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ABSTRACT 20 

(1) The sequence of key water potential thresholds from the onset of water stress to 21 

mortality, and the timing of stomatal closure with regard to leaf xylem embolism 22 

formation are essential to characterizing plant adaptive strategies to drought. This 23 

constitutes a critical knowledge gap for tropical rainforest species, which may be less 24 

vulnerable to drought than previously thought.  25 

(2) We recorded key leaf and stem water potential thresholds, leaf hydraulic safety margins 26 

(HSMleaf), leaf stomatal safety margins (SSMleaf) and estimated native embolism levels 27 

during a normal-intensity dry season across 18 Neotropical rainforest tree species. We 28 

also solved a sequence of key water potential thresholds. Additionally, we provide a 29 

cross-biome analysis of leaf stomatal safety margins encompassing 97 species from four 30 

major biomes based on a literature survey. 31 

(3) In the studied rainforest species, leaf turgor loss point, used as a surrogate for stomatal 32 

closure, typically occurred before the onset of leaf xylem embolism. Most species 33 

exhibited positive HSMleaf and SSMleaf, with contrasting values across species and 34 

nearly absent embolism levels during the dry season irrespective of the experienced 35 

midday leaf water potentials. Our results point out that leaf xylem embolism is not 36 

routine for Neotropical rainforest tree species. 37 

(4) Based on our proposal of the water potential sequence for tropical rainforest trees, we 38 

argue that leaf xylem embolism is a rare event for these species. This was supported by 39 

the literature survey, indicating that across biomes, most woody species have rather 40 

large SSMleaf and that leaves of tropical rainforest trees are not necessarily more 41 

vulnerable than in other biomes. However, we found evidence that some tropical 42 

rainforest species may be more vulnerable than others to ongoing climate change. Our 43 

data provide an opportunity to parametrize tree-based or land-surface models for 44 

tropical rainforests. 45 

 46 
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1 INTRODUCTION 49 

The link between extreme drought events and forest mortality is established at the global scale 50 

(Brodribb, Powers, Cochard, & Choat, 2020; Hartmann et al., 2022). However, the increasing 51 

frequency of drought events makes a better understanding of the physiological response of trees 52 

to drought urgent, and this lack of understanding limits our ability to identify the mechanisms 53 

underlying ongoing shifts in tree communities (Esquivel-Muelbert et al., 2019). In this 54 

perspective, recent progress in understanding tree mortality and identifying key drought-55 

resistance traits has made it possible to incorporate plant hydraulics in several process-based 56 

land surface models (Choat et al., 2018; Eller et al. 2020; Fisher & Koven, 2020; Li et al. 2021). 57 

Still, determining the sequence of key water potential thresholds during dehydration, from the 58 

onset of water stress to mortality, and the relationships among drought resistance traits remains 59 

an important challenge (Bartlett, Klein, Jansen, Choat, & Sack, 2016; Trueba et al., 2019; Yao 60 

et al., 2021). Indeed, the sequence of water potential thresholds directly reflects whole-plant 61 

drought-survival, and the cross-species variability in these thresholds is informative on the 62 

diversity of plant adaptive strategies to drought (Martin-StPaul, Delzon, & Cochard, 2017; 63 

Blackman et al., 2019).  64 

In the field, the stem xylem hydraulic safety margin, defined as the difference between 65 

the minimum seasonal midday water potential (Pmin; MPa) and the water potential causing a 66 

50% loss in stem xylem conductivity (P50,stem; MPa), reflects the strength of the hydraulic 67 

system compared to the experienced hydric stress, and has been shown to predict drought-68 

induced plant mortality at the global scale (Anderegg et al., 2016). Although plant water 69 

availability and other water-use traits may matter, the variability in the hydraulic safety margin 70 

depends mostly on P50,stem as well as on the point of stomatal closure. Past this point plant water-71 

loss and excessive drops in water potential are drastically reduced, and this in turn controls 72 

the variability in Pmin (Sperry, Hacke, Oren, & Comstock, 2002). Stomatal closure has also 73 

been shown to be mechanistically related to a loss in leaf-cell turgor (Brodribb & Holbrook, 74 

2003; Brodribb, Holbrook, Edwards, & Gutierrez, 2003; Rodriguez-Dominguez et al., 2016), 75 

and there is often a solid correspondence between these two traits (Bartlett et al., 2016; Martin-76 

StPaul et al., 2017). This is due to the sensitivity of guard cells controlling stomatal aperture to 77 

changes in turgor or volume of neighboring cells (Buckley, 2019). Subsequently, leaf turgor 78 

loss point (Ptlp) has been used as a surrogate for stomatal closure (Martin-StPaul et al., 2017), 79 

and has been shown to correlate with dry-season declines in tree sapflux for tropical rainforest 80 

tree species (Maréchaux et al., 2018) while varying broadly across species and major biomes 81 
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(Zhu et al., 2018). Stomatal closure is known to precede and delay embolism formation in 82 

stem xylem (Martin-StPaul et al., 2017; Mencuccini et al., 2015). Additionally, leaf-stem 83 

vulnerability segmentation, when leaf xylem is more vulnerable to drought-induced 84 

embolism than stem xylem, has been reported for some species (Hochberg et al., 2016; 85 

Klepsch et al., 2018; Levionnois et al., 2020; Li et al., 2020; Rodriguez-Dominguez, Carins 86 

Murphy, Lucani, & Brodribb, 2018; Skelton, Brodribb, & Choat, 2017; Skelton et al., 2018; 87 

Smith-Martin, Skelton, Johnson, Lucani, & Brodribb, 2020) and has been suggested as a 88 

mechanisms that slows down plant desiccation, since leaf xylem embolism allows a drastic 89 

reduction of leaf evaporative surface area (Blackman, Li, et al., 2019; Levionnois et al., 90 

2021). 91 

Therefore, the water potential causing a 50% loss in leaf xylem conductance (P50,leaf; 92 

MPa) is a crucial threshold, especially for species showing leaf-stem vulnerability 93 

segmentation, with leaves being more vulnerable to the loss of conductance than stems 94 

(P50,leaf > P50,stem). Indeed, the magnitudes of the leaf hydraulic safety margin (Pmin - P50,leaf; 95 

HSMleaf) and of the leaf stomatal safety margin (Ptlp - P50,leaf; SSMleaf) partly determine the 96 

timing of the loss in leaf xylem hydraulic conductance, and consequently influence whole-97 

plant desiccation time (Blackman, Li, et al., 2019; Levionnois et al., 2021). Drastic losses of 98 

leaf xylem conductance may strongly impact tree assimilation and productivity (Brodribb et 99 

al., 2021; Scoffoni et al., 2016), which is detrimental since re-growing stem xylem is an 100 

important post-drought recovery mechanism (Brodribb et al., 2021; Creek, Blackman, 101 

