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Abstract 36 

Species mixture is promoted as a crucial management option to adapt forests to 37 

climate change. However, there is little consensus on how tree diversity affects tree 38 

water stress, and the underlying mechanisms remain elusive. By using a greenhouse 39 

experiment and a soil-plant-atmosphere hydraulic model, we explored whether and 40 

why mixing the isohydric Aleppo pine (Pinus halepensis, drought avoidant) and the 41 

anisohydric holm oak (Quercus ilex, drought tolerant) affects tree water stress during 42 

extreme drought. Our experiment showed that the intimate mixture strongly alleviated 43 

Q. ilex water stress while it marginally impacted P. halepensis water stress. Three 44 

mechanistic explanations for this pattern are supported by our modelling analysis. 45 

First, the difference in stomatal regulation between species allowed Q. ilex trees to 46 

benefit from additional soil water in mixture, thereby maintaining higher water 47 

potentials and sustaining gas exchange. By contrast, P. halepensis exhibited earlier 48 

water stress and stomatal regulation. Second, P. halepensis trees showed stable water 49 

potential during drought, although soil water potential strongly decreased, even when 50 

grown in a mixture. Model simulations suggested that hydraulic isolation of the root 51 

from the soil associated with decreased leaf cuticular conductance was a plausible 52 

explanation for this pattern. Third, the higher predawn water potentials for a given 53 

soil water potential observed for Q. ilex in mixture can - according to model 54 

simulations - be explained by increased soil-to-root conductance, resulting from 55 

higher fine root length. This study brings insights into the mechanisms involved in 56 

improved drought resistance of mixed species forests. 57 

 58 

 59 

 60 

Keywords 61 

Forest, functional diversity, drought resistance, tree hydraulic, safety margins. 62 

 63 

Introduction 64 

 65 
The rising frequency and intensity of extreme droughts is impacting tree survival and 66 

forest functions worldwide (Allen et al., 2010; Breshears et al., 2013; Senf et al., 67 

2020), jeopardizing crucial forest ecosystem services. Tree species diversity has been 68 

promoted as an important nature-based solution to improve the resilience of forests 69 

and tree plantations (Messier et al., 2022). The effects of species mixing on drought 70 

resistance could result from different mechanisms, such as competitive reduction for 71 

water through resource partitioning or facilitation – for instance hydraulic 72 

redistribution (Grossiord, 2020). Yet, tree species diversity effect on tree drought 73 

resistance are not universal and can change in direction and magnitude according to 74 

the sites, the species of the composition of the mixture (Grossiord, 2020; Grossiord et 75 

al., 2014b; Mas et al., 2024). Indeed, previous studies showed that tree species 76 

diversity effect can have positive (de-Dios-García et al., 2015; Lebourgeois et al., 77 

2013; Ruiz-Benito et al., 2017), neutral (Grossiord et al., 2014b; Merlin et al., 2015) 78 

or even negative impacts (Grossiord et al., 2014a; Vitali et al., 2018). These 79 

conflicting results suggest that it is not the species richness that matters, but rather the 80 

functional composition of the mixtures (i.e., the association of species with different 81 

drought response strategies) (Forrester and Bauhus, 2016; Grossiord, 2020). This 82 
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hypothesis was supported by recent research that found that the diversity of hydraulic 83 

traits determines the resilience to drought of forest water fluxes globally (Anderegg et 84 

al., 2018). Similarly, results from a large-scale tree diversity experiment showed that 85 

the diversity of drought resistance strategies is a good predictor of the stability of tree 86 

growth and forest productivity (Schnabel et al., 2021). However, we crucially miss a 87 

mechanistic understanding of the way the diversity of drought resistance strategies 88 

mediates tree mortality under extreme drought.  89 

Tree species drought resistance strategies result from a set of functional traits that 90 

determine how rapidly plant water status (often quantified as water potential) crosses 91 

vital physiological thresholds. In particular, drought resistance strategies determine 92 

the loss of hydraulic conductance caused by a high rate of embolism in xylem 93 

conduits (Tyree and Sperry, 1989), i.e., the risk of xylem hydraulic failure, a leading 94 

mechanism in drought-induced tree mortality (Adams et al., 2017; Sanchez-Martinez 95 

et al., 2023).  96 

It is common in the literature to distinguish species drought resistance strategies based 97 

on the water loss regulation through stomatal closure (Klein, 2014; Martin-StPaul et 98 

al., 2017) - and the xylem vulnerability to embolism (Choat et al., 2018; Delzon, 99 

