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Abstract: Half the above-ground biomass in forests is stored in a disproportionately small 36 

number of very tall trees. These giants are predicted to be more vulnerable to drought-induced 37 

damage because height impairs their hydraulic system. We evaluated whether the hydraulic 38 

system of world’s tallest tropical tree species – South-East Asian dipterocarps – are negatively 39 

impacted by their height. The more negative xylem pressures caused by tree height were fully 40 

compensated for through adjusting vessel anatomy and leaf hydraulic traits, and they suffered no 41 

height-related loss in growth during a severe drought. Therefore, height does not make the 42 

hydraulic systems of the world’s tallest tropical tree species more vulnerable to drought and the 43 

growth rates of these trees are not more negatively impacted by drought than their smaller 44 

counterparts.  45 
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Main Text: 46 

The tallest 1% of trees store more than half of aboveground carbon (1–3) and are predicted to face 47 

higher drought mortality risk, with consequences for global carbon stocks (4–7). With increasing 48 

height, gravity lowers leaf water potential and longer water transport path lengths raise hydraulic 49 

resistances (8, 9). Theory and empirical data suggest that as a tree grows taller tip-to-base widening 50 

of water-conducting vessels can buffer these effects and maintain water supply to the leaves (10–51 

17). Wider vessels lower hydraulic resistance, so continual widening with height growth can keep 52 

pace with the drops in conductance that would otherwise occur. However, the Hydraulic Limitation 53 

Hypothesis (HLH) has led many biologists to think that in tall trees, pathlength and gravity effects 54 

make treetop conditions severe enough that development can no longer produce sufficient conduit 55 

dimensions or numbers to sustain water transport, photosynthesis and growth (9, 18–21). If this 56 

were generally the case, as trees near their maximum heights, they should show consistent declines 57 

in leaf water supply and increasing vulnerability to drought with height. Yet little evidence 58 

supports this, because direct tests at the top of tall trees are rare due to the difficulty of reaching 59 

treetops over a wide range of heights. 60 

Metabolic scaling theory (11, 16, 17) predicts that vessel diameters (D) scale with distance from 61 

the branch tip (L) following D ~ aLb, with an exponent (b) of 0.2 or above mitigating the resistance 62 

increases with increasing path length (13, 22). Insufficient tip-to-base vessel widening (exponent 63 

<0.2) would prevent sufficient water flow to the crown, meaning the leaves of tall trees would not 64 

stay well hydrated, even under non-drought conditions (20, 21, 23). Yet, even with an exponent 65 

>0.2, recent studies suggest that trees must still adjust other anatomical properties with tree height,66 

such as increasing vessel length, intervessel connectivity (24) and vessel diameter and frequency 67 

in terminal branches (15, 17). These alternative ways of increasing woody conductance, termed 68 

ultra-widening permeability increases, are hypothesized to facilitate isometric scaling between leaf 69 

area and active sapwood volume, minimizing drops in conductance and the carbon cost of 70 

maintaining significant amounts of additional sapwood with height growth (15).  However, wider, 71 

longer vessels are widely accepted to cause increased vulnerability to conduction-blocking gas 72 

embolisms (i.e. the safety-efficiency trade-off; (6, 25–28)), yet this is supported by very little 73 

evidence, particularly for tall trees. Data on tip-to-base vessel diameter widening, xylem anatomy 74 

and hydraulic traits are crucial, yet especially lacking for very tall trees, leaving a fundamental gap 75 

in our understanding of their hydraulic functioning (12). 76 

Considering that the average P50 (the pressure at which 50% of the xylem hydraulic conductance 77 

is lost due to embolism) of a tropical tree is likely to range from -2 to -2.7 MPa (29, 30), gravity 78 

alone, which increases xylem tension with height by 9.8 kPa m-1, may considerably reduce the 79 

hydraulic safety margin (HSM; the difference between minimum leaf water potential and P50) of 80 

taller trees. The effect of gravity cannot be compensated for by vessel diameter adjustments, so 81 

gravity-induced declines in water potentials may cause stomatal closure, reduced leaf turgor and 82 

negative HSMs (18–20, 25, 31–33). If gravity reduces hydraulic safety, key hydraulic thresholds, 83 

such as leaf turgor loss point (TLP; the water potential at which the leaf loses turgor and stomata 84 

fully close) should decline, minimizing the impact of gravity-related declines in leaf water 85 

potential on leaf functioning (21). Similarly, P50 could decline with height to maintain the HSM. 86 

Yet, environmental conditions inside large tree crowns are highly context-dependent in response 87 

to changes in light availability and evaporative demand (34, 35). It is possible therefore that 88 

hydraulic traits are driven not only by increasing tree size but also by vertical canopy-level 89 

environmental gradients. This makes predicting trait changes in response to tree height complex, 90 

necessitating comprehensive datasets of wood and leaf hydraulic traits and xylem anatomical traits 91 

all collected at standard distances from the apical branch tip (12). Unfortunately, these datasets are 92 

rare and to our knowledge do not exist for tall trees anywhere globally. 93 
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This lack of data has led to taller trees being assumed to be more prone to drought-induced 94 

mortality, as wider vessels in taller trees are supposed to be less resistance to embolism (32). Yet 95 

little evidence supports this, as embolism resistance can increase, decrease, or remain unchanged 96 

with height (36–38). Furthermore, evidencing that height-related changes to a tree’s hydraulic 97 

system causes drought-related mortality is challenging and requires looking within populations or 98 

species to remove the effect of changes in abundance of trees with different sizes and mortality 99 

rates across forests (2). As large, tall, trees often occur at densities of <10 individuals per hectare, 100 

this requires tracking mortality rates at scales larger than most forests inventories. Combining 101 

height-related changes in other performance metrics (e.g. growth) with shifts in hydraulic traits 102 

likely represents a better way to detect a link between height and mortality risk. 103 

Here we test whether the hydraulic system of very tall tropical tree species is negatively impacted 104 

by increases in height. We focus on the tallest known angiosperm tree family, the 105 

Dipterocarpaceae, which is dominant in SE Asia’s rain forests (39). We measured 25 traits related 106 

to hydraulic function (water status, leaf pressure-volume relations, embolism resistance, safety 107 

margins, xylem anatomy, leaf and wood traits; see Table S1 for units and acronyms) across 38 108 

individual trees of five dipterocarp species, during a non-drought year. We measured traits at 109 

multiple positions along each tree (at the base of the trunk and on a lower, a middle, and an upper 110 

branch in the crown) on trees ranging from 7.7 to 71 m in height (Fig. S1). The distance between 111 

the lower and upper branches sampled exceeded 25 m, close to the mean canopy height of an 112 

Amazonian forest, providing a unique opportunity to detect changes in tree function with height. 113 

We also measured high-resolution trunk diameter growth rates before, during, and after the strong 114 

El Niño drought period of 2023-2024. Using these data we evaluated whether tall trees show 115 

systematic drops in water supply to their leaves and concomitant increase in vulnerability to 116 

embolism, alongside reductions in growth by testing: i) whether tip-to-base vessel widening 117 

prevents longer path lengths causing declines in water potential; ii) whether gravity-induced 118 

declines in water potential with height lead to the tallest trees and branches being close to critical 119 

hydraulic thresholds, and iii) whether taller trees have greater growth declines than shorter trees 120 

during a strong El Niño drought event. 121 

  122 

Vessel widening, gravity and leaf water potentials 123 

Height-related increases in hydraulic resistance were likely fully compensated for by vessel 124 

diameter widening with increasing tree height (Fig. 1; Fig. S2). Vessel diameters at the base of the 125 

trunk were on average significantly (p < 0.001) wider in taller trees, with a 70 m tree having vessels 126 