Brodribb, Choat, & Tissue, 2018; Gauthey et al., 2022). Recently, it has been established 102 

that stem xylem conductivity loss caused by embolism is irreversible in the absence of xylem 103 

vessel refilling through positive root pressure (Schenk, Jansen, & Hölttä, 2020), and this may 104 

also be the case for leaves (Johnson, Jordan, & Brodribb, 2018). For tall trees experiencing 105 

strong water potential gradients, xylem refilling is therefore unlikely (Schenk et al., 2020), 106 

highlighting the catastrophic consequences of xylem embolism. 107 

Following the early work of Nardini and Salleo (2000), several studies have supported 108 

the idea that leaf xylem “embolism” may be a trigger for the down-regulation of stomatal 109 

conductance during drought (Brodribb & Holbrook, 2003; Johnson, Woodruff, McCulloh, & 110 

Meinzer, 2009; Lo Gullo, Nardini, Trifilò, & Salleo, 2003; Nardini, Tyree, & Salleo, 2001; 111 

Savi et al., 2016; Torres-Ruiz, Diaz-Espejo, Perez-Martin, & Hernandez-Santana, 2015). 112 

Yet, these studies integrated the extra-xylary pathway, which is more sensitive to declining leaf 113 

water potential and itself constitutes a large fraction of whole-leaf conductance loss (Ocheltree, 114 
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Gleason, Cao, & Jiang, 2020; Scoffoni, Albuquerque, Brodersen, Townes, John, Bartlett, et al., 115 

2017). Accordingly, most HSMleaf and SSMleaf reported in global meta-analyses integrate the 116 

losses in leaf conductance from both xylary and extra-xylary pathways (Bartlett et al., 2016; 117 

Scoffoni, Sack, & Ort, 2017; Yan, Ni, Cao, & Zhu, 2020); this has hampered our understanding 118 

of the timing of leaf xylem embolism formation with regard to stomatal response to drought. 119 

However, growing evidence suggests that stomatal closure, either measured directly or 120 

estimated with Ptlp, rather occurs before embolism formation in the leaf xylem, and that species 121 

with larger SSMleaf delay the irreversible loss of hydraulic conductance (Cardoso, Brodribb, 122 

Lucani, DaMatta, & McAdam, 2018; Creek et al., 2020; Dayer et al., 2020; Hochberg et al., 123 

2017; Li et al., 2019; Manzi et al., 2022; Skelton et al., 2018, 2021; Sorek et al., 2021) and 124 

suffer less from mortality during record drought events (Powers et al., 2020). These studies 125 

were based on direct observations of leaf vulnerability to embolism, which should guarantee 126 

less ambiguous conclusions on the timing of stomatal closure relative to leaf xylem embolism, 127 

and eventually make it possible to identify a complete water potential sequence. In this effort, 128 

Manzi et al., (2022) showed that Ptlp preceded leaf xylem embolism in saplings of five rainforest 129 

tree species grown in controlled conditions. This investigation should be extended to mature 130 

trees and particularly on the same individuals, and to locally coexisting tropical rainforest 131 

canopy tree species. Whether tree leaves often undergo xylem embolism during drought in 132 

natura also remains unknown. 133 

Rainforest species are assumed to show lower interspecific variation and higher 134 

vulnerability to drought than species from drier biomes (Choat et al., 2012). However, recent 135 

studies have found contrasting hydraulic and stomatal safety margins within tree communities, 136 

thereby challenging this assumption (Barros et al., 2019; Ziegler et al., 2019; Fontes et al., 2020; 137 

Vargas et al., 2021). Yet, for tropical rainforests, hydraulic and drought resistance studies 138 

cover only a limited range of species relative to the strong specific diversity (Oliveira et al., 139 

2021). The physiological response of trees is a major uncertainty in global vegetation models, 140 

and this knowledge gap presently hampers robust predictions on the fate of tropical 141 

rainforests (Huntingford et al., 2013; Pugh et al., 2020). It has been demonstrated that most 142 

tree species maintain large stem hydraulic safety margins due to a combination of low 143 

vulnerability to embolism and timely stomatal closure (Ziegler et al., 2019). However, the 144 

existence of species showing vulnerability segmentation (Levionnois et al., 2020) questions the 145 

magnitude of the interspecific variations in leaf hydraulic safety margins and its ecological 146 
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consequences in the relatively moist and thermally stable tropical climate, with regard to the 147 

broad cross-species differences found for drier biomes (Creek et al., 2020).  148 

In this study, we tested the coordination between leaf xylem vulnerability to embolism, 149 

leaf turgor loss point (used as a surrogate for the water potential causing stomatal closure), and 150 

the experienced dry season midday leaf water potential for 18 tropical rainforest canopy tree 151 

species. Furthermore, we resolved an extensive sequence of physiological thresholds during 152 

dehydration for rainforest canopy tree species. With regard to the broad phylogenetic diversity 153 

of tropical rainforests, we aimed to evaluate whether tree species show a functional convergence 154 

in terms of hydraulic safety margins or whether their drought-response strategies are divergent. 155 

We retrieved hydraulic trait data from published work conducted at the same site. We built 156 

vulnerability curves (VC) to quantify xylem vulnerability to drought-induced embolism which 157 

has been measured in leaves with the optical vulnerability (OV) method and in stems with the 158 

flow-centrifugation technique. Finally, to compare data on leaf stomatal safety margins 159 

gathered for tropical rainforest tree species with species from other biomes, we performed a 160 

literature survey of the studies that also used the OV method to measure leaf xylem vulnerability 161 

to embolism. We specifically addressed the following questions: 162 

(i) Does leaf turgor loss point occur before embolism formation in the leaf xylem, 163 

and do leaves develop xylem embolism during the dry season in co-occurring 164 

Neotropical tree species? 165 

(ii) What is the sequence and interspecific variability in key water potential 166 

thresholds during dehydration for Neotropical canopy tree species? 167 

(iii) Are tropical rainforest tree species more subject to leaf hydraulic dysfunction 168 

than species from other biomes? 169 

 170 

2 MATERIALS AND METHODS 171 

2.1 Study site, species, and design 172 

The experiment was conducted in French Guiana at the Paracou experimental station 173 

(https://paracou.cirad.fr/website; 5°16’26’’N, 52°55’26’’W), in a lowland tropical rainforest 174 

(Gourlet-Fleury, Guehl, & Laroussinie, 2004). The warm, wet tropical climate of French 175 

Guiana is highly seasonal due to the North-South movement of the Inter-Tropical Convergence 176 

Zone. Mean (± SE) annual air temperature is 25.7 °C ± 0.1°C and mean annual precipitation is 177 

3,102 mm ± 70 mm (data between 2004 and 2014; Aguilos et al., 2019). There is a dry season 178 

lasting from mid-August to mid-November, during which rainfall is < 100 mm month-1. 179 

https://paracou.cirad.fr/website
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The dataset presented in this study results from the pooled datasets of Ziegler et al., 180 

