Malaysia.

§ Interdisciplinary Institute and School of Biological Sciences, University of Aberdeen;
Aberdeen, AB24 3FX, UK.

? School of Integrative Biological and Chemical Sciences, University of Texas Rio Grande
Valley; Edinburg, 78539, USA.

19 Conservation Research Institute and Department of Plant Sciences, University of
Cambridge; Cambridge, CB2 1TN, UK.

! Department of Plant Biology, Institute of Biology, P.O. Box: 6109, University of
Campinas (UNICAMP), 13083-970, Campinas, SP, Brazil .

12 Institute of Botany, Ulm University; Ulm, 89081, Germany.
13 School of Biological Sciences, University of Bristol; Bristol, BS8 1TH, UK.
14 Centre de Recerca i Aplicacions Forestals (CREAF); Barcelona, 08193, Spain.

15 Institucion Catalana de Investigacion y Estudios Avanzados (ICREA); Barcelona, 08010,
Spain.

16 Department of Forest Botany, Dendrology and Geobiocoenology, Faculty of Forestry and
Wood Technology, Mendel University in Brno; Brno, 613 00, Czech Republic.

*Corresponding author. Email: BittencourtP@cardiff.ac.uk.



mailto:BittencourtP@cardiff.ac.uk

36
37
38
39
40
41
42
43
44
45

Submitted Manuscript: Confidential
Template revised July 2024

Abstract: Half the above-ground biomass in forests is stored in a disproportionately small
number of very tall trees. These giants are predicted to be more vulnerable to drought-induced
damage because height impairs their hydraulic system. We evaluated whether the hydraulic
system of world’s tallest tropical tree species — South-East Asian dipterocarps — are negatively
impacted by their height. The more negative xylem pressures caused by tree height were fully
compensated for through adjusting vessel anatomy and leaf hydraulic traits, and they suffered no
height-related loss in growth during a severe drought. Therefore, height does not make the
hydraulic systems of the world’s tallest tropical tree species more vulnerable to drought and the
growth rates of these trees are not more negatively impacted by drought than their smaller
counterparts.
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Main Text:

The tallest 1% of trees store more than half of aboveground carbon (/-3) and are predicted to face
higher drought mortality risk, with consequences for global carbon stocks (4—7). With increasing
height, gravity lowers leaf water potential and longer water transport path lengths raise hydraulic
resistances (8, 9). Theory and empirical data suggest that as a tree grows taller tip-to-base widening
of water-conducting vessels can buffer these effects and maintain water supply to the leaves (/10—
17). Wider vessels lower hydraulic resistance, so continual widening with height growth can keep
pace with the drops in conductance that would otherwise occur. However, the Hydraulic Limitation
Hypothesis (HLH) has led many biologists to think that in tall trees, pathlength and gravity effects
make treetop conditions severe enough that development can no longer produce sufficient conduit
dimensions or numbers to sustain water transport, photosynthesis and growth (9, /8—21). If this
were generally the case, as trees near their maximum heights, they should show consistent declines
in leaf water supply and increasing vulnerability to drought with height. Yet little evidence
supports this, because direct tests at the top of tall trees are rare due to the difficulty of reaching
treetops over a wide range of heights.

Metabolic scaling theory (11, 16, 17) predicts that vessel diameters (D) scale with distance from
the branch tip (L) following D ~ aL.?, with an exponent (b) of 0.2 or above mitigating the resistance
increases with increasing path length (73, 22). Insufficient tip-to-base vessel widening (exponent
<0.2) would prevent sufficient water flow to the crown, meaning the leaves of tall trees would not
stay well hydrated, even under non-drought conditions (20, 21, 23). Yet, even with an exponent
>(.2, recent studies suggest that trees must still adjust other anatomical properties with tree height,
such as increasing vessel length, intervessel connectivity (24) and vessel diameter and frequency
in terminal branches (15, /7). These alternative ways of increasing woody conductance, termed
ultra-widening permeability increases, are hypothesized to facilitate isometric scaling between leaf
area and active sapwood volume, minimizing drops in conductance and the carbon cost of
maintaining significant amounts of additional sapwood with height growth (/5). However, wider,
longer vessels are widely accepted to cause increased vulnerability to conduction-blocking gas
embolisms (i.e. the safety-efficiency trade-off; (6, 25-28)), yet this is supported by very little
evidence, particularly for tall trees. Data on tip-to-base vessel diameter widening, xylem anatomy
and hydraulic traits are crucial, yet especially lacking for very tall trees, leaving a fundamental gap
in our understanding of their hydraulic functioning (/2).

Considering that the average Pso (the pressure at which 50% of the xylem hydraulic conductance
is lost due to embolism) of a tropical tree is likely to range from -2 to -2.7 MPa (29, 30), gravity
alone, which increases xylem tension with height by 9.8 kPa m’!, may considerably reduce the
hydraulic safety margin (HSM; the difference between minimum leaf water potential and Pso) of
taller trees. The effect of gravity cannot be compensated for by vessel diameter adjustments, so
gravity-induced declines in water potentials may cause stomatal closure, reduced leaf turgor and
negative HSMs (/8-20, 25, 31-33). If gravity reduces hydraulic safety, key hydraulic thresholds,
such as leaf turgor loss point (TLP; the water potential at which the leaf loses turgor and stomata
fully close) should decline, minimizing the impact of gravity-related declines in leaf water
potential on leaf functioning (27). Similarly, Pso could decline with height to maintain the HSM.
Yet, environmental conditions inside large tree crowns are highly context-dependent in response
to changes in light availability and evaporative demand (34, 35). It is possible therefore that
hydraulic traits are driven not only by increasing tree size but also by vertical canopy-level
environmental gradients. This makes predicting trait changes in response to tree height complex,
necessitating comprehensive datasets of wood and leaf hydraulic traits and xylem anatomical traits
all collected at standard distances from the apical branch tip (/2). Unfortunately, these datasets are
rare and to our knowledge do not exist for tall trees anywhere globally.
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This lack of data has led to taller trees being assumed to be more prone to drought-induced
mortality, as wider vessels in taller trees are supposed to be less resistance to embolism (32). Yet
little evidence supports this, as embolism resistance can increase, decrease, or remain unchanged
with height (36—38). Furthermore, evidencing that height-related changes to a tree’s hydraulic
system causes drought-related mortality is challenging and requires looking within populations or
species to remove the effect of changes in abundance of trees with different sizes and mortality
rates across forests (2). As large, tall, trees often occur at densities of <10 individuals per hectare,
this requires tracking mortality rates at scales larger than most forests inventories. Combining
height-related changes in other performance metrics (e.g. growth) with shifts in hydraulic traits
likely represents a better way to detect a link between height and mortality risk.