2015; Martin-StPaul et al., 2017). Isohydric species (sometime also referred as 100 

drought avoidant) close their stomata relatively early during drought and have a lower 101 

cuticular conductance. Therefore, they limit soil water depletion, which in turn limits 102 

the soil and plant water potential decrease and the overall risk of hydraulic failure 103 

(Delzon, 2015; López et al., 2021). They also tend to have relatively narrow safety 104 

margins, and are less embolism-resistant that anisohydric species. Anisohydric 105 

species (also referred as drought tolerant), have higher resistance to drought-induced 106 

xylem embolism. However, they tend to maintain gas exchanges during drought via a 107 

delayed stomatal regulation and relatively higher cuticular conductance. This implies 108 

greater soil water depletion and greater drop in soil and plant water potential during 109 

drought (Choat et al., 2018; Martin-StPaul et al., 2017) (Figure 1A). 110 

Based on this knowledge, one can hypothesize how mixing two species with such 111 

distinct drought response strategies will impact soil water dynamic, plant water status 112 

(water potentials), and the risk of hydraulic failure under extreme drought. To 113 

facilitate the reasoning, we assume that trees are hydraulically connected to the soil 114 

(i.e., soil and plant predawn water potential are very close) and that the root systems 115 

of both species are intimately mixed and fully occupy a given soil volume. We can 116 

then derive three complementary hypotheses (which are also depicted on Figure 1B):  117 

(1) For an anisohydric (drought tolerant) species, it is beneficial to compete for water 118 

with an isohydric (drought avoidant) neighbour. Indeed, the soil water saved by 119 

earlier stomatal regulation of the isohydric is available to maintain gas exchanges and 120 

delay the decrease in water potential and the overall hydraulic failure risk (Figure 1B).  121 

(2) By contrast, mixing is detrimental to an isohydric (isohydric) species, as it 122 

experiences lower soil water potential due to sustained water-use by the companion 123 

anisohydric species. This leads to a decrease in its water potential, thereby increasing 124 

the risk of hydraulic failure. The scenario presented in Figure 1B - which shows that 125 

an anisohydric always “wins the fight” during drought under mixture - holds only if 126 

the predawn water potential of the mixed species is at equilibrium with the soil water 127 

potential.  128 
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(3) If the root systems of the two neighbour species are segregated in space, water 129 

consumption by the anisohydric species does not affect the isohydric species, and 130 

differences in water potentials between tree species in the mixture could occur given 131 

their spatial isolation (Figure 1B). In support to this hypothesis, root niche separation 132 

is often proposed as a mechanism allowing to reduce water stress for trees associated 133 

in mixture(Grossiord, 2020; Jose et al., 2006). 134 

In this study, we combined a greenhouse experiment and a mechanistic model 135 

analysis to evaluate these hypotheses and explore the mechanisms and traits involved 136 

in the modulation of water stress in mixed forests during an extreme drought.  We 137 

compared the ecophysiological responses to drought of holm oak (Quercus ilex) and 138 

Aleppo Pine (Pinus halepensis) grown in monocultures and in mixtures. In order to 139 

evaluate the importance of having root systems intimately mixed, we also added a 140 

treatment in which the root systems of the two plants were separated (Figure 1B). 141 

 142 

Results 143 

a) Water status dynamic in the different treatments 144 
Soil water content, soil water potential (Ψsoil) and plant predawn water potential (Ψpd) 145 

declined during drought for both species and in all pot compositions (Figures 2A and 146 

Figures S1). In accordance, soil electrical resistivity increased during drought (Figure 147 

S2). However, the temporal dynamics differed between species, in agreement with 148 

their drought-response strategies (Moreno et al., 2021). Ψpd decline was more 149 

pronounced for the anisohydric Q. ilex, which exhibited Ψpd as low as -8 MPa, than 150 

for the isohydric P. halepensis, for which Ψpd did not go below -4MPa regardless of 151 

the pot composition (Figure 2A, Table S1 with P-value < 0.001 for the species effect). 152 