2.2 times wider at the base than a 10 m tree (Fig. 1A). Tip-to-base vessel diameter widening across 127 

all trees scaled with distance from the branch tip with an exponent of 0.30 ± 0.04 (0.29 – 0.32 95% 128 

confidence interval; Fig. 1B). This is greater than the minimum exponent of 0.2 predicted by 129 

metabolic scaling theory to minimize increases in resistance with path length (11, 14). Although 130 

uncertainty remains over whether an exponent >0.2 fully compensates for the increase in resistance 131 

with path length (15, 16, 25), it is unlikely that the trees sampled experience significant decreases 132 

in hydraulic conductance with height.  133 

If unit-leaf conductance declined with height, we would expect to see a decrease in leaf-specific 134 

hydraulic conductivity (Ksleaf). Alternatively, some authors posit a reduction in leaf area to 135 

sapwood area ratio can maintain a constant leaf water supply capacity, at the cost of higher 136 

sapwood volume per leaf area. In trees >7 m tall, we observe no height-related changes in the ratio 137 

of leaf area to sapwood area measured at the branch-scale or Ksleaf, either within a tree’s crown or 138 

across individuals of different heights (Table S2; Table S3). It is possible that reduced leaf area 139 

occurred at the whole tree scale via branch shedding; however, our vessel scaling data suggests 140 

isometric scaling between leaf area and active sapwood volume with tree height (15). This is 141 
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because a greater slope in the height to vessel diameter relationship across individuals (0.4, Fig. 142 

1A) than within individuals (0.3, Fig. 1B) supports the ultra-widening permeability hypothesis 143 

(15) (Fig S2). Taken together, our results suggest these trees are likely to be fully compensating 144 

for the increases in hydraulic resistance with height through xylem anatomical adjustments.  145 

Declines in leaf water potential with tree height were caused exclusively by gravity (Fig. 2). As 146 

expected, upper-crown predawn and midday leaf water potentials became more negative with tree 147 

height, in conformity with the gravity-induced hydrostatic gradient (Fig. 2A and 2C). When the 148 

effect of gravity (hydrostatic gradient) was removed from the leaf water potential values, the 149 

relationship between water potential and height was lost (Fig. 2B). We note a lower sample number 150 

at pre-dawn may have introduced bias into our results. However, at midmorning, when 151 

transpiration and VPD were low (0.7 ± 0.4 kPa), and when samples could be taken more easily 152 

than at pre-dawn, we also found that leaf water potential declined in line with the hydrostatic 153 

gradient (-10 ± 4 kPa m-1; Table S2). Midday leaf water potentials also remained close to zero (-154 

1.20 ± 0.50 MPa), only going below -2 MPa in one of the 15 trees that were >50 m tall (Fig. 2A). 155 

Foliar leaf water uptake may be contributing to higher-than-expected midday leaf water potentials, 156 

as many trees had water potential values that exceeded theoretical limits given the effect of gravity 157 

(i.e., points above the hydrostatic gradient; Fig. 2C). Therefore, our data suggests that these trees 158 

have evolved multiple strategies that keep their leaves hydrated, even as they grow tall.  159 

In lower and middle crown branches, which are not exposed to the same extremes of light, 160 

temperature and VPD, we did not observe the same declines in leaf water potential with height as 161 

those found in top crown branches (Fig. 2A-C; Table S4). These results suggest that canopy 162 

position may have a more important effect on water potential than tree height in shaded branches 163 

of the lower and middle crown, possibly because reduced light availability and complex VPD 164 

changes restricts leaf function more than restrictions in stomatal gas exchange (40). In addition, 165 

lower and middle crown branches were sampled across a narrower range of heights (see Methods), 166 

which may limit our ability to detect a signal.  167 

 168 

Hydraulic trait adjustments compensate for gravity 169 

Gravity-induced declines in water potential were compensated for by taller trees being more 170 

resistant to losses of cell turgor with height. We observed a significant decline in TLP with branch 171 

height in the upper canopy (-9 ± 2 kPa m-1; Fig. 2D). The declines in TLP with height resulted in 172 

the turgor safety margin being constant with height (intercept of 0.41 ± 0.12 MPa; Fig. 2G; Table 173 

S2). Declines in TLP were driven almost exclusively by osmotic adjustments with height (-7 ± 2 174 

kPa m-1; Table S2), which we attributed to osmolyte concentrations in the leaves adjusting with 175 

height to maintain turgor at more negative water potentials (21). This is supported by the fact that 176 

in trees tall enough to be fully sun-exposed (>36 m), we observed no increases in leaf mass per 177 

area (LMA) with height (Fig. S3). This suggests height is not directly causing increases in LMA, 178 

which should occur if low turgor pressure affects leaf size development (21). Therefore, it is likely 179 

that there are limited or no height-driven turgor-related restrictions on leaf function in these trees 180 

(19, 23). 181 

In addition to maintenance of turgor with height, we observed no changes in branch P50 and HSM 182 

with height, either within individual trees or between trees of different heights (Figure 2F, 2I; Fig. 183 

S4). We did observe a decline in leaf HSM with height in the upper crown branches (-10 ± 5 kPa 184 

m-1, p = 0.044, Figure 2H). However, this signal was driven by one species (Dipterocarpus 185 

caudiferus), which had a strong and significant decline of leaf HSM with height (Fig. S5, Table 186 

S2). Like most other studies in tropical regions (30, 37, 41, 42), our leaf water potential data were 187 

measured at the driest point of a normal, non-drought, year, and therefore they do not reflect the 188 

absolute minimum HSM during a drought. Yet, our data do show that height growth alone and the 189 
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decline in leaf water potential associated with this do not cause a reduction in HSM that 190 

predisposes tall trees to be more vulnerable to hydraulic failure.  191 

When considering the difference between the upper and lower crown branch trait values, none of 192 

the traits show change with tree height or the change in height between branches, other than leaf 193 

HSM and TLP HSM (Fig. S4). The only traits that differed consistently between upper and lower 194 

crown branches were branch P50 and P88 (the pressure at which 88% of the xylem is embolized). 195 

Upper crown branches had more negative P50 and P88 values than lower crown branches (Fig. S4F, 196 

Table S3), but this shift was independent of the height difference between the branches (p = 0.34). 197 

This decline in P50 with increasing canopy position and the lack of a safety-efficiency tradeoff 198 

(Fig. S6) contradicts the notion that hydraulic safety declines as trees grow taller (26, 32, 41). 199 

These results suggest that changes in embolism resistance and HSM are more likely to be related 200 

to branch position within the forest canopy (e.g., light and VPD changes) than height.  201 

 202 

Changes in tree growth are independent of tree size during drought 203 

High-resolution tree trunk diameter growth rates for 42 dipterocarps did not show any greater 204 

declines in growth in taller than shorter trees, either before or during a strong El Niño related 205 

drought (Fig. 3A). During this drought period (December 2023 to May 2024), maximum 206 

climatological water deficit (MCWD) was 100 mm, in contrast to 26 mm the previous year, mean 207 

precipitation was 35% lower than the long-term mean, mean temperatures were 1.6 oC higher, and 208 

mean VPD was 30% greater, leading to significant soil drying (Fig. 3A and Fig. S7). We note that 209 

our growth reference year (July 2022-2023) had slightly greater temperatures and VPD relative to 210 

the previous year when traits data were collected (Fig. S7), making it a slightly drier than average 211 

year, but this did not translate into significant soil water deficit due to high rainfall. Based on the 212 

climatic time series since 1950, a drought with equivalent intensity to the 2023-2024 drought, in 213 

terms of changes in VPD, MCWD and temperature, occurs once or twice every century.  214 