Here we test whether the hydraulic system of very tall tropical tree species is negatively impacted
by increases in height. We focus on the tallest known angiosperm tree family, the
Dipterocarpaceae, which is dominant in SE Asia’s rain forests (39). We measured 25 traits related
to hydraulic function (water status, leaf pressure-volume relations, embolism resistance, safety
margins, Xylem anatomy, leaf and wood traits; see Table S1 for units and acronyms) across 38
individual trees of five dipterocarp species, during a non-drought year. We measured traits at
multiple positions along each tree (at the base of the trunk and on a lower, a middle, and an upper
branch in the crown) on trees ranging from 7.7 to 71 m in height (Fig. S1). The distance between
the lower and upper branches sampled exceeded 25 m, close to the mean canopy height of an
Amazonian forest, providing a unique opportunity to detect changes in tree function with height.
We also measured high-resolution trunk diameter growth rates before, during, and after the strong
El Nifo drought period of 2023-2024. Using these data we evaluated whether tall trees show
systematic drops in water supply to their leaves and concomitant increase in vulnerability to
embolism, alongside reductions in growth by testing: i) whether tip-to-base vessel widening
prevents longer path lengths causing declines in water potential; i1) whether gravity-induced
declines in water potential with height lead to the tallest trees and branches being close to critical
hydraulic thresholds, and iii) whether taller trees have greater growth declines than shorter trees
during a strong El Nifio drought event.

Vessel widening, gravity and leaf water potentials

Height-related increases in hydraulic resistance were likely fully compensated for by vessel
diameter widening with increasing tree height (Fig. 1; Fig. S2). Vessel diameters at the base of the
trunk were on average significantly (p < 0.001) wider in taller trees, with a 70 m tree having vessels
2.2 times wider at the base than a 10 m tree (Fig. 1A). Tip-to-base vessel diameter widening across
all trees scaled with distance from the branch tip with an exponent of 0.30 = 0.04 (0.29 —0.32 95%
confidence interval; Fig. 1B). This is greater than the minimum exponent of 0.2 predicted by
metabolic scaling theory to minimize increases in resistance with path length (77, /4). Although
uncertainty remains over whether an exponent >0.2 fully compensates for the increase in resistance
with path length (735, 16, 25), it is unlikely that the trees sampled experience significant decreases
in hydraulic conductance with height.

If unit-leaf conductance declined with height, we would expect to see a decrease in leaf-specific
hydraulic conductivity (Ksiear). Alternatively, some authors posit a reduction in leaf area to
sapwood area ratio can maintain a constant leaf water supply capacity, at the cost of higher
sapwood volume per leaf area. In trees >7 m tall, we observe no height-related changes in the ratio
of leaf area to sapwood area measured at the branch-scale or Kgieaf, €ither within a tree’s crown or
across individuals of different heights (Table S2; Table S3). It is possible that reduced leaf area
occurred at the whole tree scale via branch shedding; however, our vessel scaling data suggests
isometric scaling between leaf area and active sapwood volume with tree height (75). This is
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because a greater slope in the height to vessel diameter relationship across individuals (0.4, Fig.
1A) than within individuals (0.3, Fig. 1B) supports the ultra-widening permeability hypothesis
(15) (Fig S2). Taken together, our results suggest these trees are likely to be fully compensating
for the increases in hydraulic resistance with height through xylem anatomical adjustments.
Declines in leaf water potential with tree height were caused exclusively by gravity (Fig. 2). As
expected, upper-crown predawn and midday leaf water potentials became more negative with tree
height, in conformity with the gravity-induced hydrostatic gradient (Fig. 2A and 2C). When the
effect of gravity (hydrostatic gradient) was removed from the leaf water potential values, the
relationship between water potential and height was lost (Fig. 2B). We note a lower sample number
at pre-dawn may have introduced bias into our results. However, at midmorning, when
transpiration and VPD were low (0.7 + 0.4 kPa), and when samples could be taken more easily
than at pre-dawn, we also found that leaf water potential declined in line with the hydrostatic
gradient (-10 + 4 kPa m™!; Table S2). Midday leaf water potentials also remained close to zero (-
1.20 £ 0.50 MPa), only going below -2 MPa in one of the 15 trees that were >50 m tall (Fig. 2A).
Foliar leaf water uptake may be contributing to higher-than-expected midday leaf water potentials,
as many trees had water potential values that exceeded theoretical limits given the effect of gravity
(i.e., points above the hydrostatic gradient; Fig. 2C). Therefore, our data suggests that these trees
have evolved multiple strategies that keep their leaves hydrated, even as they grow tall.

In lower and middle crown branches, which are not exposed to the same extremes of light,
temperature and VPD, we did not observe the same declines in leaf water potential with height as
those found in top crown branches (Fig. 2A-C; Table S4). These results suggest that canopy
position may have a more important effect on water potential than tree height in shaded branches
of the lower and middle crown, possibly because reduced light availability and complex VPD
changes restricts leaf function more than restrictions in stomatal gas exchange (40). In addition,
lower and middle crown branches were sampled across a narrower range of heights (see Methods),
which may limit our ability to detect a signal.

Hydraulic trait adjustments compensate for gravity

Gravity-induced declines in water potential were compensated for by taller trees being more
resistant to losses of cell turgor with height. We observed a significant decline in TLP with branch
height in the upper canopy (-9 = 2 kPa m’'; Fig. 2D). The declines in TLP with height resulted in
the turgor safety margin being constant with height (intercept of 0.41 + 0.12 MPa; Fig. 2G; Table
S2). Declines in TLP were driven almost exclusively by osmotic adjustments with height (-7 & 2
kPa m'; Table S2), which we attributed to osmolyte concentrations in the leaves adjusting with
height to maintain turgor at more negative water potentials (27). This is supported by the fact that
in trees tall enough to be fully sun-exposed (>36 m), we observed no increases in leaf mass per
area (LMA) with height (Fig. S3). This suggests height is not directly causing increases in LMA,
which should occur if low turgor pressure affects leaf size development (27). Therefore, it is likely
that there are limited or no height-driven turgor-related restrictions on leaf function in these trees
(19, 23).

In addition to maintenance of turgor with height, we observed no changes in branch Pso and HSM
with height, either within individual trees or between trees of different heights (Figure 2F, 2I; Fig.
S4). We did observe a decline in leaf HSM with height in the upper crown branches (-10 + 5 kPa
m’!, p = 0.044, Figure 2H). However, this signal was driven by one species (Dipterocarpus
caudiferus), which had a strong and significant decline of leaf HSM with height (Fig. S5, Table
S2). Like most other studies in tropical regions (30, 37, 41, 42), our leaf water potential data were
measured at the driest point of a normal, non-drought, year, and therefore they do not reflect the
absolute minimum HSM during a drought. Yet, our data do show that height growth alone and the
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decline in leaf water potential associated with this do not cause a reduction in HSM that
predisposes tall trees to be more vulnerable to hydraulic failure.