Gas exchanges also decreased for the two species (Figure S3 P-value >0.05) for all 153 

pot compositions, but the decrease tended to occur earlier for the isohydric P. 154 

halepensis than for the anisohydric Q. ilex (Figure S3). 155 

 156 

For Q. ilex, our empirical data suggested a positive effect of mixture (without 157 

separation) on drought stress at the early stage of drought as leaf gas exchanges 158 

tended to be slightly higher in mixture than in monoculture at the second date of 159 

measurements (Figure S3). This trend was confirmed during extreme drought (latest 160 

date of the experiment) on plant water potential (Figure 2A), which was significantly 161 

higher in mixture than in monoculture (mean Ψpd of -6.37 MPa in mixture against 162 

mean Ψpd of -8.3 MPa in monoculture; Table S2 P-value < 0.01 for the date:mixture 163 

interaction effect). At the drought peak, this water potential difference between 164 

treatments translated into a significant effect on hydraulic safety margins (mean HSM 165 

= Ψpd – P50, an indicator of the risk of hydraulic failure), which was higher in mixture 166 

(mean HSM = 0.73 MPa) than in monoculture (mean HSM = -1.33 MPa) for Q. ilex 167 

(Figure 2B, P-value < 0.05). For P. halepensis, there was also a trend toward lower 168 

gas exchange in mixture during early drought (Figure S3). However, during extreme 169 

drought, we found no significant difference in plant water potential (Table S2, P-value 170 

>0.05 for the date:mixture interaction effect) and thus HSM (Figure 2B, P-value > 171 

0.05) was found between treatments (Mean HSM= 1.1 MPa in mixture and 1.43 MPa 172 

in monoculture). 173 

 174 

For both species, plants grown in mixture with a root separation treatment exhibited 175 

no significant difference with monoculture for gas exchange or plant water potential. 176 

ACCEPTED M
ANUSCRIPT

D
ow

nloaded from
 https://academ

ic.oup.com
/plphys/advance-article/doi/10.1093/plphys/kiae239/7674200 by C

em
agref G

renoble user on 21 M
ay 2024



 

 5 

This indicates that mixture only had an effect on water stress if tree root systems were 177 

intimately entangled. This result was supported by an analysis showing that water 178 

flow from one compartment to the other of the pot equipped with a mesh (i.e., through 179 

the mesh) during drought is very limited (Supplemental Method S1 and Table S3). In 180 

brief, we applied Darcy’s law for different types of soil textures using water potential 181 

gradient as the difference in predawn water potential between the two species at the 182 

penultimate and last dates of measurements (largest water potential gradient measured 183 

for the experiment). We found that water flow occurring between the two plant 184 

species through the mesh was very low, and negligible compared to the transpiration 185 

flow, due to the very sharp decline in soil hydraulic conductivity. 186 
 187 

b) Modification of the plant vs. soil water potential relationship in mixture 188 
During the beginning of the drought, Ψpd and Ψsoil were very close for both species 189 

(Figures 2A, 3A) in all treatments. However, as drought gradually increased Ψpd and 190 

Ψsoil differed progressively for both species and in all treatments except for Q. ilex in 191 

mixture (Figures 2A, 3A). The slope of the Ψpd vs Ψsoil relationship differed between 192 

species (Figure 3A). Whereas Ψpd became lower than Ψsoil for Q. ilex with increasing 193 

drought, Ψpd became higher than Ψsoil for P. halepensis. Such observation remained 194 

significant even when considering the uncertainty in calculating Ψsoil (Figure S4). The 195 

fact that Ψsoil was more negative than Ψpd for P. halepensis in the monoculture 196 

suggests that some soil evaporation occurred, due to imperfect covering of the pots or 197 

to the holes made in the pots for the drainage of water and the measurement of soil 198 

resistivity. A peculiar pattern was found for Q. ilex in mixtures (without root 199 

separation), for which Ψpd equalled Ψsoil all along the desiccation dynamic (Figure 3A; 200 