(2019) and Levionnois et al., (2020), who conducted their studies on the same trees during 181 

common measurement campaigns and measured stem and leaf xylem vulnerability to 182 

embolism, leaf turgor loss point and leaf midday water potential. The studied species covered 183 

a broad phylogenetic diversity such that the main clades of the flowering plants were 184 

represented, i.e. magnoliids, rosids, and asterids. We sampled dominant canopy trees growing 185 

within a 1 km radius on plateaus or moderate slopes (i.e. terra firme), at the exception of G. 186 

hexapetala, an understorey species (Table 1). A total of 50 trees from 18 different species were 187 

selected, with three trees per species for 14 species, and two trees per species for four species 188 

(B. prouacensis, C. sanguinolentum, L. poiteauii, Q. rosea).  189 

 190 

2.2 Dry season midday leaf water potential 191 

Midday leaf water potential (Pmd; MPa) was measured on sun-exposed canopy branches with a 192 

pressure chamber (Model 1505D, PMS, USA) between 11:00 and 14:00 on clear sunny days 193 

with a high vapor pressure deficit (VPD = 1.27 ± 0.23 kPa) in early October during the 2018 194 

dry season when relative extractable soil water (REW, unitless) was low (REW = 0.23 ± 0.01; 195 

Ziegler et al., 2019). Environmental conditions during these measurements were typical of an 196 

average intensity dry season, according to 40 years of available REW data (Ziegler et al., 2019). 197 

The detailed method and data for each species are available and discussed in Ziegler et al., 198 

(2019).  199 

 200 

2.3 Leaf turgor loss point and water potential at stomatal closure 201 

The water potential at stomatal closure is generally determined through stomatal sensitivity 202 

curves, which describe the loss of stomatal conductance as leaf water potential decreases 203 

(Brodribb & Holbrook, 2003; Creek et al., 2020). However, the necessary measurements for 204 

this approach are long and laborious, especially for tall canopy trees. Following several studies 205 

supporting a mechanistic links between leaf-cell turgor loss and stomatal closure, (Bartlett et 206 

al., 2016; Brodribb & Holbrook, 2003; Brodribb, Holbrook, Edwards, & Gutierrez, 2003; 207 

Buckley, 2019; Hochberg, Rockwell, Holbrook, & Cochard, 2018; Martin-StPaul et al., 2017; 208 

Rodriguez-Dominguez et al., 2016), we used leaf turgor loss point (Ptlp) as a surrogate for the 209 

water potential at stomatal closure. We retrieved Ptlp data measured with a vapor pressure 210 

osmometer (VAPRO 5520, Wescor, Logan, UT, USA; Bartlett et al., 2012) for previous work 211 

during the 2018 dry season on sun-exposed canopy branches of the same individual trees that 212 
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had been measured for Pmd and vulnerability to leaf and stem xylem embolism (Ziegler et al., 213 

2019). Ptlp was not available for only one species: Q. rosea. The data and the detailed method 214 

for each species are available and discussed in Ziegler et al., (2019). 215 

 216 

2.4 Leaf and stem xylem vulnerability to embolism 217 

Professional tree climbers sampled 2-3-m-long sun-exposed canopy branches during the wet 218 

season. For leaf xylem vulnerability to embolism, field sampling was carried out between 219 

November 2018 and March 2019. Generally, we sampled three trees per sampling day, in the 220 

morning before solar midday in order to avoid too negative leaf water potentials. One one-221 

meter-long canopy branch with ~20-50 leaves was sampled per tree to monitor water potentials. 222 

To measure leaf xylem vulnerability to embolism, we used the optical light transmission method 223 

(Brodribb, Bienaime, & Marmottant, 2016; Brodribb, Skelton, et al., 2016) with a high-224 

resolution scanner (Epson Perfection V800; Epson America Inc., Long Beach, CA, USA) and 225 

stem psychrometers (ICT International, Armidale, NSW, Australia). To measure stem xylem 226 

vulnerability to embolism, neighboring canopy branches of the same individual trees had 227 

previously been sampled between January and July 2017. Measurements were realized with the 228 

flow-centrifugation technique in a large 1-m diameter rotor designed to process long-vesseled 229 

species (Burlett et al., 2022). We also measured maximum vessel length (MVL) on neighboring 230 

branches (see data in Ziegler et al., 2019). To avoid open-vessel artefacts, we selected smaller-231 

diameter branches for species with MVL close to 1 m, since vessel length has been shown to 232 

increase with branch diameter (Jacobsen, Pratt, Tobin, Hacke, & Ewers, 2012).  233 

Vulnerability curves were fitted with a sigmoid curve (Pammenter & Van der Willigen, 234 

1998) with the ‘fitplc’ function of the fitplc package in R (Duursma & Choat, 2017). From these 235 

vulnerability curves, we then quantified leaf and stem xylem vulnerability to embolism as the 236 

water potential inducing 12%, 50% and 88% loss of conductance in the leaves and stems 237 

(respectively P12,leaf, P50,leaf, P88,leaf, P12,stem, P50,stem and P88,stem; MPa). P50 is widely considered 238 

to represent species xylem resistance to hydraulic dysfunction and is typically used for cross-239 

species comparison. P12 is a more conservative threshold, considered to represent the water 240 

potential associated with initial air entry causing incipient damage to the hydraulic system 241 

(Meinzer, Johnson, Lachenbruch, McCulloh, & Woodruff, 2009). In stems, P88 represents the 242 

mean water potential causing irreversible hydraulic damage leading to canopy dieback in 243 

angiosperms (Urli et al., 2013). The slope of the leaf and stem vulnerability curves (ax; %MPa-244 

1), describing the speed at which embolism affects leaf and stem xylem, was also extracted from 245 
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vulnerability curves. For details on the methods and data for each species of this study we refer 246 

the reader to Ziegler et al., (2019) and Levionnois et al., (2020).  247 

 248 

2.5 Leaf safety margins and percentage loss in leaf xylem hydraulic conductance 249 

Leaf stomatal safety margins (P12 SSMleaf; MPa) were calculated such that: P12 SSMleaf = Ptlp - 250 

P12,leaf,and leaf hydraulic safety margins (HSMleaf; MPa) were calculated such that: HSMleaf = 251 

Pmd - P12,leaf. Safety margins were calculated for individual trees, then averaged at the species 252 

level. The dry season percentage loss in leaf xylem hydraulic conductance (PLC) was estimated 253 

at the individual leaf level through vulnerability curves as in Cochard 2006:  254 

𝑃𝐿𝐶 =
100

[1+exp⁡(
𝑎𝑥
25
×(P𝑚𝑑−P50,𝑙𝑒𝑎𝑓))]