When considering the difference between the upper and lower crown branch trait values, none of
the traits show change with tree height or the change in height between branches, other than leaf
HSM and TLP HSM (Fig. S4). The only traits that differed consistently between upper and lower
crown branches were branch Pso and Pgs (the pressure at which 88% of the xylem is embolized).
Upper crown branches had more negative Pso and Pgg values than lower crown branches (Fig. S4F,
Table S3), but this shift was independent of the height difference between the branches (p = 0.34).
This decline in Pso with increasing canopy position and the lack of a safety-efficiency tradeoff
(Fig. S6) contradicts the notion that hydraulic safety declines as trees grow taller (26, 32, 41).
These results suggest that changes in embolism resistance and HSM are more likely to be related
to branch position within the forest canopy (e.g., light and VPD changes) than height.

Changes in tree growth are independent of tree size during drought

High-resolution tree trunk diameter growth rates for 42 dipterocarps did not show any greater
declines in growth in taller than shorter trees, either before or during a strong El Nifio related
drought (Fig. 3A). During this drought period (December 2023 to May 2024), maximum
climatological water deficit (MCWD) was 100 mm, in contrast to 26 mm the previous year, mean
precipitation was 35% lower than the long-term mean, mean temperatures were 1.6 °C higher, and
mean VPD was 30% greater, leading to significant soil drying (Fig. 3A and Fig. S7). We note that
our growth reference year (July 2022-2023) had slightly greater temperatures and VPD relative to
the previous year when traits data were collected (Fig. S7), making it a slightly drier than average
year, but this did not translate into significant soil water deficit due to high rainfall. Based on the
climatic time series since 1950, a drought with equivalent intensity to the 2023-2024 drought, in
terms of changes in VPD, MCWD and temperature, occurs once or twice every century.

Our data during the strong drought year show that changes in tree diameter growth rates were
independent of tree height. Comparing the drought year to the growth reference year, only 18 out
of 42 trees had reduced growth rates during the drought year (Fig. 3B). However, these 18 trees
were not the tallest individuals, and reductions in growth did not correlate with tree height (p =
0.21). The remaining 24 trees had no change or even a more pronounced growth in the strong
drought year, which may have been a response to a slightly elevated light availability (43).
Interestingly, the greatest mean reduction in growth occurred during the recovery phase, where
27 trees had lower growth rates and mean growth rate was 22.3% lower than in the same period
in the previous wet year (p = 0.02; Fig. 3C). Nevertheless, this reduction in diameter growth rate
was also unrelated to tree height (p = 0.58), with equal reductions in diameter growth across all
tree size classes. The lack of relationship between reductions in diameter growth and tree height,
and the high variability in tree diameter growth responses to the drought suggests responses to
drought are highly variable among individual dipterocarp trees, and that these are not related to
tree size. This result is supported by the absence of an effect of tree height on the sensitivity of
tree diameter growth rate to soil water content (Fig. S8). Tree height did reduce mean RGR by
1.2 mm? m™ day! (p = 0.01), but this is likely an artefact of the way RGR is calculated relative
to basal area. Taller trees increase their basal area by accumulating heartwood, while sapwood
does not increase to the same proportion, especially in the very large trees studied here.

Implications and conclusions
Our study is consistent with natural selection in giant broadleaf trees favoring adjustments in
xylem anatomy and leaf hydraulic properties with height that fully compensate for the effects of
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gravity and path length as they get taller. This means leaf water supply and function is not reduced
in tall trees during regular climatic conditions, suggesting both tall and short trees may have a
similar capacity to accommodate drought. Similarly, we show these tall trees have no reductions
in embolism resistance with height and also suffer no greater declines in growth during a strong
drought than smaller individuals of the same species. However, our results show that through these
deep, complex canopies hydraulic trait changes may be more related to canopy-driven shifts in
microclimatic conditions, shading and photosynthetic optimization, than to height (44, 45). For
example, declines in leaf nutrient concentrations, LMA and photosynthetic capacity from sun to
shade leaves are common in these dipterocarp trees (46, 47), necessitating different photosynthetic
strategies with shifts in canopy position. Top crown leaves of more exposed trees, irrespective of
height, would have lower leaf water potentials, which would reduce stomatal conductance. The
adaptation to have lower Pso in the upper canopy branches (Fig. S3F) reduces the embolism risk,
thus minimizing the need for stomatal closure (46, 47). Costly adaptations to lower Pso are not
needed in shaded parts of the canopy where water potentials are lower (47). These results suggest
we need to view tall trees as functionally differentiated organisms, with an ecological strategy that
is defined not by a mean set of traits, but by their capacity to quasi-independently adjust traits
between sectors in response to microclimate conditions.

Trees taller than those we measured may suffer height-related hydraulic damage, as some
individuals in these forests can attain statures up to 100 m (48). Trees above 70m tall are, however,
extremely rare (Fig. S9), and make up only a small proportion of total carbon stocks. Whether
xylem anatomical adjustments and changes in TLP, or other trait changes, compensate for the
effects of path length and gravity in other large tropical trees, such as those found in Amazonia
(49), or in tall temperate trees, remains to be explored. To our knowledge no other study exists on
giant trees within or outside of the tropics that standardizes anatomical and trait measurements
from the apex throughout the canopy. Therefore, it is possible the conclusions from our study may
be more generally relevant to tall trees. Critically, however, our study shows that the widely
adopted assumption of increased hydraulic vulnerability with tree size needs to be more widely
verified (50) and should not be assumed to explain the elevated mortality in taller trees (4, 6, 51,
52).
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Materials and Methods

This study was conducted in a Mixed Dipterocarp Forest in the Kabili Sepilok Forest Reserve, northeast Borneo (lat.
5°52°34” N, long. 117°56’58” E). The region has a mean monthly temperature of 26.5 + 0.6°C (mean + SD) and
mean annual precipitation of 2640 = 675 mm, with no regular dry period (<100 mm monthly rainfall). Intense supra-
annual drought happens predictably associated to ENSO conditions (Fig. S7) (36, 55). During those periods, intense
drought-related mortality and growth reduction occurs in mixed dipterocarp forests (56—617). We collected plant
material in three permanent alluvial forest plots of 4ha (62). Alluvial forests occur in lowland flat valleys,
characterized by nutrient-rich and clayey soils (36, 62) where dipterocarps trees >70 m height can occur (63). The
plots are less than 1 km apart and so abiotic differences across them are negligible and they are very similar in terms
of soil conditions, topography and mean elevation (36).