Table 1, P-value = 2.12e-07 for the Ψsoil: Pot modalities effect). Indeed, the slope of 201 

the relationship between Ψpd and Ψsoil for Q. ilex in mixtures without root separation 202 

was close to 1, but was 1.74 for the other pot modalities (Table 2, P-value < 0.001 for 203 

the Ψsoil: Mixture without root sep. interaction).  204 

 205 

Changes in the behaviour of Q. ilex in mixture was further confirmed by exploring the 206 

relationship between the Ψpd of the two species in mixtures with and without root 207 

separation (Figure 3A). We found a significantly lower slope (slope = 1.6) in the 208 

mixture without root separation than in the mixture with root separation (slope = 2.21; 209 

Figure 3B, Table 3, P-value = 0.03 for the species x separation modality interaction). 210 
 211 

c) Results of the model simulations and sensitivity analysis 212 
The Figure 4 shows simulation results with the SurEau model for water potential and 213 

transpiration under “benchmark” conditions (i.e., traits were set according to the 214 

hypothesis formulated in Figure 1B). In these simulations, the anisohydric (Q. ilex) 215 

exhibited in increase transpiration by 20% and experienced later time to hydraulic 216 

failure (THF) (increased by a factor of 1.5) in mixture compared to monoculture. On 217 

the contrary, the isohydric species (P. halepensis) showed a reduction of transpiration 218 

by ca. 20% and an earlier THF twice shorter in mixture than in monoculture. In 219 

addition, Ψpd (maximal daily Ψplant, taken at night) and Ψsoil were always very close to 220 

each other until significant loss of plant hydraulic conductance occurred.  221 

These simulations were consistent with the hypotheses drawn in Figure 1B, but not 222 

with the experimental results (Figure 2). Simulations departed from our empirical 223 

findings on two points. Simulations showed (1) greater water stress for P. halepensis 224 

in mixture and (2) a tight relationship between Ψpd and Ψsoil, for the two species. 225 
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We conducted different sensitivity analyses (Figure 5) to further understand the 226 

reasons underpinning the departure between model and experimental data.  227 

First, we tested if plant isolation (i.e. “hydraulic decoupling”) could match the 228 

empirical data (i.e., higher Ψpd than Ψsoil) during drought for the isohydric P. 229 

halepensis. We first implemented a root to soil hydraulic isolation by applying a 230 

decrease in root hydraulic conductance (Kroot) as Ψplant decline (Figure S5). This did 231 

not allow to simulate higher Ψpd than Ψsoil for this species (Figure 5A, variable Kroot). 232 

Second, we implemented a leaf to air hydraulic isolation by implementing a decrease 233 

of the leaf cuticular conductance (gcuti) (i.e., isolation from air dryness, Figure S6 A) 234 

with decreasing leaf relative water content, in accordance with empirical data 235 

obtained in P. halepensis using the drought-box method (Billon et al., 2020) (Figure 236 

S6 B). The results showed that reducing only gcuti did not allow to match the empirical 237 

pattern (Ψpd > Ψsoil, Figure 5A, variable gcuti). In a third simulation, we implemented 238 

both a decrease of Kroot and a decrease of gcuti during drought stress. This allowed to 239 

simulate a greater survival in mixture than in monoculture (similar THF), and Ψpd > 240 

Ψsoil in accordance with empirical results (Figure 5A, variables Kroot and gcuti). These 241 

tests support that hydraulic isolation can be a way for Pine to maintain a constant 242 

hydraulic risk during increasing drought even in mixture with and anisohydric oak. 243 

Secondly, to explain the change in the Ψpd to Ψsoil relationship observed for Q. ilex in 244 

our empirical data (Figure 3A; Table 1, P-value = 2.12e-07 for the Ψsoil: Pot 245 

modalities effect), we tested the hypothesis of an enhanced soil hydraulic conductance 246 

in mixture, through increased fine root length (equations 3 and 4 in M&M section). 247 

This would be consistent with the observation of greater root length in mixture 248 

(Figure S7). Simulation results showed that increasing soil hydraulic conductance 249 

allowed Ψplant to keep closer to Ψsoil during drought (Figure 5B). 250 

 251 
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Discussion 252 

 253 

It has been hypothesized that competition for water during drought is reduced 254 

between species with contrasting hydraulic strategies (iso vs anisohydric) in mixtures 255 