Our data during the strong drought year show that changes in tree diameter growth rates were 215 

independent of tree height. Comparing the drought year to the growth reference year, only 18 out 216 

of 42 trees had reduced growth rates during the drought year (Fig. 3B). However, these 18 trees 217 

were not the tallest individuals, and reductions in growth did not correlate with tree height (p = 218 

0.21). The remaining 24 trees had no change or even a more pronounced growth in the strong 219 

drought year, which may have been a response to a slightly elevated light availability (43). 220 

Interestingly, the greatest mean reduction in growth occurred during the recovery phase, where 221 

27 trees had lower growth rates and mean growth rate was 22.3% lower than in the same period 222 

in the previous wet year (p = 0.02; Fig. 3C). Nevertheless, this reduction in diameter growth rate 223 

was also unrelated to tree height (p = 0.58), with equal reductions in diameter growth across all 224 

tree size classes. The lack of relationship between reductions in diameter growth and tree height, 225 

and the high variability in tree diameter growth responses to the drought suggests responses to 226 

drought are highly variable among individual dipterocarp trees, and that these are not related to 227 

tree size. This result is supported by the absence of an effect of tree height on the sensitivity of 228 

tree diameter growth rate to soil water content (Fig. S8). Tree height did reduce mean RGR by 229 

1.2 mm2 m-2 day-1 (p = 0.01), but this is likely an artefact of the way RGR is calculated relative 230 

to basal area. Taller trees increase their basal area by accumulating heartwood, while sapwood 231 

does not increase to the same proportion, especially in the very large trees studied here. 232 

 233 

 234 

Implications and conclusions 235 

Our study is consistent with natural selection in giant broadleaf trees favoring adjustments in 236 

xylem anatomy and leaf hydraulic properties with height that fully compensate for the effects of 237 
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gravity and path length as they get taller. This means leaf water supply and function is not reduced 238 

in tall trees during regular climatic conditions, suggesting both tall and short trees may have a 239 

similar capacity to accommodate drought. Similarly, we show these tall trees have no reductions 240 

in embolism resistance with height and also suffer no greater declines in growth during a strong 241 

drought than smaller individuals of the same species. However, our results show that through these 242 

deep, complex canopies hydraulic trait changes may be more related to canopy-driven shifts in 243 

microclimatic conditions, shading and photosynthetic optimization, than to height (44, 45). For 244 

example, declines in leaf nutrient concentrations, LMA and photosynthetic capacity from sun to 245 

shade leaves are common in these dipterocarp trees (46, 47), necessitating different photosynthetic 246 

strategies with shifts in canopy position. Top crown leaves of more exposed trees, irrespective of 247 

height, would have lower leaf water potentials, which would reduce stomatal conductance. The 248 

adaptation to have lower P50 in the upper canopy branches (Fig. S3F) reduces the embolism risk, 249 

thus minimizing the need for stomatal closure (46, 47). Costly adaptations to lower P50 are not 250 

needed in shaded parts of the canopy where water potentials are lower (47). These results suggest 251 

we need to view tall trees as functionally differentiated organisms, with an ecological strategy that 252 

is defined not by a mean set of traits, but by their capacity to quasi-independently adjust traits 253 

between sectors in response to microclimate conditions.  254 

Trees taller than those we measured may suffer height-related hydraulic damage, as some 255 

individuals in these forests can attain statures up to 100 m (48). Trees above 70m tall are, however, 256 

extremely rare (Fig. S9), and make up only a small proportion of total carbon stocks. Whether 257 

xylem anatomical adjustments and changes in TLP, or other trait changes, compensate for the 258 

effects of path length and gravity in other large tropical trees, such as those found in Amazonia  259 

(49), or in tall temperate trees, remains to be explored. To our knowledge no other study exists on 260 

giant trees within or outside of the tropics that standardizes anatomical and trait measurements 261 

from the apex throughout the canopy. Therefore, it is possible the conclusions from our study may 262 

be more generally relevant to tall trees. Critically, however, our study shows that the widely 263 

adopted assumption of increased hydraulic vulnerability with tree size needs to be more widely 264 

verified (50) and should not be assumed to explain the elevated mortality in taller trees (4, 6, 51, 265 

52).  266 

267 
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 589 
Fig. 1. Anatomical adjustments to compensate for increased path length with tree height. (A) vessel 590 

diameter at the base of the trunk as a function of tree height. (B) vessel diameter scaling with distance from 591 

the tip of upper branches. Solid lines are the model fit (all models are significant) and shaded area in (A) is 592 

the 95% confidence intervals for the fitted lines. Solid coloured lines in b) are the model fit to the individual. 593 

Solid line in (B) is the model from individual averaged coefficients. Dashed line in (B) is a fit forced to an 594 

exponent of 0.2. Different colours represent different species.595 
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 596 

 597 
Figure 2. Changes in leaf water potential, key hydraulic thresholds and hydraulic safety 598 

margins with branch height. Colours indicate branches at different position within the tree 599 

crown of dipterocarp trees: upper crown branches (red), middle crown branches (yellow) and 600 

lower crown branches (blue). Panels A-C show water potential values, panels D-F show water 601 

potentials causing turgor loss and leaf and branch P50 and panels G-I show safety margins to 602 

turgor loss and leaf and branch P50. Solid lines indicate the mixed effect model fit when 603 

significant (models are only significant for upper canopy branches), with the red polygon 604 

marking the 95% confidence interval. Model results are presented in Table 1. Dashed lines in A-605 

C indicate the slope of the gravimetric water potential (i.e. -9.8 kPa m-1, setting the theoretical 606 

maximum water potential any branch at that height should be able to maintain).  607 
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 608 

 609 

 610 
Figure 3. Tree height effect on dipterocarp trees growth during a strong ENSO-related 611 

drought. (A) Time series of standardized trunk growth rate (GR) for the 42 study trees and soil 612 

water content (brown line). Colours indicate tree sizes – red for tall trees (>50 m height), blue for 613 

short trees (<30 m height) and yellow for intermediate height trees (30 to 50 m). The shaded area 614 

in (A) marks ± 1SD band from the mean for each tree size category. Arrows indicate the regular 615 

year, drought year and recovery phase periods. The arrow labelled “recovery reference” is the 616 

same period in 2023 as the recovery period in 2024 and was used as the reference to evaluate the 617 

2024 drought effect on the post-drought recovery. (B-C) Percentage change in tree diameter 618 

growth rate with tree height during the drought year relative to a regular year (B) and during the 619 

post-drought recovery phase in relation to the same period in the wet year (C). Horizontal line in 620 

B-C indicates 100% - trees above this value grew more during the drought year (B) or the 621 

recovery phase (C) than they grew during the regular year (B) or the same period the previous 622 

year (C). 623 
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Materials and Methods 645 

 646 

This study was conducted in a Mixed Dipterocarp Forest in the Kabili Sepilok Forest Reserve, northeast Borneo (lat. 647 