Plant material

We sampled 38 dipterocarp trees ranging from 7-71 m tall and diameter at breast height (1.3 m above ground or
above buttress roots) from 9 to 153 cm from the five most abundant dipterocarp species with sufficient height
variance across the plots (Fig. S1 and traits summary table on Dryad(54)): Dipterocarpus caudiferus Merr.,
Dryobalanops lanceolata Burck, Rubroshorea johorensis (Foxw.) P.S.Ashton & J.Heck, Parashorea malaanonan
(Blanco) Merr. and Parashorea tomentella (Symington) Meijer. The sampling was conducted from April-June in
2022, during a year without any ENSO effects. The total aboveground biomass of the five species combined is
46.6% of the forest’s biomass (Fig. S9). From each individual, we measured the diameter at breast height or above
buttresses using a diameter tape and the tree height using a laser rangefinder (Forestry Pro II; Nikon, Tokyo, Japan),
with height values confirmed by direct measurement from tree climbers. Branches were collected from an upper
branch of each tree, as close to the top of the tree as could safely be collected and, in a fully sunlit location if the tree
was not fully shaded. In addition, whenever the individuals had a sufficiently deep crown, from the lowest branch
and from an intermediary branch, as close to the midpoint between the lowest and highest branch, as could safely be
collected (Fig. S1). In each location, upper, middle and lower branching locations, four 1-2 m long branches were
collected from the same location to allow sufficient material to be able to make all trait measurements. Two
branches were used for xylem embolism resistance measurements, one branch for leaf embolism measurement and
the last branch for measurements of leaf pressure-volume relations, wood anatomy and other traits (wood density,
leaf-to-sapwood area ratio and leaf mass per area). The height of each branch was measured with the laser range
finder, as was the distance back to the main trunk and to the ground from where the branch was cut, allowing us to
estimate branch hydraulic pathlength. Using tree corers, we collected wood cores for anatomical analysis from the
trunk at breast height, or above the buttress roots. Core collection height was also measured with a laser range
finder. Immediately after collection, we stored the material in moist plastic bags and transported the collected
material for analysis in laboratories in Sabah’s Forest Research Centre, 10-30 minutes’ walk from the plots. We
installed a mini-weather station 3 m above a 65 m tree to monitor temperature and humidity (SHT3C, Sensirion),
rainfall (ECRN-50, Meter) and active photosynthetic radiation (SQ500, Apogee) across the study period in the sites.
A summary of symbols, definitions, units and measurements performed in each branch is presented in Table S1.

Tree water status

We measured the water potential of leaves of each of our study trees, at each branch sampling location (upper,
middle, lower) using a pressure chamber (64) (Model 1515D; PMS, Albany, NY, USA). Water potential at midday
(Wma 11:30 — 13:00) and at midmorning (Wmm 9:00-10:00) was measured on all trees. For a subset of 15 trees
randomly selected from our dataset, we measured water potential at predawn (¥pa 01:00 — 06:00). Due to dangers
associated with climbing these trees in the dark, we could only sample one predawn water potential per day and only
on trees within which it was safe to do so (total of 15 trees). We measured leaf water potential in the field within
five minutes after leaf collection by the tree climbers. During the sampling, the climate was uniform and soils were
well hydrated, allowing water potential measured across different days to be compared with limited bias. We used
the measured values of ¥ to compute the gravity-compensated ¥ defined as the original ¥ in addition to the gravity
effect caused by height at the sample location: 0.0098 MPa m™! x sample height). We monitored the vapor pressure
deficit (VPD) during water potential measurements using a temperature and humidity sensor (SHT3C,
Laubisruetistrasse, Switzerland) inside a radiation shield placed 3m above the crown of a 65m tall dipterocarp.
During midday measurements, VPD was 1.2 £ 0.5 kPa and during midmorning VPD was 0.7 £ 0.4 kPa.
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Wood embolism resistance

We measured the embolism resistance of the collected branches using the automated pneumatic method for
estimating xylem embolism (30, 65—67). This method monitors xylem air content and ‘¥’ of a dehydrating sample.
We collected branches early in the morning, before mid-morning water potential measurements. After collection, we
rehydrated 2 m long branches overnight to ensure curves started at full hydration status. The following day, we cut
them into two 40-70 cm long samples, immediately connecting them to a M-Pneumatron (66). Bench dehydration
(68) was used to induce embolism in the samples. The ¥ of dehydrating branches was measured with a pressure
chamber throughout the dehydration period after the branch had been bagged for one hour to allow branch and leaf
water potential to equilibrate. We stopped measuring the ¥ when values dropped below -8 MPa or when their leaves
were hard, crispy and started dropping off, at which point we assume the branches were fully embolized. Full
dehydration of the samples occurred within 2-4 days of starting the measurements, and full embolization of the
branches was confirmed by verifying the existence of an air discharge plateau at low water potential values (69).
From each vulnerability curve, we estimated the xylem water potential leading to 50% and 88% increase in xylem
air content (P50 and P88), by fitting a sigmoidal equation to the curves (70). The P50 is considered a point of
significant hydraulic damage and the P88 a point-of- no-return for tree death and thus trees are expected to strongly
adjust hydraulic traits to prevent then crossing these thresholds (77). For each crown location in each tree, we used
the average of the two measured samples as the final P50 and P88 values.

Leaf pressure-volume curves

We measured leaf turgor loss point, osmotic potential at saturation, bulk modulus of elasticity and water content at
turgor loss point from pressure-volume curves, which relate leaf water content to leaf volume (72). After fully
rehydrating branches, we monitored ¥ with a pressure chamber and leaf mass with an analytical scale during branch
desiccation following a standardised method (73). Each leaf was then dried in an oven at 60°C for at least 48h to
obtain relative water content. We calculated the leaf water relations traits using the R package “pvldcurve” (73, 74).
For each branch, we measured two leaves and used the mean of the two leaves trait values for analysis.

Leaf embolism resistance

We measured leaf vulnerability to embolism using the optical method (75). We monitored leaf embolism on one leaf
per branch in a 1-2 m long branch using a high-resolution transmission scanner (Epson Perfection V600), while ¥ was
simultaneously monitored using a stem psychrometer (PSY1, ICT International, Australia). Branches were fully
hydrated prior to the start of the measurements, and we monitored the leaves for at least 36 hours or until leaf water
potential showed no further decline or until the leaves turned brown, at which point we assumed the leaf was fully
embolized. We processed the images using Imagel (76) (v1.54h) following a standard protocol (77) to calculate the
percentage of embolism at the time the image was captured. We used these data and the ¥ from the psychrometer to
calculate leaf embolism vulnerability curves from which we estimated leaf P50 and P88 (70).