    255 

with Pmd (MPa), representing the dry season midday leaf water potential, P50,leaf the leaf water 256 

potential inducing 50% loss of leaf xylem conductance and ax (%MPa-1) the slope of the 257 

vulnerability curve at P50,leaf. 258 

 259 

2.6 Literature survey 260 

To minimize uncertainties related to differing techniques to measure leaf xylem vulnerability 261 

to embolism (Scoffoni, Sack & Ort, 2017), we included only the species measured with the 262 

optical vulnerability method (Brodribb, Bienaime, & Marmottant, 2016; Brodribb, Skelton, et 263 

al., 2016), in the literature survey for the present study. This allowed us to compare of the 264 

vulnerability of leaf xylem only, not of the whole leaf, which includes the extra-xylary pathway, 265 

taken into account when other techniques are used. From 14 recently published studies (from 266 

2016 to 2022), we compiled data for 97 species (mostly trees) belonging to Mediterranean and 267 

dry forests (MED; n = 13), temperate forests (TEMP; n = 20), tropical dry forests (TDF; n = 268 

44) and tropical rainforests (TRF; n = 20; this study and Manzi et al., 2022). We extracted i) 269 

leaf xylem vulnerability to embolism quantified as P50,leaf, which was commonly reported, and 270 

ii) the water potential associated with stomatal closure (Pclose; MPa), determined either from 271 

turgor loss point  (Ptlp; n = 96 species) or, when Ptlp was not available, from gas-exchange 272 

measurements (n = 3 species; See Supplementary Table S1 for species details). From the  273 

literature survey, we computed the leaf stomatal safety margin for each species as Pclose – P50,leaf 274 

(P50 SSMleaf; MPa). For some species, data were available from several studies and, in this case, 275 

were averaged to obtain a mean trait value per species. Information on the species’ biome was 276 

also gathered. 277 

 278 



 

10 

 

2.7 Statistical analyses 279 

All statistical analyses were performed with the R software (R Core Team, 2018). To address 280 

question (i) as accurately as possible while accounting for inter-tree variation, we included in 281 

the analysis only trees for which all the selected traits (i.e. P12,leaf, P50,leaf, Ptlp and Pmd) were 282 

available. For correlations between traits, we used Pearson or Spearman correlation analyses 283 

depending on the normality of the distribution (Shapiro-Wilk test; α = 0.05). To address 284 

question (ii), we were interested in the most robust mean trait value estimate at the species level. 285 

We therefore included the maximum number of measured trees per species for each trait 286 

according to data from Ziegler et al., (2019) and Levionnois et al., (2020). To address question 287 

(iii), after testing for the normality of the distribution (Shapiro-Wilk test; α = 0.05), differences 288 

in leaf hydraulic safety margin across biomes were tested with a Kruskall-Wallis test. 289 

 290 

3 RESULTS 291 

3.1 Leaf safety margins and xylem embolism during drought 292 

Across the studied rainforest tree species, leaf xylem vulnerability to embolism (P50,leaf) varied 293 

from -4.6 to -2.3 MPa, and P12,leaf varied from -4.1 to -1.4 MPa. By contrast, the magnitude of 294 

the interspecific variation in the leaf water potential at stomatal closure, quantified as Ptlp, varied 295 

much less, from -2.3 to -1.3 MPa (Table 1). P12,leaf and P50,leaf were unrelated to Ptlp (Fig. 1a,b). 296 

Moreover, on average, P12,leaf was more negative than Ptlp for all but one species (L. poiteauii), 297 

for which Ptlp was less negative than P12,leaf (Fig. 1a), and P50,leaf was more negative than Ptlp for 298 

all species (Fig. 1b). In the dry season of 2018, Pmd varied from -2.4 to -0.9 MPa across species 299 

and was less negative than P12,leaf for all but one species (L. poiteauii; Fig. 1c) and less negative 300 

than P50,leaf for all species (Fig. 1d). 301 

As a consequence of the relatively small range of variation of Ptlp, the P12 stomatal safety margin 302 

(P12 SSMleaf) varied strongly, ranging from -0.9 to 2.1 MPa, mainly according to variation in 303 

P12,leaf (Fig. 2a,b). Similarly, P50 SSMleaf  was also strongly related to P50,leaf (Fig. S1a and S1b). 304 

The P12 hydraulic safety margin (P12 HSMleaf) also varied strongly, ranging from -0.4 to 3.1 305 

MPa and varied according to variation in P12,leaf, rather than to variation in Pmd (Fig. 2c,d). 306 

Similarly, P50 HSMleaf was also strongly related to P50,leaf (Fig. S1c,d). In 2018, three out of 18 307 

species with narrow HSMleaf developed some leaf xylem embolism (PLC2018; C. 308 

sanguinolentum, 47%; D. guianensis, 25%; L. poiteauii, 28%).  309 

 310 

3.2 Sequence of water potential thresholds 311 
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By summarizing the main findings of Ziegler et al., (2019), of Levionnois et al., (2020) and of 312 

the present study, we determined a sequence of water potential thresholds, from stomatal 313 

closure, estimated with Ptlp, to increasing levels of dehydration-induced leaf and stem declines 314 

in xylem hydraulic conductance (Fig. 3). Leaf water potential at turgor loss point was reached 315 

before the onset of leaf (P12,leaf) and stem (P12,stem) xylem embolism, both of which considerably 316 

overlapped. They were followed sequentially by P50,leaf, P88,leaf, P50,stem and P88,stem. Leaves had 317 

lower interspecific variation in xylem vulnerability to embolism than did supporting stems, and 318 

steeper vulnerability curve slopes; P50,leaf was less negative than P50,stem in eight out of 18 species 319 

(Table S2, but see Levionnois et al., 2020 and Ziegler et al., 2019). Placing Pmd  on this sequence 320 

showed that a large proportion of species did not reach Ptlp, P12,leaf or P12,stem during a normal-321 

intensity dry season. 322 

 323 

3.3 Literature survey 324 

According to our literature survey, P50,leaf showed a high cross-biome interspecific variation. It 325 

varied from -4.6 to -2.3 MPa for tropical rainforests, from -11.0 to -1.4 MPa for tropical dry 326 

forests, from -6.3 to -3.0 MPa for Mediterranean and dry forests and from -5.7 to -1.7 MPa for 327 

temperate forests. The range of water potential values at which the same species reached Pclose 328 

showed a narrower variation. It varied from -2.3 to -1.5 MPa for tropical rainforests, from –4.2 329 

to -1.3 MPa for tropical dry forests, from -3.3 to -1.8 MPa for Mediterranean and dry forests 330 

and from -2.7 to -1.1 MPa for temperate forests. As a result, P50 SSMleaf varied from 0.5 to 2.9 331 