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 648 

mean annual precipitation of 2640 ± 675 mm, with no regular dry period (<100 mm monthly rainfall). Intense supra-649 

annual drought happens predictably associated to ENSO conditions (Fig. S7) (36, 55). During those periods, intense 650 

drought-related mortality and growth reduction occurs in mixed dipterocarp forests (56–61). We collected plant 651 

material in three permanent alluvial forest plots of 4ha (62). Alluvial forests occur in lowland flat valleys, 652 

characterized by nutrient-rich and clayey soils (36, 62) where dipterocarps trees >70 m height can occur (63). The 653 

plots are less than 1 km apart and so abiotic differences across them are negligible and they are very similar in terms 654 

of soil conditions, topography and mean elevation (36). 655 

 656 

Plant material 657 

We sampled 38 dipterocarp trees ranging from 7-71 m tall and diameter at breast height (1.3 m above ground or 658 

above buttress roots) from 9 to 153 cm from the five most abundant dipterocarp species with sufficient height 659 

variance across the plots (Fig. S1 and traits summary table on Dryad(54)): Dipterocarpus caudiferus Merr., 660 

Dryobalanops lanceolata Burck, Rubroshorea johorensis (Foxw.) P.S.Ashton & J.Heck, Parashorea malaanonan 661 

(Blanco) Merr. and Parashorea tomentella (Symington) Meijer. The sampling was conducted from April-June in 662 

2022, during a year without any ENSO effects. The total aboveground biomass of the five species combined is 663 

46.6% of the forest’s biomass (Fig. S9). From each individual, we measured the diameter at breast height or above 664 

buttresses using a diameter tape and the tree height using a laser rangefinder (Forestry Pro II; Nikon, Tokyo, Japan), 665 

with height values confirmed by direct measurement from tree climbers. Branches were collected from an upper 666 

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 667 

was not fully shaded. In addition, whenever the individuals had a sufficiently deep crown, from the lowest branch 668 

and from an intermediary branch, as close to the midpoint between the lowest and highest branch, as could safely be 669 

collected (Fig. S1). In each location, upper, middle and lower branching locations, four 1-2 m long branches were 670 

collected from the same location to allow sufficient material to be able to make all trait measurements. Two 671 

branches were used for xylem embolism resistance measurements, one branch for leaf embolism measurement and 672 

the last branch for measurements of leaf pressure-volume relations, wood anatomy and other traits (wood density, 673 

leaf-to-sapwood area ratio and leaf mass per area). The height of each branch was measured with the laser range 674 

finder, as was the distance back to the main trunk and to the ground from where the branch was cut, allowing us to 675 

estimate branch hydraulic pathlength. Using tree corers, we collected wood cores for anatomical analysis from the 676 

trunk at breast height, or above the buttress roots. Core collection height was also measured with a laser range 677 

finder. Immediately after collection, we stored the material in moist plastic bags and transported the collected 678 

material for analysis in laboratories in Sabah’s Forest Research Centre, 10-30 minutes’ walk from the plots. We 679 

installed a mini-weather station 3 m above a 65 m tree to monitor temperature and humidity (SHT3C, Sensirion), 680 

rainfall (ECRN-50, Meter) and active photosynthetic radiation (SQ500, Apogee) across the study period in the sites. 681 

A summary of symbols, definitions, units and measurements performed in each branch is presented in Table S1. 682 

 683 

Tree water status 684 

We measured the water potential of leaves of each of our study trees, at each branch sampling location (upper, 685 

middle, lower) using a pressure chamber (64) (Model 1515D; PMS, Albany, NY, USA). Water potential at midday 686 

(Ψmd 11:30 – 13:00) and at midmorning (Ψmm 9:00-10:00) was measured on all trees. For a subset of 15 trees 687 

randomly selected from our dataset, we measured water potential at predawn (Ψpd 01:00 – 06:00). Due to dangers 688 

associated with climbing these trees in the dark, we could only sample one predawn water potential per day and only 689 

on trees within which it was safe to do so (total of 15 trees). We measured leaf water potential in the field within 690 

five minutes after leaf collection by the tree climbers. During the sampling, the climate was uniform and soils were 691 

well hydrated, allowing water potential measured across different days to be compared with limited bias. We used 692 

the measured values of Ψ to compute the gravity-compensated Ψ defined as the original Ψ in addition to the gravity 693 

effect caused by height at the sample location: 0.0098 MPa m-1 × sample height). We monitored the vapor pressure 694 

deficit (VPD) during water potential measurements using a temperature and humidity sensor (SHT3C, 695 

Laubisruetistrasse, Switzerland) inside a radiation shield placed 3m above the crown of a 65m tall dipterocarp. 696 

During midday measurements, VPD was 1.2 ± 0.5 kPa and during midmorning VPD was 0.7 ± 0.4 kPa. 697 

 698 
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Wood embolism resistance 699 

We measured the embolism resistance of the collected branches using the automated pneumatic method for 700 

estimating xylem embolism (30, 65–67). This method monitors xylem air content and Ψ of a dehydrating sample. 701 

We collected branches early in the morning, before mid-morning water potential measurements. After collection, we 702 

rehydrated 2 m long branches overnight to ensure curves started at full hydration status. The following day, we cut 703 

them into two 40-70 cm long samples, immediately connecting them to a M-Pneumatron (66). Bench dehydration 704 

(68) was used to induce embolism in the samples. The Ψ of dehydrating branches was measured with a pressure 705 

chamber throughout the dehydration period after the branch had been bagged for one hour to allow branch and leaf 706 

water potential to equilibrate. We stopped measuring the Ψ when values dropped below -8 MPa or when their leaves 707 

were hard, crispy and started dropping off, at which point we assume the branches were fully embolized. Full 708 

dehydration of the samples occurred within 2-4 days of starting the measurements, and full embolization of the 709 

branches was confirmed by verifying the existence of an air discharge plateau at low water potential values (69). 710 

From each vulnerability curve, we estimated the xylem water potential leading to 50% and 88% increase in xylem 711 

air content (P50 and P88), by fitting a sigmoidal equation to the curves (70). The P50 is considered a point of 712 

significant hydraulic damage and the P88 a point-of- no-return for tree death and thus trees are expected to strongly 713 

adjust hydraulic traits to prevent then crossing these thresholds (71). For each crown location in each tree, we used 714 

the average of the two measured samples as the final P50 and P88 values.  715 

 716 

Leaf pressure-volume curves 717 

We measured leaf turgor loss point, osmotic potential at saturation, bulk modulus of elasticity and water content at 718 

turgor loss point from pressure-volume curves, which relate leaf water content to leaf volume (72). After fully 719 

rehydrating branches, we monitored Ψ with a pressure chamber and leaf mass with an analytical scale during branch 720 

desiccation following a standardised method (73). Each leaf was then dried in an oven at 60oC for at least 48h to 721 

obtain relative water content. We calculated the leaf water relations traits using the R package “pvldcurve” (73, 74). 722 

For each branch, we measured two leaves and used the mean of the two leaves trait values for analysis. 723 

 724 

Leaf embolism resistance 725 

We measured leaf vulnerability to embolism using the optical method (75). We monitored leaf embolism on one leaf 726 

per branch in a 1-2 m long branch using a high-resolution transmission scanner (Epson Perfection V600), while Ψ was 727 

simultaneously monitored using a stem psychrometer (PSY1, ICT International, Australia). Branches were fully 728 

hydrated prior to the start of the measurements, and we monitored the leaves for at least 36 hours or until leaf water 729 

potential showed no further decline or until the leaves turned brown, at which point we assumed the leaf was fully 730 

embolized. We processed the images using ImageJ (76) (v1.54h) following a standard protocol (77) to calculate the 731 

percentage of embolism at the time the image was captured. We used these data and the Ψ from the psychrometer to 732 

calculate leaf embolism vulnerability curves from which we estimated leaf P50 and P88 (70). 733 