Xylem anatomy
We measured vessel diameter distribution and vessel density at five, 33 and 100 cm distance from the tip on each of

the branches sampled. Additionally, for each tree, we collected anatomical sample in the trunk at breast height or just
above buttresses. All samples were inspected under a microscope to make sure they represented sapwood. Trunk
samples were also collected from the outer 0.5-1 cm of the xylem and thus these samples are also unlikely to have
contained any heartwood. We prepared cross-sections ranging from 15 um to 35 um in thickness using a sliding
GSL1-microtome (78), samples were mounted on black double-sided adhesive tape and covered with a cover slip. We
used a confocal laser scanning microscope (Leica SP8) to image the samples (79). We scanned several mosaics of
images for each wood section and merged them using LAS X software (Leica, Germany) to form a single composite
image per sample. We then measured xylem vessel distribution and density using ImageJ (76) (v1.54h) and GIMP
(80) (v2.10.36) following standard vessel quantification guidelines (8/). We note dipterocarps often present
conductive imperforate tracheary elements in their xylem and we observed them in a pilot sample we analyzed using
electron transmission microscopy. We could not differentiate them using confocal microscopy but they were much
smaller than vessels and thus bellow the size threshold used in our analysis (10 micrometers).

We considered vessel diameter as the average of the maximum and minimum internal (lumen) diameter of vessels on
each slide. We determined vessel density and vessel lumen fraction by summing the number of vessels and the area
of vessel lumina within a given area, respectively (82). We calculated potential xylem hydraulic specific conductivity
(Ksp) using the Hagen-Poiseuille law (8):

Ksp = (npw/1281) x N x Dh*
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where py is the density of water (998.2 kg m™), 1) is the viscosity of water (1.002 x 107 Pa s) at 20 °C, N is the vessel
density (the number of vessels per mm? of xylem) and Dh is hydraulically weighted vessel diameter. Dh was calculated
by exponentiating each vessel in a sample to the fourth, calculating the average and then taking the fourth root of this
average. We calculated the sample xylem potential leaf-specific conductivity on branches by multiplying K, by
sample xylem area to obtain xylem conductivity and then dividing it by the leaf area distal to the sampled location.

Wood and leaf traits and leaf-to-sapwood-area ratio

For each sample, we calculated wood density and wood saturated water content on all wood and trunk samples
following Pérez-Harguindeguy et al. (2013) (83). We measured leaf area for each branch by scanning all leaves
distal to the anatomy sampling location, 100 cm from the tip, using a scanner and calculated its total leaf area using
ImageJ (76) and the LeafArea R package (8§4). We dehydrated the leaves at 60 °C for 48h to measure their dry mass
and calculate leaf mass per area. We calculated branch leaf-to-sapwood area ratio by dividing the total leaf area by
the xylem cross-sectional area 100 cm from the tip.

Tree growth rate
We monitored trunk diameter growth rate for over 770 days (Fig. 3A) on 42 dipterocarp trees. Of these, 27 trees are

the same trees for which we measured hydraulic traits in Bittencourt et al. (2022) (36), while including additional
individuals from Rubroshorea smithiana (Symington) P.S.Ashton & J.Heck and Rubroshorea. macroptera (Dyer)
P.S.Ashton & J.Heck (Table S5 and Table S6). We used point dendrometers (D1, TOMST, Czech Republic) (85,
86) installed at breast height or above the buttresses to monitor micrometric changes in tree diameter. For large
diameter trees, we installed two dendrometers in different radial positions of the trunk and used the average of the
two sensors as a measure of diameter change of the tree trunk. We also monitored the soil water content of each plot
at 0-15 cm depth in different locations using time domain reflectometry sensors (TMS-4, TOMST, Czech Republic)
(85). We monitored the trees from August 2022 to March 2024, during which ENSO caused a period of drought,
measured as unusually low soil moisture content lasting from March to August (Fig. 3A). Trunk diameter change
was monitored every 30 minutes. We calculated daily growth rate as the change in maximum daily diameter
between days and used a 14-day moving window to average each day’s growth (87). With diametric growth rate we
calculated basal area increment and used this to calculate relative growth rate as basal area increment divided by
basal area. For each tree, we also calculated the percentage growth rate change from 2023, a slightly drier than
average year, to the 2024 year, with a strong ENSO-driven drought. In addition, we calculated the change in growth
during the recovery phase in 2024, after the drought ended (Fig. 3A) and compared this to the same period in 2023.
For this, we divided the total growth rate of each tree during the ENSO year (August 2023 to August 2024) by the
total growth rate in the year before (August 2022 to August 2023). Similarly, we divided the total growth rate in the
recovery period (starting from when soil water content was fully recharged in July 2024 to October 2024) by the
total growth rate for the same period in the previous year.

Climate data

We used the ERAS- Land (88) monthly averaged data from 1950-2025 (9 km resolution) to characterize the climate
and to calculate the climatologic water deficit from 2023 to 2025 for the study region (Fig. S7). We calculated the
climatic water deficit following the methods in Barros ef al. 2019 (42), where it equals the monthly cumulative
difference between evapotranspiration and precipitation across the time series, with all negative values set to zero
(i.e., when precipitation was higher than evapotranspiration leading to saturated soil conditions).

Forest inventory, biomass and canopy height

To obtain the data which show the contribution of trees >70 meter to total forest biomass (Fig. S9B) and species
maximum heights (Table S5) we obtained plot level height and diameter data. In the three 4-ha forest plots in the
Kabili-Sepilok Forest Reserve where our sample trees are located, each tree > 10 cm in diameter at breast height
(DBH) (~840 trees per hectare), was identified. We used the DBH data measured in 2022 to calculate the total
aboveground biomass using the BIOMASS package (89), with tree height estimated based on a local DBH-tree
height allometry of 1572 trees measured in three mixed dipterocarp forests within Sabah (Kabili-Sepilok, Maliau
and Danum Valley). The allometry data was fitted to a Weibull model (r2 = 0.80, RMSE = 5.47m). Tree wood
density was retrieved from the BIOMASS package. For the 38 trees we studied, their biomass was estimated using
the same biomass model, but with their own measured height, DBH and wood density. We used the same dataset as
Jucker et al. (2018) (63) to generate a 1 m? resolution canopy height for our alluvial forests studied in Kabili-Sepilok
Forest; obtained from aerial lidar scanning in 2014 (90).
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Species maximum height

We estimated the maximum height of the five studied species by combining the data for the38 trees we sampled for
hydraulic traits with data available in the Tallo database (91), totaling 419 measured individuals in multiple sites in
Borneo (Fig. S9 C-H). For each species, we fitted a Weibull model to their allometry data. We estimated the
maximum species height in three different ways: 1) as the 95 quantile of available tree height data, 2) as model
predicted tree height for the maximum DBH observed for those species (165¢cm) and 3) as the maximum DBH
observed across dipterocarps in the Tallo database (Fig. S9 and Table S5). All methods produced similar estimates
and indicated the maximum species height for our species to be around 65m and that individuals with heights over
80 m are likely to be outliers, confirming our design captured the tallest individuals for those species.