MPa for tropical rainforests, from –0.7 to -6.8 MPa for tropical dry forests, from 0.6 to 4.1 MPa 332 

for Mediterranean and dry forests and from 0.4 to 3.8 MPa for temperate forests. There were 333 

no cross-biome differences in P50 SSMleaf (P = 0.58; Fig. 4). We found broad within-biome 334 

variations with a mean ± SD of 1.6 ± 0.7 MPa for tropical rainforests,  2.1 ± 1.6 MPa for tropical 335 

dry forests, 2.2 ± 1.1 MPa for Mediterranean and dry forests and 1.8 ± 0.8 MPa for temperate 336 

forests. Across biomes, most species (~97%) showed a positive P50 SSMleaf (Ptlp - P50,leaf > 0). 337 

 338 

4 DISCUSSION 339 

Our results indicate that most of the sampled Neotropical rainforest tree species avoid 340 

substantial leaf xylem embolism thanks to large leaf hydraulic and leaf stomatal safety margins. 341 

Our data on the interspecific variation in P12 SSMleaf supports the hypothesis that cell turgor 342 

loss, and subsequent stomatal closure, occur before the onset of leaf xylem embolism, thereby 343 

protecting leaf xylem during drought. The broad interspecific variability in hydraulic safety 344 
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margin suggests that co-occurring species might respond differently to the increasing frequency 345 

of drought severity. Finally, we show that tropical rainforest tree species may not be at higher 346 

risk of leaf xylem embolism in comparison to other biomes. 347 

 348 

4.1 Leaf turgor loss precedes leaf xylem embolism formation 349 

In the studied tropical rainforest, the leaves of most of the species would reach turgor loss point 350 

before the water potential associated with the onset of xylem embolism in the leaf xylem (Fig. 351 

1). This suggests that stomata close prior to the spread of leaf xylem embolism, expanding 352 

recent findings showing that embolism in leaf xylem does not occur with open stomata 353 

(Cardoso, Brodribb, Lucani, DaMatta, & McAdam, 2018; Creek et al., 2020; Dayer et al., 2020; 354 

Hochberg et al., 2017; Li et al., 2019; Manzi et al., 2022; Skelton et al., 2018, 2021; Sorek et 355 

al., 2021) to tall tropical rainforest tree species, akin to what has been shown for branches in 356 

different biomes (Creek et al., 2018; Li et al., 2018; Martin-StPaul et al., 2017; Mencuccini et 357 

al., 2015; Tyree & Sperry, 1988; Ziegler et al., 2019). Consequently, it is unlikely that the onset 358 

of leaf xylem embolism is a signal for stomatal closure, contrary to what has been suggested by 359 

several meta-analyses (e.g. Bartlett et al., 2016; Scoffoni, Sack, & Ort, 2017). A protective 360 

mechanism such as early stomatal closure may be particularly important for species with narrow 361 

leaf stomatal safety margins and extremely steep leaf xylem vulnerability curves (e.g. E. 362 

sagotiana, C. schomburgkianus, S. sp1, V. michelii), in which embolism would propagate at 363 

high rate. For rainforest tree species, the uncoupling of Ptlp and P12,leaf implies that a conservative 364 

stomatal strategy allowing positive leaf hydraulic safety margins through timely stomatal 365 

closure has been favored (Martin-StPaul et al., 2017; Creek et al., 2020), instead of 366 

overoptimizing stomatal behavior with regard to leaf hydraulic risk which would maximize 367 

carbon gain during mild drought (as supported by Sperry et al., 2017 and Anderegg et al., 2018). 368 

This is particularly true for species that have achieved broader leaf hydraulic safety margins 369 

through lower leaf xylem vulnerability to embolism, evidenced by the strong mathematical 370 

dependence of P12 SSMleaf on P12,leaf.  371 

During the normal-intensity dry season of 2018, most of the species in our study had a 372 

leaf water potential at midday less negative than the leaf water potential associated with the 373 

onset of leaf xylem embolism (Fig.  1; Fig. 2). These positive and sometimes large P12 HSMleaf 374 

values suggest that most species’ leaves are well-protected against xylem embolism formation 375 

during ‘routine’ seasonal droughts in this tropical rainforest. Since Pmd was less negative than 376 

Ptlp, we can suppose that, during a normal-intensity dry season, the trees rely on strategies 377 
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enabling them to maintain leaf gas exchange (Stahl, Burban et al., 2013), for example as 378 

accessing deep soil water (Brum et al., 2018; Stahl, Hérault, et al., 2013). However, if leaf water 379 

potentials would further drop during a more severe dry-season, stomatal closure may be a 380 

crucial physiological mechanism to avoid xylem embolism. Indeed, leaf water potentials 381 

decrease much slower when they approach Ptlp thanks to stomatal regulation (Hochberg et al., 382 

2017), which constrains the variation in the experienced leaf water potential. This may partly 383 

explain why Pmd varied much less than leaf xylem vulnerability to embolism. Moreover, at our 384 

site, species that reach Ptlp earlier also exhibit less negative Pmd values (Ziegler et al., 2019). 385 

Therefore, the highly constrained values of Ptlp (> -3 MPa) across the rainforest tree species we 386 

studied indicates that turgor loss not only precedes but may also prevent leaf xylem embolism. 387 

 388 

4.2 Contrasting vulnerability to drought in locally coexisting tropical rainforest tree species 389 

To our knowledge, our study provides the only empirical solving of an extensive sequence of 390 

leaf and stem water potentials thresholds during dehydration for rainforest canopy tree species, 391 

with the added advantage that all hydraulic traits were measured on the same individual trees. 392 

The studied species differed markedly in leaf hydraulic safety margins. Notably, a few species 393 

(Table 1; Fig. 1; Fig. 2) had narrow P12 HSMleaf and significant levels of leaf xylem embolism 394 

during the 2018 dry season. This result should however be considered with caution given the 395 

rather small sample size for each species and high standard errors around the mean estimated 396 

PLC. Given the time- and labor-intensive nature of these measurements, we also did not account 397 

for within-crown variation, which may better explain leaf vulnerability patterns (Cardoso, Batz, 398 

& McAdam, 2020). The sometimes rather large differences we evidenced between trees 399 

belonging to the same species nevertheless suggest that the most vulnerable individuals may be 400 

susceptible to dry-season embolism-induced leaf damage and/or loss under more frequent and 401 

repeated severe droughts. A loss in functional leaf area due to leaf xylem embolism would 402 

seriously reduce total carbon assimilation, potentially triggering a situation of carbon starvation 403 