 734 

Xylem anatomy 735 

We measured vessel diameter distribution and vessel density at five, 33 and 100 cm distance from the tip on each of 736 

the branches sampled. Additionally, for each tree, we collected anatomical sample in the trunk at breast height or just 737 

above buttresses. All samples were inspected under a microscope to make sure they represented sapwood. Trunk 738 

samples were also collected from the outer 0.5-1 cm of the xylem and thus these samples are also unlikely to have 739 

contained any heartwood. We prepared cross-sections ranging from 15 µm to 35 µm in thickness using a sliding 740 

GSL1-microtome (78), samples were mounted on black double-sided adhesive tape and covered with a cover slip. We 741 

used a confocal laser scanning microscope (Leica SP8) to image the samples (79). We scanned several mosaics of 742 

images for each wood section and merged them using LAS X software (Leica, Germany) to form a single composite 743 

image per sample. We then measured xylem vessel distribution and density using ImageJ (76) (v1.54h) and GIMP 744 

(80) (v2.10.36) following standard vessel quantification guidelines (81). We note dipterocarps often present 745 

conductive imperforate tracheary elements in their xylem and we observed them in a pilot sample we analyzed using 746 

electron transmission microscopy. We could not differentiate them using confocal microscopy but they were much 747 

smaller than vessels and thus bellow the size threshold used in our analysis (10 micrometers). 748 

We considered vessel diameter as the average of the maximum and minimum internal (lumen) diameter of vessels on 749 

each slide. We determined vessel density and vessel lumen fraction by summing the number of vessels and the area 750 

of vessel lumina within a given area, respectively (82). We calculated potential xylem hydraulic specific conductivity 751 

(Ksp) using the Hagen-Poiseuille law (8): 752 

Ksp = (w/128)  N  Dh4 753 
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where w is the density of water (998.2 kg m-3),  is the viscosity of water (1.002  10-3 Pa s) at 20 ⁰C, N is the vessel 754 

density (the number of vessels per mm2 of xylem) and Dh is hydraulically weighted vessel diameter. Dh was calculated 755 

by exponentiating each vessel in a sample to the fourth, calculating the average and then taking the fourth root of this 756 

average. We calculated the sample xylem potential leaf-specific conductivity on branches by multiplying Ksp by 757 

sample xylem area to obtain xylem conductivity and then dividing it by the leaf area distal to the sampled location. 758 

 759 

Wood and leaf traits and leaf-to-sapwood-area ratio 760 

For each sample, we calculated wood density and wood saturated water content on all wood and trunk samples 761 

following Pérez-Harguindeguy et al. (2013) (83). We measured leaf area for each branch by scanning all leaves 762 

distal to the anatomy sampling location, 100 cm from the tip, using a scanner and calculated its total leaf area using 763 

ImageJ (76) and the LeafArea R package (84). We dehydrated the leaves at 60 oC for 48h to measure their dry mass 764 

and calculate leaf mass per area. We calculated branch leaf-to-sapwood area ratio by dividing the total leaf area by 765 

the xylem cross-sectional area 100 cm from the tip. 766 

 767 

Tree growth rate 768 

We monitored trunk diameter growth rate for over 770 days (Fig. 3A) on 42 dipterocarp trees. Of these, 27 trees are 769 

the same trees for which we measured hydraulic traits in Bittencourt et al. (2022) (36), while including  additional 770 

individuals from Rubroshorea smithiana (Symington) P.S.Ashton & J.Heck and Rubroshorea. macroptera (Dyer) 771 

P.S.Ashton & J.Heck (Table S5 and Table S6). We used point dendrometers (D1, TOMST, Czech Republic) (85, 772 

86) installed at breast height or above the buttresses to monitor micrometric changes in tree diameter. For large 773 

diameter trees, we installed two dendrometers in different radial positions of the trunk and used the average of the 774 

two sensors as a measure of diameter change of the tree trunk. We also monitored the soil water content of each plot 775 

at 0-15 cm depth in different locations using time domain reflectometry sensors (TMS-4, TOMST, Czech Republic) 776 

(85). We monitored the trees from August 2022 to March 2024, during which ENSO caused a period of drought, 777 

measured as unusually low soil moisture content lasting from March to August (Fig. 3A). Trunk diameter change 778 

was monitored every 30 minutes. We calculated daily growth rate as the change in maximum daily diameter 779 

between days and used a 14-day moving window to average each day’s growth (87). With diametric growth rate we 780 

calculated basal area increment and used this to calculate relative growth rate as basal area increment divided by 781 

basal area. For each tree, we also calculated the percentage growth rate change from 2023, a slightly drier than 782 

average year, to the 2024 year, with a strong ENSO-driven drought. In addition, we calculated the change in growth 783 

during the recovery phase in 2024, after the drought ended (Fig. 3A) and compared this to the same period in 2023. 784 

For this, we divided the total growth rate of each tree during the ENSO year (August 2023 to August 2024) by the 785 

total growth rate in the year before (August 2022 to August 2023). Similarly, we divided the total growth rate in the 786 

recovery period (starting from when soil water content was fully recharged in July 2024 to October 2024) by the 787 

total growth rate for the same period in the previous year. 788 

 789 

Climate data 790 

We used the ERA5- Land (88) monthly averaged data from 1950-2025 (9 km resolution)  to characterize the climate 791 

and to calculate the climatologic water deficit from 2023 to 2025 for the study region (Fig. S7). We calculated the 792 

climatic water deficit following the methods in Barros et al. 2019 (42), where it equals the monthly cumulative 793 

difference between evapotranspiration and precipitation across the time series, with all negative values set to zero 794 

(i.e., when precipitation was higher than evapotranspiration leading to saturated soil conditions).  795 

 796 

Forest inventory, biomass and canopy height 797 

To obtain the data which show the contribution of trees >70 meter to total forest biomass (Fig. S9B) and species 798 

maximum heights (Table S5) we obtained plot level height and diameter data. In the three 4-ha forest plots in the 799 

Kabili-Sepilok Forest Reserve where our sample trees are located, each tree ≥ 10 cm in diameter at breast height 800 

(DBH) (~840 trees per hectare), was identified. We used the DBH data measured in 2022 to calculate the total 801 

aboveground biomass using the BIOMASS package (89), with tree height estimated based on a local DBH-tree 802 

height allometry of 1572 trees measured in three mixed dipterocarp forests within Sabah (Kabili-Sepilok, Maliau 803 

and Danum Valley). The allometry data was fitted to a Weibull model (r2 = 0.80, RMSE = 5.47m). Tree wood 804 

density was retrieved from the BIOMASS package. For the 38 trees we studied, their biomass was estimated using 805 

the same biomass model, but with their own measured height, DBH and wood density. We used the same dataset as 806 

Jucker et al. (2018) (63) to generate a 1 m2 resolution canopy height for our alluvial forests studied in Kabili-Sepilok 807 

Forest; obtained from aerial lidar scanning in 2014 (90). 808 

 809 
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Species maximum height 810 