Statistical analysis

We performed all analyses in the R statistical environment (v.4.2.2) (92). In mixed effect models, we tested the
significance of the fixed effects using a log-likelihood test against the full model with one fixed effect removed at a
time (93). For linear mixed effect models we used the NLME package (94, 95), for the calculation of mixed model
marginal and conditional pseudo-r2 values we used the MUMIN package (96). We calculated mixed model
predictions 95% confidence intervals by generating predictions based on parametric bootstrapped models using the
bootMer function of the Ime4 package (97). We used the “Im” and “nls” functions from R’s base package for fitting
fixed effect linear models and non-linear models. For standardized major axis regression, we used the smatr
package(98). We followed established best practices to diagnose the models, validate assumptions, test sensitivity to
outliers, and assess robustness (93, 99). For all statistical tests, a p-value of 0.05 was used as significance threshould.

Statistical analysis of vessel diameter adjustments with tree height and hydraulic pathway

To evaluate how vessel anatomy changes with tree height, we tested if the vessel diameters at the base of the trunk
scaled with distance from the tip of the upper branch using a linear model with both axis logjo transformed (n = 37).
We then evaluated the vessel diameter scaling with increasing hydraulic pathway. For each individual (n =37
individuals, four samples per individual) we fitted log10 transformed vessel diameter to the log10 transformed
distance from the tip using standardized major axis regression (98). The slope of the log-log relation equals the
exponent and the log10 untransformed intercept equals the slope of the model vessel diameter ~ aDistance®. We
used the mean exponent of all individuals and its estimated confidence interval to evaluate if vessel diameter scales
with distance from the branch tip with an exponent >0.2.

Statistical analysis of trait changes with branch height
To evaluate how traits change with branch height, we used linear mixed effect models. We used branch height as a

fixed effect and species as a random effect on the hydraulic trait intercept. We analyzed data from upper, middle and
lower crown branches separately to avoid confounding effects due to branch height and tree height being correlated
and because not all trees had crowns deep enough for sampling lower and middle branches. For anatomical traits
(Ksp, Ksleaf, vessel diameter and vessel density), we used the data measured at 1 m from the branch tip for this
analysis. Sample numbers for each test are shown in Table S2 and S4.

Statistical analysis of within-tree trait changes with branch height

We tested if within-tree differences in hydraulic traits through the crown were related to tree height using mixed
effect models. For each tree, we calculated the difference in hydraulic trait values between the upper and lower
crown branches and related this value to the tree height as a fixed effect and species as random effect on the
intercept. If tree height was not significant, we then tested whether upper crown branches had systematically
different trait values to lower crown branches using a paired t-test. For anatomical traits (Ksp, Ksiear, vessel diameter
and vessel density), we used the data measured at 1 m from the branch tip for this analysis. Sample numbers for each
test are shown in Table S3.

Statistical analysis of tree height effects on growth rates during drought conditions

We tested whether changes in trunk diameter growth rate during the ENSO-driven drought in 2023-2024 and in the
recovery phase (when soil water content increased) were related to tree height using. For this we used mixed effect
linear models with tree height as fixed effect and controlled for species differences by adding a random species
effect on the intercept (n = 39 trees). We tested if relative growth rates were affected by soil water content (SWC)
and tree height using a mixed effect model with a term for the interaction between tree height and SWC as variables
(n=2335). To control for repeated measures within each individual, we used the individual as a random factor
affecting the intercept and as a random factor affecting the SWC slope. We also tested if our results were affected by
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the two additional species not in the traits analysis (R. smithiana and R. macroptera) by repeating this analysis
without these two species. As we found no relevant changes, we only present results for the full dataset analysis.
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Figure S1. Tree height and sampling locations in each individual sampled tree. Each bar indicates one sampled
tree. Colours indicate different species. Letters to the right of each bar indicate sampling location: trunk base, above
buttress when present (g), lower crown branch (1), middle crown branch (m), upper crown branch (u). The tree
sketch indicates where samples were taken for the tallest sampled individual.

26



877
878

879
880
881
882
883

Slope =12.7%m"'

400 600 800351 1000

Relative stem K, (%)

100 200

0 10 20 30 40 50 60 70
Tree height (m)

Figure S2. Trunk specific conductivity scaling with tree height. Potential xylem specific hydraulic conductivity

(Ksp) at the base of the trunk as a function of tree height. Values shown are relative to predicted K, for a 10 m tall
tree (i.e., a 10 m tall tree has 100% Ksp). Solid line is the model fit (p < 0.001) and shaded area is the 95%
confidence interval for the fitted line. Different colours represent different species. Dashed lines highlight the
relative K, for a 10 m tall tree (100%) and for a 70 m tall tree (861%, ~8.6 times that of a 10 m tall tree).
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Figure S3. Relationship between leaf mass per area and branch height. Data shown is for upper crown branches.
The dashed line indicates the model fit (p = 0.01; see Table S2). The solid lines indicate an alternative model where
tree position - understory trees (<36 m height) and overstory trees — is tested as fixed effect instead of branch height
affecting the leaf mass per area of branches. The alternative model with crown position as fixed effect is highly
significant (p < 0.001) and has a lower AIC value than the branch height model (290.6 vs 302.4, respectively).

28



891

892
893
894
895
896
897
898
899

o o o
— A — | B — C
o) T}
o o
g
=< =
o o
S
i\ 0
7 1
L]
Q Q Q
- - - -
I - I 1
o) D w | E 7o) F
o o ® o
-. L ]
L ]
= .. R = . S O
=] . by o . o . .
. L — - —
= . & . . . g
2w E.m W .
!—C‘)— I'Uc) DO_
5 | § | g| ]
F o 2
o
2 | o D caudiferus =] Q
— — — 7
I I 1
L
v | o R johorensis o w
- - 1 —_
I I 1
|G | H S
-— -— -—
o =1 . o L
- - -
gw ] gw] g |
=X=] =o =o
£ ! ; :
o =0 <o s
2o B 5] Bo [T T
T T T
) n 7o)
7 ?] 1 .
o o & o
— — . —
I I 1