(McDowell et al., 2011, 2022) and affecting the trees’ ability to recover possible losses in stem 404 

hydraulic conductivity (Trugman et al., 2018). It has recently been observed that beech trees 405 

suffering from drought-induced defoliation showed a limited recovery of stem xylem hydraulic 406 

conductivity, accompanied with significant crown defoliation and starch depletion in the 407 

following growing season (Arend et al., 2022). This effect may be more pronounced for non-408 

segmented species for which leaf loss and stem xylem embolism are closely linked (Walthert 409 

et al., 2021); future extreme events may also endanger some non-segmented rainforest tree 410 
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species. By contrast, some species experienced strong vulnerability segmentation which would 411 

be enhanced by a more vulnerable leaf xylem and narrower leaf hydraulic safety margins, 412 

promoting drought-survival (Blackman, Li, et al., 2019). 413 

Some of the species in our sampling are known to occasionally express deciduousness 414 

around the peak of the dry season (i.e. D. guianensis, P. Cochlearia; Loubry, 1994), but this 415 

phenomenon remains anecdotal at our site (Levionnois et al., 2020). Tropical rainforest 416 

evergreen species commonly exhibit a rather long leaf life span, such that the leaves may 417 

experience more than one dry seasons (Hegarty, 1990; Coste et al., 2011). The considerable 418 

leaf construction costs associated with such a long leaf life span seem to be largely offset, even 419 

during severe dry seasons, by being co-selected with low leaf xylem vulnerability to embolism, 420 

thus avoiding expensive carbon losses (Oliveira et al., 2021). This is in agreement with the 421 

absence of any observed increase in litterfall during seasonal dry periods in French Guiana, 422 

regardless of drought intensity (Wagner, Rossi, Stahl, Bonal, & Hérault, 2013). Under more 423 

severe conditions, the strong interspecific variation in leaf hydraulic safety margins and more 424 

generally in leaf and stem hydraulic traits in the studied trees (Fig. 3) may lead to marked 425 

differences in drought-induced vascular damage. Some species may therefore be subject to 426 

contrasting environmental filtering, which may alter tree community composition and species 427 

distribution (Kraft et al., 2015; Ruffault, Pimont, Cochard, Dupuy, & Martin-StPaul, 2022). In 428 

fact, it has already been shown that cross-species differences in leaf stomatal safety margins 429 

were related to tree mortality for tropical dry-forest tree species during a strong-intensity 430 

drought (Powers et al., 2020). Whether this also applies to less seasonal rainforests is a valid 431 

question. Plants may use a plethora of hydraulic strategies including limiting water losses 432 

through low residual water conductance (Duursma et al., 2019; Wolfe, 2020), vulnerability 433 

segmentation (Levionnois et al., 2020) and maintaining access to soil water through an effective 434 

deep rooting system (Brum et al., 2018; Stahl, Hérault, et al., 2013). Plus, the influence of biotic 435 

factors such as competition may be a confounding factor in investigations of the drivers of tree 436 

mortality (Pillet et al., 2018).  437 

The strong interspecific variation in hydraulic traits we evidenced may be rooted in the 438 

long-term shaping of tree communities due to the interplay of climatic variations and species-439 

specific demographics in the Guiana Shield (Esquivel-Muelbert, Baker, et al., 2017; Esquivel-440 

Muelbert, Galbraith, et al., 2017). Indeed, the uncoupling of Ptlp and P50,leaf may be the result of 441 

contrasting evolutionary pressures, rather than of a deeper evolutionary integration arising from 442 

functional, developmental or genetic constraints (Sanchez-Martinez, Martinez-Vilalta, Dexter, 443 
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Segovia, & Mencuccini, 2020). This may be analogous to what has been suggested for stems 444 

(Martin‐StPaul et al., 2017; Ziegler et al., 2019). 445 

 446 

4.3 Comparable leaf stomatal safety margins across biomes 447 

Our literature survey suggests that some Neotropical rainforest tree species do not necessarily 448 

have narrower leaf stomatal safety margins in comparison to species from other, especially 449 

drier, biomes (Fig. 4). This further contradicts the idea that most rainforest tree species employ 450 

a risky hydraulic strategy and underlies the broad interspecific variations in hydraulic and 451 

stomatal safety margins found across biomes (Choat et al., 2012; Martin-StPaul et al., 2017; but 452 

see Ziegler et al., 2019). The absence of cross-biome variation in P50 SSMleaf we found can be 453 

imputed to the broad within-biome variations in this trait, which could be driven by local water 454 

availability gradients linked, for instance, to topography and/or habitat (Trueba et al., 2017; 455 

Brum et al., 2018; Schmitt et al., 2020, 2021). Contrasting hydraulic strategies across species 456 

may also contribute to the observed variations in P50 SSMleaf (Pivovaroff et al., 2016; Brum et 457 

al., 2018). Moreover, despite the large interspecific variation we revealed, a vast majority of 458 

species showed positive and sometimes even large P50 SSMleaf values, with the exception of 459 

only three tropical dry-forest species. This highlights that early stomatal closure relative to the 460 

formation of leaf xylem embolism is a common mechanism favoring delayed hydraulic 461 

dysfunction across woody species. Although avoiding stem xylem embolism appears central to 462 

a tree’s drought survival (Brodribb & Cochard, 2010; Urli et al., 2013), our results indicate that 463 

leaf xylem embolism should also be acknowledged as a non-routine event. During exceptional 464 

drought, leaf xylem embolism may lead to increased tree mortality, as it has recently been 465 

observed in natura (Powers et al., 2020). At our site, coexisting tree species exhibited broad 466 

variation in leaf and stem stomatal safety margins (this study; Ziegler et al., 2019), vulnerability 467 

segmentation (Levionnois et al., 2020) and residual leaf and bark conductance (Levionnois et 468 

al., 2021). The coordination among these traits may influence the likelihood of tree hydraulic 469 

damage and mortality risk with the increased occurrence of extreme drought events (Brodribb, 470 

Powers, Cochard, & Choat, 2020). Future work should thus focus on identifying whether 471 

particular traits are important in determining species vulnerability to future climatic conditions 472 

in this biome. 473 

The data we gathered in the tropical rainforest biome covers relatively abundant tree 474 

species with contrasting habitat preferences (Allié et al., 2015; Baraloto et al., 2021). Our 475 

dataset therefore represents, to a certain extent, the interspecific variation in hydraulic traits 476 
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found at our site. To have a more comprehensive understanding of the potential influence of 477 

species hydraulic traits on tree performance across lowland tropical rainforests, it would be 478 

valuable to conduct similar studies in different ecoregions with contrasting drought-intensities, 479 

for example, at the dry-edge of species’ distribution range (Reis et al., 2022), including tropical 480 

rainforests in Africa and Asia for which no data is currently available. Nonetheless, the data 481 

gathered in this study could still be useful to parameterize individual-, stand- or regional-scale 482 

mechanistic models predicting rainforest tree species’ survival probability during drought 483 

(Cochard, Pimont, Ruffault, & Martin-StPaul, 2021; Ruffault et al., 2022). Our data may also 484 

serve to improve predictions of carbon fluxes at the regional scale, by incorporating them into 485 

hydraulic models embedded in process-based land surface models (Eller et al., 2020; Fisher & 486 