We estimated the maximum height of the five studied species by combining the data for the38 trees we sampled for 811 

hydraulic traits with data available in the Tallo database (91), totaling 419 measured individuals in multiple sites in 812 

Borneo (Fig. S9 C-H). For each species, we fitted a Weibull model to their allometry data. We estimated the 813 

maximum species height in three different ways: 1) as the 95th quantile of available tree height data, 2) as model 814 

predicted tree height for the maximum DBH observed for those species (165cm) and 3) as the maximum DBH 815 

observed across dipterocarps in the Tallo database (Fig. S9 and Table S5). All methods produced similar estimates 816 

and indicated the maximum species height for our species to be around 65m and that individuals with heights over 817 

80 m are likely to be outliers, confirming our design captured the tallest individuals for those species. 818 

 819 

Statistical analysis 820 

We performed all analyses in the R statistical environment (v.4.2.2) (92). In mixed effect models, we tested the 821 

significance of the fixed effects using a log-likelihood test against the full model with one fixed effect removed at a 822 

time (93). For linear mixed effect models we used the NLME package (94, 95), for the calculation of mixed model 823 

marginal and conditional pseudo-r2 values we used the MUMIN package (96). We calculated mixed model 824 

predictions 95% confidence intervals by generating predictions based on parametric bootstrapped models using the 825 

bootMer function of the lme4 package (97). We used the “lm” and “nls” functions from R’s base package for fitting 826 

fixed effect linear models and non-linear models. For standardized major axis regression, we used the smatr 827 

package(98). We followed established best practices to diagnose the models, validate assumptions, test sensitivity to 828 

outliers, and assess robustness (93, 99). For all statistical tests, a p-value of 0.05 was used as significance threshould. 829 

 830 

Statistical analysis of vessel diameter adjustments with tree height and hydraulic pathway 831 

To evaluate how vessel anatomy changes with tree height, we tested if the vessel diameters at the base of the trunk 832 

scaled with distance from the tip of the upper branch using a linear model with both axis log10 transformed (n = 37). 833 

We then evaluated the vessel diameter scaling with increasing hydraulic pathway. For each individual (n = 37 834 

individuals, four samples per individual) we fitted log10 transformed vessel diameter to the log10 transformed 835 

distance from the tip using standardized major axis regression (98). The slope of the log-log relation equals the 836 

exponent and the log10 untransformed intercept equals the slope of the model vessel diameter ~ aDistanceb. We 837 

used the mean exponent of all individuals and its estimated confidence interval to evaluate if vessel diameter scales 838 

with distance from the branch tip with an exponent >0.2. 839 

 840 

Statistical analysis of trait changes with branch height 841 

To evaluate how traits change with branch height, we used linear mixed effect models. We used branch height as a 842 

fixed effect and species as a random effect on the hydraulic trait intercept. We analyzed data from upper, middle and 843 

lower crown branches separately to avoid confounding effects due to branch height and tree height being correlated 844 

and because not all trees had crowns deep enough for sampling lower and middle branches. For anatomical traits 845 

(Ksp, Ksleaf, vessel diameter and vessel density), we used the data measured at 1 m from the branch tip for this 846 

analysis. Sample numbers for each test are shown in Table S2 and S4. 847 

 848 

Statistical analysis of within-tree trait changes with branch height 849 

We tested if within-tree differences in hydraulic traits through the crown were related to tree height using mixed 850 

effect models. For each tree, we calculated the difference in hydraulic trait values between the upper and lower 851 

crown branches and related this value to the tree height as a fixed effect and species as random effect on the 852 

intercept. If tree height was not significant, we then tested whether upper crown branches had systematically 853 

different trait values to lower crown branches using a paired t-test. For anatomical traits (Ksp, Ksleaf, vessel diameter 854 

and vessel density), we used the data measured at 1 m from the branch tip for this analysis. Sample numbers for each 855 

test are shown in Table S3. 856 

 857 

Statistical analysis of tree height effects on growth rates during drought conditions 858 

We tested whether changes in trunk diameter growth rate during the ENSO-driven drought in 2023-2024 and in the 859 

recovery phase (when soil water content increased) were related to tree height using. For this we used mixed effect 860 

linear models with tree height as fixed effect and controlled for species differences by adding a random species 861 

effect on the intercept (n = 39 trees). We tested if relative growth rates were affected by soil water content (SWC) 862 

and tree height using a mixed effect model with a term for the interaction between tree height and SWC as variables 863 

(n = 2335). To control for repeated measures within each individual, we used the individual as a random factor 864 

affecting the intercept and as a random factor affecting the SWC slope. We also tested if our results were affected by 865 
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the two additional species not in the traits analysis (R. smithiana and R. macroptera) by repeating this analysis 866 

without these two species. As we found no relevant changes, we only present results for the full dataset analysis. 867 
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  869 

 870 

 871 

 872 
Figure S1. Tree height and sampling locations in each individual sampled tree. Each bar indicates one sampled 873 

tree. Colours indicate different species. Letters to the right of each bar indicate sampling location: trunk base, above 874 

buttress when present (g), lower crown branch (l), middle crown branch (m), upper crown branch (u).  The tree 875 

sketch indicates where samples were taken for the tallest sampled individual. 876 
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 877 
Figure S2. Trunk specific conductivity scaling with tree height. Potential xylem specific hydraulic conductivity 878 

(Ksp) at the base of the trunk as a function of tree height. Values shown are relative to predicted Ksp for a 10 m tall 879 

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% 880 

confidence interval for the fitted line. Different colours represent different species. Dashed lines highlight the 881 

relative Ksp 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). 882 

883 
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 884 

 885 
Figure S3. Relationship between leaf mass per area and branch height. Data shown is for upper crown branches. 886 

The dashed line indicates the model fit (p = 0.01; see Table S2). The solid lines indicate an alternative model where 887 

tree position - understory trees (<36 m height) and overstory trees – is tested as fixed effect instead of branch height 888 

affecting the leaf mass per area of branches. The alternative model with crown position as fixed effect is highly 889 

significant (p < 0.001) and has a lower AIC value than the branch height model (290.6 vs 302.4, respectively). 890 
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 891 

Figure S4.  Within-tree changes (upper minus lower branch) in water potential, key 892 

hydraulic thresholds and hydraulic safety margins with tree height. Panels A-C show water 893 

potential values, panels D-F show water potentials causing turgor loss and leaf and branch P50 894 

and panels G-I show safety margins to turgor loss and leaf and branch P50. For each trait, the 895 

value shown is the difference between the trait value in the upper branch minus the trait value in 896 

the lower branch; the zero value thus represents the upper branch trait value and the dashed line 897 

marks this zero. Different colours represent different species (see species label on D). Bold solid 898 

lines indicate the model fit when significant with the polygon marking the 95% confidence 899 
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interval. Model results are presented in Table S3. The bold horizontal line in F indicates there is 900 

no relationship between that trait and tree height but that the difference between upper branches 901 

and lower branches is different from zero (paired t-test analysis). 902 
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903 

 904 
Figure S5. Relationship between leaf hydraulic safety margin (HSMleaf) and branch height for each studied 905 

species. Data point colour indicates the sample branch position within a tree – upper crown branch (red), middle 906 

crown branch (yellow) and lower crown branch (blue). We note the significant relationship between HSMleaf and 907 

branch height in Table S2 is driven by the D. caudiferus data only. 908 
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 909 

 910 
Figure S6. Hydraulic safety and efficiency relationship in dipterocarps. Relationship between embolism 911 

resistance and xylem specific conductivity, indicating an absence of a safety-efficiency trade-off in dipterocarps. 912 