Tree height (m)
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interval. Model results are presented in Table S3. The bold horizontal line in F indicates there is
no relationship between that trait and tree height but that the difference between upper branches
and lower branches is different from zero (paired t-test analysis).
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Figure S5. Relationship between leaf hydraulic safety margin (HSMiear) and branch height for each studied
species. Data point colour indicates the sample branch position within a tree — upper crown branch (red), middle
crown branch (yellow) and lower crown branch (blue). We note the significant relationship between HSMie.rand
branch height in Table S2 is driven by the D. caudiferus data only.
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Figure S6. Hydraulic safety and efficiency relationship in dipterocarps. Relationship between embolism
resistance and xylem specific conductivity, indicating an absence of a safety-efficiency trade-off in dipterocarps.
Water potential leading to 50% loss of branch conductance (A) and leaf conductance (B) as a function potential
xylem specific conductivity (Ksp; A-B) and xylem leaf specific conductivity (Ksiear; C-D). Data point colour
indicates the sample branch position within a tree — upper crown branch (red), middle crown branch (yellow) and
lower crown branch (blue).
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Figure S7. Meteorological conditions in the Sepilok mixed dipterocarp alluvial forest. (A) Time series of
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the Sepilok region from 2003 to 2025. (B) Time series of temperature, vapor pressure deficit (VPD) and climatic water
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data was also collected (see Fig. 3A).
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927
928 Figure S8. Dipterocarp growth rate sensitivity to soil water content. Data shows the effect of soil water content
929 (SWC) on trunk relative growth rate (basal area increment divided by basal area; RGR). Each point is the average
930 over a 14-day period. The black line indicates the fixed effect soil water content has on RGR from a model with

931 each tree having a random intercept and random SWC slope. The SWC effect was independent of tree height. Tree
932 height had an additive effect on RGR (i.e. not linked to soil water content). aThe lines show the model fit for a 30 m
933 (continuous line) and 50 m (dashed line) tall tree, representing an average understory and overstory tree.
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Fig. S9. Canopy height, above ground biomass and tree allometry in the Sepilok mixed dipterocarp alluvial
forest. (A) Cumulative canopy area with decreasing canopy height based on aerial lidar scanning (~940 hectares).
(B) Cumulative tree above ground biomass (AGB) with decreasing tree height (12 hectares of forest inventory) for
all trees (black line) and for the 5 dipterocarp species used in this study (blue line). (C-H) Tree height and diameter
at breast height (DBH) for the species studied combining data from the “Tallos” database (circles) with the trees
measured in this study (triangle). (C) all species data combined. (D-H) individual species. The dashed lines and
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circular point in a-b mark the canopy and tree height above which 50% of canopy area and above ground biomass
are contained. Different colours in C-F indicate data from different locations. The black line marks the Weibull
model fitted to the data.
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Table S1. Traits measured in the branches of dipterocarp trees.

Trait Unit Description
WYind MPa Midday water potential
v, MPa Gravity compensated water potential (Ymd — 0.0098 Branch
Water status e height)
Yiom MPa Midmorning (9-10h) water potential
g p
Wpa MPa Predawn water potential
TLPy MPa Turgor loss point
Leaf oP MPa Cell osmotic potential at full turgor
pressure-volume o
relations E MPa Bulk leaf modulus of elasticity
TLPrwc unitless Relative water content at TLP
P501eaf MPa
Embolism P88ear MPa Water potential when branch or leaf loses 50% or 88% of its
. water transport capacity, as estimated from 50% increase in air
resistance
PS0uwood MPa extraction (branch) and 50% embolized area (leaf)
P88ywood MPa
HSM MPa Hydraulic safety margin, difference between Wmq and the point
tlp y Yy g
. when the leaf loses turgor (HSMyp) or 50% water transport
Safety margins HSMicar MPa capacity (HSMe,f) and when the branch xylem loses 50% water
HSMyvo0d MPa transport capacity (HSMyood)
Tl
Ksp k%vlrga_ls Potential xylem hydraulic specific conductivity
kg m?s’! . . . .
Anatomy and Ksieat MPa-! Potential leaf specific hydraulic conductivity
hydraulics Vessel diameter pm Mean xylem vessel diameter
Vessel density mm Number of xylem vessels per unit area
LA:SA m? cm? Leaf-to-sapwood area ratio
Leaf size cm? Area of the leaf
Leaf traits Leaf thickness mm Thickness of leaf lamina
LMA gm? Leaf mass per area
. WD gcm’ Branch wood density
Wood traits
Wood SWC g cm? Branch wood saturated water content
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Table S2. Effect of branch height on upper crown branch hydraulic traits of our study trees. Results are from
mixed models with branch height as fixed effect and species as a random effect on the intercept of the trait (see also
Fig. 2). See Table S1 for details on traits and acronyms.

“Species 6% is the variance of the random species effect. Values for fixed terms intercept and slope are presented as
estimate + standard error. R?m is the marginal coefficient of determination and R’c is the conditional coefficient of
determination. Wind, ¥mdg, Pmm and Wpq are the leaf water potential at midday, at midday compensated by gravity, at
midmorning and at predawn.

*Leaf mass per area (LMA) did not change with height when only non-understory trees (>36 m height) are
considered, although understory trees have a lower LMA than canopy and emergent trees. See Fig. S3 for details.

Trait Intercept ]?lre?rglﬁ? SIS) ecczl © Rm R p n

Pind 20.59+0.19 -0.015 % 0.004 0.04 027 040 <0.001 36

Water  Wade -0.80%0.11 0.18 36
status Yoo 0.4140.19 -0.010 + 0.004 0.03 015 025 0016 35
P 0.04£0.11 -0.009 + 0.002 0.00 043 043 0010 15

Leaf TLPy -1.00 + 0.17 -0.009 + 0.002 0.09 015 0.6 <0.001 37
pressure-  OP 20.88£0.15 -0.007 + 0.002 0.07 0.1 0.63 0005 37
volume  E -1.55+0.14 040 37
relations gy b 91.7+0.91 0.10 37
P501cat 2.72+0.15 -0.007 + 0.002 006 0.13 055 0010 34

Embolism P88t 3.35+0.11 043 33
resistance  P50y00q 2.64+0.07 050 33
P88 00 3.48+0.18 072 33

HSMy, 0.41+0.12 022 35

rrsl:fgzs HSMicar 2214021 -0.01 = 0.005 005 0.2 028  0.044 31
HSMyood 1.40 +0.14 046 33

K 46.7 5.7 082 35

Anatomy Kot 0.006 + 0.001 0.14 30
and Vessel diameter 72.0+5.5 0.24 34
hydraulics  yegel density 478+ 6.6 025 36
LA:SA 0.55+0.08 042 36

Leaf size 77.6 £9.6 0.74+0.14 3296 026 072  <0.001 36

Leaf traits ~ Leaf thickness 0.17 +0.02 0.001 +0.001 0.001 018 077 <0.001 37
LMA* 77.0 + 8.1 0.87 +0.16 108.7 040 058  <0.001 35

wood tairs VP 0.45 +0.03 0.002 + 0.001 0.002 0.16 058 0003 36
Wood SWC 0.53 +0.01 077 36
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Table S3. Effect of tree height on within-tree changes in hydraulic traits of our study trees. For cach tree, the
difference between trait value at the upper branch minus trait value at the lower branch was calculated (see also Fig.
S3). See Table S1 for details on traits and acronyms. We first tested if this difference was related to tree height using
a mixed model with tree height as fixed effect and species as a random effect on the intercept. If tree height is not a
significant effect, we test if the upper to lower trait difference is significantly different from 0 using a paired t-test
(p-values labelled with * when significant). Species 62" is the variance of the random species effect. Values for fixed
terms intercept and slope are presented as estimate + standard error. For paired t-test analysis, intercept values are
the mean difference + confidence interval. R?m is the marginal coefficient of determination and R?¢ is the
conditional coefficient of determination.