Koven, 2020; Papastefanou et al., 2020; Li et al. 2021). 487 

 488 

5 CONCLUSIONS 489 

We evidenced that most of the species in this study do not reach turgor loss point and could 490 

potentially still maintain leaf gas exchange during a normal-intensity dry season. Yet, under 491 

hypothetically more severe droughts, turgor loss and thus probable subsequent stomatal closure 492 

are likely to strongly limit plant water loss. This mechanism may delay the onset of xylem 493 

embolism in rainforest canopy tree species. In line with these findings, we also corroborate the 494 

hypothesis that, regardless of the considered biome, leaf xylem embolism is not a triggering 495 

signal for leaf-cell turgor loss. The uncoupling of these two mechanisms may allow the 496 

avoidance of hydraulic dysfunction as a result of selective pressures favoring tree drought 497 

survival under drier conditions, with species with the lowest leaf vulnerability to xylem 498 

embolism achieving higher leaf hydraulic and stomatal safety margins. As such, this study 499 

extends the pattern found by Creek et al., (2020) to tropical rainforest tree species. Whether or 500 

not tropical rainforest tree species of the Guyana Shield will be subject to drought-induced 501 

defoliation or increased mortality in the near future is a crucial question. The present study 502 

brings novel insight to this matter by proving the ability of most tropical rainforest tree species 503 

to nearly systematically avoid the formation of xylem embolism during the dry season. 504 

However, some species may be more vulnerable than others. By comparing leaf stomatal safety 505 

margins across biomes, we corroborate that tropical rainforest species may employ a 506 

conservative stomatal strategy with regard to hydraulic risk, akin to species from drier biomes. 507 

Finally, our data provide an opportunity to parameterize trait-based models with greater realism 508 
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to better predict the fate of tropical rainforests, and the already ongoing broad-scale shifts in 509 

their floristic and functional tree community composition (Esquivel‐Muelbert et al., 2019). 510 
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FIGURES 921 

 922 

923 

Fig. 1. (a) Leaf water potential at turgor loss point (Ptlp ; MPa) according to variations in the 924 

leaf water potential associated with 12% of leaf xylem embolism (P12,leaf, MPa). (b) Leaf water 925 

potential at turgor loss point according to the variations in the leaf water potential associated 926 

with 50% of leaf xylem embolism (P50,leaf, MPa). (c) Leaf water potential at midday (Pmd, MPa) 927 

according to the variations in the leaf water potential associated with 12% of leaf xylem 928 

embolism. (d) Leaf water potential at midday according to the variations in the leaf water 929 

potential associated with 50% of leaf xylem embolism. One point represents one species (black, 930 

n = 3 trees; circle, n = 2 trees). The dashed line represents the 1:1 line. Standard errors, 931 

coefficients of determination (R2) and significance levels (P) are shown. 932 
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 933 

 934 

Fig. 2. (a) The P12 stomatal safety margin (P12 SSMleaf; Ptlp – P12,leaf; MPa) according to the 935 

variations in the leaf water potential associated with 12% of leaf xylem embolism. (b) The P12 936 

SSMleaf according to the variations in the leaf water potential at turgor loss point. (c) The P12 937 

hydraulic safety margin (P12 HSMleaf; Pmd – P 12,leaf; MPa) according to the variations in the leaf 938 

water potential associated with 12% of leaf xylem embolism. (d) The P12 hydraulic safety 939 

margin (P12 HSMleaf; Pmd – P 12,leaf; MPa) according to the variations in the leaf water potential 940 

at midday. One point represents one species (black, n = 3 trees; circle, n = 2 trees). The 941 

horizontal dashed line represents null safety margins. The solid line represents the regression. 942 

Standard errors, coefficients of determination (R2) and significance levels (P) are shown. 943 

 944 
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 945 

Fig. 3. Sequence of key water potential thresholds during dehydration. Key physiological traits 946 

for 18 tropical rainforest tree species are represented: leaf turgor loss point (Ptlp; green); the 947 

water potential associated with 12, 50 and 88% loss of leaf (P12,leaf, P50,leaf and P88,leaf; yellow) 948 

and stem (P12,stem, P50,stem and P88,stem; orange) hydraulic conductance; the leaf water potential 949 

measured during a normal-intensity dry season in 2018 (Pmd; blue). Species are represented by 950 

black dots. The median is represented by a black bar and the mean is represented by a red dot; 951 

the traits are ranked in decreasing order of mean water potential. Black boxes represent the 1st 952 

and 3rd quartiles, and error bars represent minimum and maximum values. Mean species values 953 

for P12,leaf, P50,leaf and P88,leaf were extracted from Levionnois et al. (2020), mean species values 954 

for Ptlp, Pmd, P12,stem, P50,stem and P88,stem were extracted from Ziegler et al. (2019). 955 

 956 
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 957 

Fig. 4. The P50 stomatal safety margin (P50 SSMleaf; Pclose – P50,leaf; MPa) across major biomes 958 

based on a literature survey encompassing 97 species. TRF: tropical rainforests; TDF: tropical 959 

dry forests; MED: Mediterranean and dry forests; TEMP: temperate forests. The P-value refers 960 

to a Kruskal-Wallis test showing no significant differences across biomes. 961 
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TABLES 962 

Table 1. Species leaf hydraulic parameters. Leaf water potential at turgor loss point (Ptlp; MPa), dry season midday leaf water potential measured 963 

during the normal-intensity dry season of 2018 (Pmd; MPa), leaf water potential at 12% (P12,leaf; MPa), 50% (P50,leaf; MPa) and 88% (P88,leaf; 964 

MPa) of loss in leaf xylem hydraulic conductance, P12 leaf stomatal safety margin (P12 SSMleaf; Ptlp - P12,leaf; MPa), P12 leaf hydraulic safety 965 

margin (P12 HSMleaf; Pmd,2018 - P12,leaf; MPa), and the percentage loss in leaf xylem hydraulic conductance in 2018 (PLC2018; %). Mean 966 

values ± SE are shown.  967 

Species 
n 

trees 
Ptlp Pmd  P12,leaf P50,leaf P88,leaf P12 SSMleaf P12 HSMleaf PLC2018  

Bocoa prouacensis Aubl. 2 -2.0 ± 0.0 -1.2 ± 0.7  -3.7 ± 0.8 -4.6 ± 0.2 -5.4 ± 0.3 1.8 ± 0.8 2.5 ± 1.5 1 ± 1  

Chaetocarpus schomburgkianus 

(Kuntze) 3 -1.6 ± 0.0 -1.1 ± 0.2  -2.5 ± 0.5 -2.6 ± 0.6 -2.7 ± 0.6 0.9 ± 0.5 1.3 ± 0.5 0 ± 0  

Chrysophyllum sanguinolentum 

(Pierre) Baehni 2 -1.7 ± 0.0 -2.1 ± 0.4  -2.1 ± 1.2 -2.3 ± 1.2 -2.5 ± 1.0 0.4 ± 1.3 0.0 ± 0.9 47 ± 47  

Dicorynia guianensis Amshoff 3 -1.3 ± 0.0 -1.9 ± 0.0  -2.7 ± 0.5 -3.5 ± 0.8 -4.3 ± 1.1 1.4 ± 0.5 1.5 ± 1.1 25 ± 24  

Eperua falcata Aubl. 3 -1.7 ± 0.0 -1.4 ± 0.3  -3.2 ± 0.4 -3.7 ± 0.3 -4.3 ± 0.3 1.5 ± 0.4 1.8 ± 0.6 0 ± 0  

Eperua grandiflora (Aubl.) 