Water potential leading to 50% loss of branch conductance (A) and leaf conductance (B) as a function potential 913 

xylem specific conductivity (Ksp; A-B) and xylem leaf specific conductivity (Ksleaf; C-D). Data point colour 914 

indicates the sample branch position within a tree – upper crown branch (red), middle crown branch (yellow) and 915 

lower crown branch (blue). 916 
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 917 

 918 
Figure S7. Meteorological conditions in the Sepilok mixed dipterocarp alluvial forest. (A) Time series of 919 

precipitation (blue line), evapotranspiration (orange line) and climatic water deficit (red vertical lines, also in mm) for 920 

the Sepilok region from 2003 to 2025. (B) Time series of temperature, vapor pressure deficit (VPD) and climatic water 921 

deficit in Sepilok from 2021 to September 2024.  (C-E) Histograms of yearly maximum temperature (C), VPD (D) 922 

and climatic water deficit (E) from 1950 to 2025. Vertical bars in (C-E) mark the values for the year hydraulic traits 923 

data was collected (green) and the growth reference year (blue) and ENSO-related drought year (red) when growth 924 

data was also collected (see Fig. 3A). 925 
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  926 

 927 

Figure S8. Dipterocarp growth rate sensitivity to soil water content. Data shows the effect of soil water content 928 

(SWC) on trunk relative growth rate (basal area increment divided by basal area; RGR). Each point is the average 929 

over a 14-day period. The black line indicates the fixed effect soil water content has on RGR from a model with 930 

each tree having a random intercept and random SWC slope. The SWC effect was independent of tree height. Tree 931 

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 932 

(continuous line) and 50 m (dashed line) tall tree, representing an average understory and overstory tree. 933 
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 934 
Fig. S9. Canopy height, above ground biomass and tree allometry in the Sepilok mixed dipterocarp alluvial 935 

forest. (A) Cumulative canopy area with decreasing canopy height based on aerial lidar scanning (~940 hectares). 936 

(B) Cumulative tree above ground biomass (AGB) with decreasing tree height (12 hectares of forest inventory) for 937 

all trees (black line) and for the 5 dipterocarp species used in this study (blue line). (C-H) Tree height and diameter 938 

at breast height (DBH) for the species studied combining data from the “Tallos” database (circles) with the trees 939 

measured in this study (triangle). (C) all species data combined. (D-H) individual species. The dashed lines and 940 
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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 941 

are contained. Different colours in C-F indicate data from different locations. The black line marks the Weibull 942 

model fitted to the data. 943 
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Table S1. Traits measured in the branches of dipterocarp trees. 944 

  Trait Unit Description 

Water status 

Ψmd MPa Midday water potential 

Ψmdg MPa 
Gravity compensated water potential (Ψmd – 0.0098 Branch 

height) 

Ψmm MPa Midmorning (9-10h) water potential 

Ψpd MPa Predawn water potential 

Leaf  

pressure-volume  

relations 

TLPΨ MPa Turgor loss point 

OP MPa Cell osmotic potential at full turgor 

E MPa Bulk leaf modulus of elasticity 

TLPRWC unitless Relative water content at TLP  

Embolism  

resistance 

P50leaf MPa 

Water potential when branch or leaf loses 50% or 88% of its 

water transport capacity, as estimated from 50% increase in air 

extraction (branch) and 50% embolized area (leaf) 

P88leaf MPa 

P50wood MPa 

P88wood MPa 

Safety margins 

HSMtlp MPa Hydraulic safety margin, difference between Ψmd and the point 

when the leaf loses turgor (HSMtlp) or 50% water transport 

capacity (HSMleaf) and when the branch xylem loses 50% water 

transport capacity (HSMwood) 

HSMleaf MPa 

HSMwood MPa 

Anatomy and  

hydraulics 

Ksp 
kg m-1 s-1 

MPa-1 
Potential xylem hydraulic specific conductivity 

Ksleaf 
kg m-2 s-1 

MPa-1 
Potential leaf specific hydraulic conductivity 

Vessel diameter µm Mean xylem vessel diameter 

Vessel density mm-2 Number of xylem vessels per unit area 

LA:SA m2 cm-2 Leaf-to-sapwood area ratio 

Leaf traits 

Leaf size cm2 Area of the leaf 

Leaf thickness mm Thickness of leaf lamina 

LMA g m-2 Leaf mass per area 

Wood traits 
WD g cm-3 Branch wood density 

Wood SWC g cm-3 Branch wood saturated water content 

945 
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Table S2. Effect of branch height on upper crown branch hydraulic traits of our study trees. Results are from 946 

mixed models with branch height as fixed effect and species as a random effect on the intercept of the trait (see also 947 

Fig. 2). See Table S1 for details on traits and acronyms. 948 

“Species σ2” is the variance of the random species effect. Values for fixed terms intercept and slope are presented as 949 

estimate ± standard error. R2m is the marginal coefficient of determination and R2c is the conditional coefficient of 950 

determination. Ψmd, Ψmdg, Ψmm and Ψpd are the leaf water potential at midday, at midday compensated by gravity, at 951 

midmorning and at predawn.  952 

*Leaf mass per area (LMA) did not change with height when only non-understory trees (>36 m height) are 953 

considered, although understory trees have a lower LMA than canopy and emergent trees. See Fig. S3 for details. 954 

 Trait Intercept 
Branch 

height 

Specie

s σ2 
R2m R2c p n 

Water 

status 

Ψmd -0.59 ± 0.19 -0.015 ± 0.004 0.04 0.27 0.40 <0.001 36 

Ψmdg -0.80 ± 0.11     0.18 36 

Ψmm -0.41 ± 0.19 -0.010 ± 0.004 0.03 0.15 0.25 0.016 35 

Ψpd 0.04 ± 0.11 -0.009 ± 0.002 0.00 0.43 0.43 0.010 15 

Leaf 

pressure-

volume 

relations 

TLPΨ -1.00 ± 0.17 -0.009 ± 0.002 0.09 0.15 0.66 <0.001 37 

OP -0.88 ± 0.15 -0.007 ± 0.002 0.07 0.11 0.63 0.005 37 

E -1.55 ± 0.14     0.40 37 

TLPRWC 91.7 ± 0.91     0.10 37 

Embolism 

resistance 

P50leaf -2.72 ± 0.15 -0.007 ± 0.002 0.06 0.13 0.55 0.010 34 

P88leaf -3.35 ± 0.11     0.43 33 

P50wood -2.64 ± 0.07     0.50 33 

P88wood -3.48 ± 0.18     0.72 33 

Safety 

margins 

HSMtlp 0.41 ± 0.12     0.22 35 

HSMleaf 2.21 ± 0.21 -0.01 ± 0.005 0.05 0.12 0.28 0.044 31 

HSMwood 1.40 ± 0.14     0.46 33 

Anatomy 

and 

hydraulics 

Ksp 46.7 ± 5.7     0.82 35 

Ksleaf 0.006 ± 0.001     0.14 30 

Vessel diameter 72.0 ± 5.5     0.24 34 

Vessel density 47.8 ± 6.6     0.25 36 

LA:SA 0.55 ± 0.08     0.42 36 

Leaf traits 

Leaf size 77.6 ± 9.6 -0.74 ± 0.14 329.6 0.26 0.72 <0.001 36 

Leaf thickness 0.17 ± 0.02 0.001 ± 0.001 0.001 0.18 0.77 <0.001 37 

LMA* 77.0 ± 8.1 0.87 ± 0.16 108.7 0.40 0.58 <0.001 35 

Wood traits 
WD 0.45 ± 0.03 0.002 ± 0.001 0.002 0.16 0.58 0.003 36 

Wood SWC 0.53 ± 0.01     0.77 36 

 955 

956 



 