(Anderegg et al., 2018; Bello et al., 2019; Haberstroh and Werner, 2022; Schnabel et 256 

al., 2021). However, very little is known about how species interactions affect tree 257 

resistance to extreme drought (Grossiord, 2020; Haberstroh and Werner, 2022) and 258 

experimental test comparing monocultures and mixtures of species with contrasting 259 

hydraulic strategies during extreme drought are lacking. The extreme drought 260 

experiment that we conducted in a greenhouse highlighted that mixing an isohydric 261 

and an anisohydric species strongly alleviated the water stress of the anisohydric 262 

species, while it had a relatively weak impact on the water stress of the isohydric 263 

species (Figure 2). This result is only partially in agreement with the initial 264 

hypotheses drawn in Figure 1B, and with the benchmark model simulations that were 265 

based on these hypotheses (Figure 4). Our data and model analyses helped to identify 266 

three mechanistic explanations for these results: (i) the differences in water use 267 

strategy between the two species, (ii) the ability of P. halepensis to isolate (or 268 

disconnect) during drought and (iii) the changes in the soil hydraulic conductance 269 

possibly related to fine root density. These mechanisms are discussed in the 270 

following.  271 

 272 

a) Differences in water use strategy partly explain the mixture effect on gaz 273 

exchanges and hydraulic risk 274 
Experimental data supported that Q. ilex could maintain gas exchange longer and 275 

experienced lower hydraulic risk during drought in the “true mixture” (i.e., pots 276 

designed without root separation) than in the monoculture (Figure 2, S3). This pattern 277 

is in agreement with our initial hypothesis H1 (Figure 1B) and with previous 278 

assumptions of the literature (Bello et al., 2019; Mas et al., 2024). In addition, such 279 

empirical results were confirmed by the SurEau simulations under benchmark 280 

conditions that were fully in line with our initial hypothesis (Figure 4). For P. 281 

halepensis, lower gas exchanges during early drought were measured in the “true 282 

mixture” than in the monoculture. This is also consistent with our initial assumption 283 

and with SurEau model simulations under benchmark conditions. The most 284 

straightforward explanation for these results, is the difference in stomatal behaviour 285 

between the two species, that has been proposed in the introduction: during drought, it 286 

is beneficial for an anisohydric species (such as Q. ilex) to compete with an isohydric 287 

(such as P. halepensis), because the earlier stomatal regulation of the isohydric save 288 

some water which is made available to the Q. ilex to maintain gas exchanges and 289 

delay the decrease in water potential and the overall hydraulic failure risk. On the 290 

contrary, for the isohydric species, being in mixture with an anisohydric would trigger 291 

an earlier drought stress and water losses regulation. 292 

However, different experimental results departed from the initial assumptions and 293 

from the SurEau simulations under benchmark conditions, suggesting that additional 294 

effects were at play in the interspecific interaction. Firstly, for Pinus halepensis, no 295 

difference in predawn water potential between monoculture and mixture were found 296 

during extreme drought. And more importantly this species was able to maintain a 297 

predawn water potential higher than the soil water potential as commonly found in the 298 

field (e.g. Moreno et al 2021), which suggests that this species can limit its 299 

desiccation and maintain water status through some form of hydraulic disconnection. 300 
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For Quercus ilex, we found a change in the relationship between predawn water 301 

potential and soil water potential in mixture compared to monoculture (Figure 3), 302 

supporting that this species can maintain higher predawn water potential for a given 303 

level of soil drought in mixture. This is discussed in the third section of this 304 

discussion. 305 

 306 

b) Hydraulic disconnection (“isolation hypothesis”) of the isohydric P. 307 

halepensis as a mean to limit hydraulic risk in mixture during drought 308 
The fact that P. halepensis exhibited higher Ψpd than Ψsoil during drought when grown 309 

in mixture with Q. ilex (Figure 2) contradict our initial hypothesis (Figure 1B) and the 310 

model simulations under benchmark conditions (Figure 4). An explanation for this is 311 

the ability of this species to (i) disconnect (or isolate) from the soil (i.e., reducing the 312 

soil to tree hydraulic conductance) and (ii) limit its water losses during drought. 313 