Trait Intercept Tree height slope Spe‘;‘es R’m  R% P n
Yind 0.85+0.22 -0.02 £0.01 0.01 0.49 0.58 <0.001 24
Windg 0.82 +£0.21 -0.017 £0.004 0.01 0.43 0.53 <0.001 18
Water status
Yium -0.22 +£0.09 0.006* 22
W -0.05+£0.04 0.86 10
TLPy 0.06 +0.05 0.36 25
Leaf

pressure-  OP 0.06 + 0.05 0.18 25
volume  E 0.07 £0.12 0.60 25
relations gy b 0.45 + 0.64 049 25
P50iear -0.04 £ 0.04 0.21 14
Embolism  P88icat 017011 092 20
resistance P50wo0d -0.34 +£0.16 0.02* 24
P88wood -0.75+£0.38 0.01* 21
HSMyp 0.60 +0.29 -0.016 = 0.006 0.01 0.25 0.25 0.012 24
Safety HSMeat 0.98 + 0.42 -0.021 + 0.008 0.01 027 028 0021 19

margins
HSMiwood 0.17+0.18 0.25 23
Kep 7.1+35 090 25
Anatomy Kt 0.001  0.001 0.13 22
and Vessel diameter 34+3.1 0.24 25
hydraulics  yegel density -7.6+4.6 0.57 25
LA:SA -0.05£0.06 0.80 22
Leaf size -3.7+3.6 0.80 23
Leaf traits Leaf thickness 0.006 +0.006 0.77 25
LMA 8.7+49 0.46 21
. WD 0.002 +£0.02 0.32 24

Wood traits

Wood SWC 0.02 +£0.01 0.25 22
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Table S4. Effect of branch height on lower and middle crown branch hydraulic traits of our study trees.
Results are from mixed models with branch height as fixed effect and species as a random effect on the intercept of

the trait. See Table S1 for details on traits and acronyms.

Values for intercept are presented as estimate + standard error. The branch height effect was not significant for any
of the models and thus its coefficient is omitted. The p-value and sampling number for the significance of the branch

height effect are presented in the columns

[t

p” and “n”, respectively.

Lower branch

Middle branch

Trait Intecept p n Intecept p n
Wind -1.26+£0.14 085 24 | -1.19+0.11 0.37 14
Winag 085x0.12 026 24 -0.79x 0.14 0.71 14
Water status ' ’

Yim -0.58 x 0.12 0.09 19 -0.88x 0,14 0.12 14
Whd -0.34x 0.07 0.73 10 -0.46 x 0.08 0.10 8
TLPy -1.46x 0.14 053 25 -1.54x0.14 0.41 15
pressure-  Qp -1.24x0.11 058 25 | _126x008  0.18 15

volume
relations E -1.58 x 0.14 072 24 -1.35x0.20 0.08 15
TLPrwc 91.3x 1.45 048 25 88.4x2.35 0.36 15
P501car -2.93x 0.09 0.12 21 -2.82x0.08 0.92 13
Embolism T 88eat -3.23x0.08 0.60 21 -2.98 x 0.09 0.80 13
resistance - psq 234x0.13 052 25 | -2.28x0.08  0.058 10
P88wood -2.92x0.29 084 21 -2.77 x 0.42 0.40 10
HSMy, 0.33x0.11 087 24 0.27x0.17 0.21 14
Safety My 1.86x0.19 070 20 | 1.53x022 028 12

margins
HSMyo0d 1.18x 0.12 0.63 24 0.92x0.26 0.08 9
Ksp 44.0x 3.6 0.077 24 60.1 x 7.36 0.75 15
Anatomy Kisteat 0.007 x 0.001 0.57 24 | 0.007x0.001  0.75 11
and Vessel diameter 69.7x 4.9 022 25 75.5x 4.0 0.65 15

hydraulics .
Vessel density 51.1x9.0 0.84 25 41.2x6.6 0.96 15
LA:SA 0.45x 0.07 0.65 22 0.67x0.16 0.83 11
Leaf size 434x17.7 0.18 23 40.9x 6.6 0.31 11
Leaf traits ~ Leaf thickness 0.22x 0.02 049 25 0.23x0.02 0.58 14
LMA 126.7 x 12.7 055 24 111.7 x 30.5 0.83 11
WD 0.51 x 0.02 0.8 25 0.52 x 002 0.92 14
Wood traits

Wood SWC 0.50 x 0.01 026 22 0.52x0.02 0.33 13
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974 Table S5. Structure and size of the studied species. Tree height, diameter at breast height, number of trees
975 sampled per species (n), their contribution to forest aboveground biomass (AGB) and the estimated species

976 maximum height. Species maximum height was estimated from a dataset combining species data from the tree

977 allometry database “Tallo” and the data from individuals in our study (see Fig. S9 and Methods). Species maximum

978  height was estimated from the 95 quantile of the tree height distribution (95" Q) and from Weibull allometric
979 models for each species for two different stem diameters at breast height — 165 cm, the maximum observed within
980 those species and 210 cm, the maximum observed for all dipterocarps in Tallo (Model 165 cm and Model 210 cm

981 columns). Model RMSE is the root mean squared error of tree height estimation for each species’ model.

Maximum species height (m)

DBH range AGB Model Model Model
Species Height range (m) (m) n (%) 95" Q  165cm 210cm RMSE
Dipterocarpus caudiferus 17.5-63.5 14-139 7 5.2 46.3 56.8 59.5 4.8
Dryobalanops lanceolata 10 - 65 11-140 7 3.5 62.9 64.1 68.0 6.7
Parashorea malaanonan 7.7-57.1 8-94 6 29 63.0 68.4 75.0 5.7
Parashorea tomentella 10.5 - 63 14-132 10| 176 54.9 55.3 57.0 6.2
Rubroshorea johorensis 29 -71 30 - 154 8 17.2 58.3 57.4 59.8 5.4

982
983
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984 Table S6. Description of trees monitored for growth rate. Species, tree height and total number of dipterocarp

985 trees which we monitored their diametric growth rates with high-resolution dendrometers.
Species Tree height range (m) Total trees
Dipterocarpus caudiferus 20 - 63.5 6
Dryobalanops lanceolata 10 - 65 7
Parashorea malaanonan 7.7-57.1 5
Parashorea tomentella 10.5-63 6
Rubroshorea johorensis 29 - 63 6
Rubroshorea macroptera 13.7-45 5
Rubroshorea smithiana 41.8 - 65 5

986
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