 

39 

 

Table S3. Effect of tree height on within-tree changes in hydraulic traits of our study trees. For each tree, the 957 

difference between trait value at the upper branch minus trait value at the lower branch was calculated (see also Fig. 958 

S3). See Table S1 for details on traits and acronyms. We first tested if this difference was related to tree height using 959 

a mixed model with tree height as fixed effect and species as a random effect on the intercept. If tree height is not a 960 

significant effect, we test if the upper to lower trait difference is significantly different from 0 using a paired t-test 961 

(p-values labelled with * when significant). Species σ2” is the variance of the random species effect. Values for fixed 962 

terms intercept and slope are presented as estimate ± standard error. For paired t-test analysis, intercept values are 963 

the mean difference ± confidence interval. R2m is the marginal coefficient of determination and R2c is the 964 

conditional coefficient of determination.  965 

  
Trait Intercept Tree height slope 

Species 

σ2 
R2m R2c P n 

Water status 

Ψmd 0.85 ± 0.22 -0.02 ± 0.01 0.01 0.49 0.58 <0.001 24 

Ψmdg 0.82 ± 0.21 -0.017 ± 0.004 0.01 0.43 0.53 <0.001 18 

Ψmm -0.22 ± 0.09     0.006* 22 

Ψpd -0.05 ± 0.04     0.86 10 

Leaf 

pressure-

volume 

relations 

TLPΨ 0.06 ± 0.05     0.36 25 

OP 0.06 ± 0.05     0.18 25 

E 0.07 ± 0.12     0.60 25 

TLPRWC 0.45 ± 0.64     0.49 25 

Embolism 

resistance 

P50leaf -0.04 ± 0.04     0.21 14 

P88leaf -0.17 ± 0.11     0.92 20 

P50wood -0.34 ± 0.16     0.02* 24 

P88wood -0.75 ± 0.38     0.01* 21 

Safety 

margins 

HSMtlp 0.60 ± 0.29 -0.016 ± 0.006 0.01 0.25 0.25 0.012 24 

HSMleaf 0.98 ± 0.42 -0.021 ± 0.008 0.01 0.27 0.28 0.021 19 

HSMwood 0.17 ± 0.18     0.25 23 

Anatomy 

and 

hydraulics 

Ksp 7.1 ± 3.5     0.90 25 

Ksleaf 0.001 ± 0.001     0.13 22 

Vessel diameter 3.4 ± 3.1     0.24 25 

Vessel density -7.6 ± 4.6     0.57 25 

LA:SA -0.05 ± 0.06     0.80 22 

Leaf traits 

Leaf size -3.7 ± 3.6     0.80 23 

Leaf thickness 0.006 ± 0.006     0.77 25 

LMA 8.7 ± 4.9     0.46 21 

Wood traits 
WD 0.002 ± 0.02     0.32 24 

Wood SWC 0.02 ± 0.01     0.25 22 

966 
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Table S4. Effect of branch height on lower and middle crown branch hydraulic traits of our study trees. 967 

Results are from mixed models with branch height as fixed effect and species as a random effect on the intercept of 968 

the trait. See Table S1 for details on traits and acronyms. 969 

Values for intercept are presented as estimate ± standard error. The branch height effect was not significant for any 970 

of the models and thus its coefficient is omitted. The p-value and sampling number for the significance of the branch 971 

height effect are presented in the columns “p” and “n”, respectively. 972 

    Lower branch Middle branch 

  Trait Intecept p n Intecept p n 

Water status 

Ψmd -1.26 ± 0.14 0.85 24 -1.19 ± 0.11 0.37 14 

Ψmdg -0.85 x 0.12 0.26 24 -0.79 x 0.14 0.71 14 

Ψmm -0.58 x 0.12 0.09 19 -0.88 x 0,14 0.12 14 

Ψpd -0.34 x 0.07 0.73 10 -0.46 x 0.08 0.10 8 

pressure-

volume 

relations 

TLPΨ -1.46 x 0.14 0.53 25 -1.54 x 0.14 0.41 15 

OP -1.24 x 0.11 0.58 25 -1.26 x 0.08 0.18 15 

E -1.58 x 0.14 0.72 24 -1.35 x 0.20 0.08 15 

TLPRWC 91.3 x 1.45 0.48 25 88.4 x 2.35 0.36 15 

Embolism 

resistance 

P50leaf -2.93 x 0.09 0.12 21 -2.82 x 0.08 0.92 13 

P88leaf -3.23 x 0.08 0.60 21 -2.98 x 0.09 0.80 13 

P50wood -2.34 x 0.13 0.52 25 -2.28 x 0.08 0.058 10 

P88wood -2.92 x 0.29 0.84 21 -2.77 x 0.42 0.40 10 

Safety 

margins 

HSMtlp 0.33 x 0.11 0.87 24 0.27 x 0.17 0.21 14 

HSMleaf 1.86 x 0.19 0.70 20 1.53 x 0.22 0.28 12 

HSMwood 1.18 x 0.12 0.63 24 0.92 x 0.26 0.08 9 

Anatomy 

and 

hydraulics 

Ksp 44.0 x 3.6 0.077 24 60.1 x 7.36 0.75 15 

Ksleaf 0.007 x 0.001 0.57 24 0.007 x 0.001 0.75 11 

Vessel diameter 69.7 x 4.9 0.22 25 75.5 x 4.0 0.65 15 

Vessel density 51.1 x 9.0 0.84 25 41.2 x 6.6 0.96 15 

LA:SA 0.45 x 0.07 0.65 22 0.67 x 0.16 0.83 11 

Leaf traits 

Leaf size 43.4 x 7.7 0.18 23 40.9 x 6.6 0.31 11 

Leaf thickness 0.22 x 0.02 0.49 25 0.23 x 0.02 0.58 14 

LMA 126.7 x 12.7 0.55 24 111.7 x 30.5 0.83 11 

Wood traits 
WD 0.51 x 0.02 0.8 25 0.52 x 002 0.92 14 

Wood SWC 0.50 x 0.01 0.26 22 0.52 x 0.02 0.33 13 

973 
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Table S5. Structure and size of the studied species. Tree height, diameter at breast height, number of trees 974 

sampled per species (n), their contribution to forest aboveground biomass (AGB) and the estimated species 975 

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

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

height was estimated from the 95th quantile of the tree height distribution (95th Q) and from Weibull allometric 978 

models for each species for two different stem diameters at breast height – 165 cm, the maximum observed within 979 

those species and 210 cm, the maximum observed for all dipterocarps in Tallo (Model 165 cm and Model 210 cm 980 

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

         Maximum species height (m) 

Species Height range (m) 

DBH range 

(m) n 

AGB 

(%) 95th Q 

Model 

165cm 

Model 

210cm 

Model 

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 2.9 63.0 68.4 75.0 5.7 

Parashorea tomentella 10.5 - 63 14 - 132 10 17.6 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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Table S6. Description of trees monitored for growth rate. Species, tree height and total number of dipterocarp 984 

trees which we monitored their diametric growth rates with high-resolution dendrometers.  985 

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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