Benth. 3 -2.0 ± 0.1 -1.1 ± 0.1  -4.1 ± 0.4 -4.4 ± 0.6 -4.7 ± 0.7 2.1 ± 0.5 3.0 ± 0.4 0 ± 0  

Eschweilera sagotiana Miers 3 -1.7 ± 0.1 -1.1 ± 0.2  -2.0 ± 0.1 -2.3 ± 0.2 -3.1 ± 0.8 0.3 ± 0.2 0.9 ± 0.2 0 ± 0  

Goupia glabra Aubl. 3 -1.9 ± 0.2 -0.9 ± 0.2  -2.2 ± 0.3 -2.9 ± 0.3 -3.9 ± 0.4 0.3 ± 0.3 1.3 ± 0.5 2 ± 1  

Gustavia hexapetala (Aubl.) Sm. 3 -2.0 ± 0.2 -0.9 ± 0.1  -3.1 ± 0.4 -4.5 ± 0.8 -5.5 ± 0.8 1.2 ± 0.5 2.2 ± 0.4 0 ± 0  

Lecythis poiteauii O. Berg 2 -2.3 ± 0.2 -1.8 ± 0.1  -1.4 ± 0.7 -3.4 ± 1.6 -4.1 ± 1.3 -0.9 ± 0.9 -0.4 ± 0.8 28 ± 28  

Licania membracea Sagot ex 

Laness. 3 -1.8 ± 0.1 -1.3 ± 0.3  -2.5 ± 0.0 -3.4 ± 0.4 -4.3 ± 0.9 0.7 ± 0.1 1.2 ± 0.3 1 ± 1  

Manilkara bidendata (A. DC.) A. 

Chev. 3 -2.2 ± 0.0 -2.3 ± 0.2  -3.4 ± 1.1 -4.4 ± 0.9 -5.3 ± 1.1 1.2 ± 1.1 1.9 ± 0.8 2 ± 2  

Pradosia cochlearia (Lecomte) 

T.D. Penn. 3 -1.7 ± 0.1 -2.4 ± 0.4  -3.6 ± 0.1 -4.5 ± 0.3 

-5.2 ± 0.5 

1.9 ± 0.1 1.2 ± 0.4 1 ± 1  
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Protium opacum Swart 3 -2.1 ± 0.1 -2.0 ± 0.6  -2.2 ± 0.3 -3.0 ± 0.7 -3.3 ± 0.8 0.1 ± 0.4 0.2 ± 0.5 8 ± 8  

Qualea rosea Aubl. 2 - -1.4 ± 0.6  -2.1 ± 0.1 -2.4 ± 0.0 -3.2 ± 0.4  0.7 ± 0.7 4 ± 4  

Symphonia globulifera L.f. sp. 1 3 -1.6 ± 0.0 -1.1 ± 0.1  -2.4 ± 0.1 -2.5 ± 0.1 -2.6 ± 0.1 0.8 ± 0.1 1.4 ± 0.2 0 ± 0  

Tachigali melinonii (Harms) 

Zarucchi & Her. 3 -1.8 ± 0.1 -1.8 ± 0.5  -3.4 ± 0.2 -3.9 ± 0.2 

-4.4 ± 0.1 

1.6 ± 0.2 1.6 ± 0.6 1 ± 1  

Virola michelii Heckel 3 -1.6 ± 0.1 -0.9 ± 0.4  -2.1 ± 0.1 -2.6 ± 0.5 -3.3 ± 0.6 0.5 ± 0.1 1.2 ± 0.3 1 ± 1  

968 
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SUPPLEMENTARY MATERIAL 969 

 970 

Table S2. Species stem hydraulic parameters. Stem water potential at 12% (P12,stem; MPa), 50% 971 

(P50,stem; MPa) and 88% (P88,stem; MPa) loss in stem xylem hydraulic conductivity. Mean values 972 

± SE are shown.  973 

Species P12,stem P50,stem P88,stem 

Bocoa prouacensis Aubl. -3.4 ± 0.5 -4.3 ± 0.2 -5.2 ± 0.3 

Chaetocarpus schomburgkianus (Kuntze) -1.2 ± 0.3 -2.4 ± 0.3 -3.7 ± 0.4 

Chrysophyllum sanguinolentum (Pierre) Baehni -3.6 ± 0.1 -4.1 ± 0.0 -4.5 ± 0.1 

Dicorynia guianensis Amshoff -1.4 ± 0.2 -2.4 ± 0.1 -3.4 ± 0.2 

Eperua falcata Aubl. -2.8 ± 0.8 -3.9 ± 0.6 -4.9 ± 0.6 

Eperua grandiflora (Aubl.) Benth. -5.4 ± 0.3 -6.1 ± 0.1 -6.9 ± 0.2 

Eschweilera sagotiana Miers -2.6 ± 0.1 -2.9 ± 0.1 -3.2 ± 0.2 

Goupia glabra Aubl. -3.4 ± 0.6 -5.0 ± 0.3 -6.6 ± 0.2 

Gustavia hexapetala (Aubl.) Sm. -6.8 ± 0.6 -7.6 ± 0.1 -8.5 ± 0.4 

Lecythis poiteauii O. Berg -1.2 ± 0.2 -2.1 ± 0.3 -3.1 ± 0.6 

Licania membracea Sagot ex Laness. -1.4 ± 0.3 -3.0 ± 0.3 -4.5 ± 0.6 

Manilkara bidendata (A. DC.) A. Chev. -3.5 ± 1.1 -6.9 ± 0.6 -10.2 ± 0.7 

Pradosia cochlearia (Lecomte) T.D. Penn. -4.8 ± 1.0 -6.3 ± 0.5 -7.7 ± 0.2 

Protium opacum Swart -1.7 ± 0.3 -2.4 ± 0.2 -3.1 ± 0.2 

Qualea rosea Aubl. -1.0 ± 0.4 -1.9 ± 0.2 -2.7 ± 0.0 

Symphonia globulifera L.f. sp. 1 -1.6 ± 0.2 -2.1 ± 0.1 -2.6 ± 0.0 

Tachigali melinonii (Harms) Zarucchi & Her. -2.6 ± 0.4 -4.1 ± 0.2 -5.7 ± 0.4 

Virola michelii Heckel -3.8 ± 0.6 -5.3 ± 0.3 -6.7 ± 0.2 

 974 

 975 