Pioneering work on this topic were conducted by (Nobel and Sanderson, 1984) who 314 

showed that roots of desert succulent plants could act as “rectifier”, thereby being able 315 

to absorb water in wet soil, but to limit desiccation in dry soils, which seems 316 

consistent with our results.  317 

We used the SurEau model to evaluate whether root hydraulic isolation from the soil 318 

could explain the observed water potential patterns in P. halepensis in mixture, 319 

consistently with (Nobel and Sanderson, 1984) work. We implemented a decrease in 320 

root hydraulic conductance (Kroot) as the plant water potential decreases. Simulations 321 

results indicated that reducing only Kroot alone did not allow to simulate higher Ψpd 322 

than Ψsoil for P. halepensis (Figure 5A). This means that the water losses that occurred 323 

after stomatal closure – which resulted from the leaf cuticular conductance (gcuti), set 324 

in the model using the average value measured for P. halepensis, was high enough to 325 

cause plant water potential to drop even after a strong decrease in Kroot isolating the 326 

plant from the soil. We thus implemented in the model a down-regulation of the leaf 327 

cuticular conductance (gcuti) with decreasing tree relative water content, which is in 328 

line with empirical data obtained for this species using the drought-box methods 329 

(Billon et al., 2020) (Figure S6 B). Simulations showed that, although the reduction of 330 

gcuti alone attenuated the decrease in plant water potentials, the tree kept dehydrating 331 

along with the soil water potential drop triggered by Q. ilex transpiration. In a last 332 

sensitivity test, we implemented a decrease of both Kroot and gcuti under drought, 333 

which caused P. halepensis water potentials to depart from soil water potentials 334 

(Figure 5A), in line with our observations. This suggests that these two mechanisms 335 

jointly could allow P. halepensis to prevent dehydration under drought. In a natural 336 

forest context, tree isolation from the soil during drought has already been proposed to 337 

explain the co-occurrence of isohydric and anisohydric trees (Aguadé et al., 2015; 338 

Moreno et al., 2021; Pangle et al., 2012; Plaut et al., 2012). The mechanisms for such 339 

an isolation are of several types, including the formation of cortical lacunae under fine 340 

roots(Cuneo et al., 2016; Duddek et al., 2022), which reduces the water transfer to the 341 

root stele and hence affects the root hydraulic conductance. Root shrinkage might also 342 

explain the plant-soil hydraulic disconnection by creating gaps between soil and fine 343 

roots, interrupting the hydraulic conductance between both them. Furthermore,
 
the 344 

inhibition of the synthesis of proteins such as aquaporins facilitating the water 345 

transport in the transcellular pathway (Domec et al., 2021), or even fine root mortality 346 

(Leonova et al., 2022) could also lead to hydraulic isolation. Yet, to our knowledge, 347 

the mechanisms leading to strong plant hydraulic isolation from both the soil and the 348 

atmosphere had never been proposed until now.  349 
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c) The anisohydric Q. ilex could increase root hydraulic conductance to the 350 

soil in the mixture through increased root length 351 
Q. ilex in "true mixture” (i.e., pots without root separation), had lower water stress for 352 

a given level of soil drought (i.e., higher predawn water potential for a given soil 353 

water potential, Figure 3A). This suggests that this species is able to increase soil 354 

water use when grown in association with P. halepensis. Different hypothesis could 355 

explain this phenomenon. It could be argued that differences between Ψpd and Ψsoil 356 

reflect shifts in the root profiles in mixtures compared to monocultures as proposed by 357 

(Bello et al., 2019). Indeed, if roots explored only a part of the available soil, Ψpd 358 

would equilibrate with this soil subspace, possibly differing from the overall Ψsoil 359 

measured at the plot level. However, such an effect should be minimal in our study 360 

for two reasons. Firstly, we used on purposes very small pots (12 L) to maximize the 361 

occupation of the soil volume by tree roots, which was verified when the plants were 362 

uprooted at the end of the experiment, and thus makes this assumption unlikely. 363 

Secondly, the measurements of soil resistivity made at two different depths, showed 364 

no significant differences between the two measured depth levels (1/3 and 2/3 of the 365 

pot height), for none of the modalities (Figure S2, P-value > 0.05). Because resistivity 366 

varies according to a power law as a function of water content (Archie, 1942; 367 

Waxman and Smits, 1968), which means that when the soil is dry, little variation of 368 

soil water content translates into a large change in resistivity, our measurements 369 

indicate that there is most likely no spatial segregation in the uptake of soil water by 370 

roots. Alternatively, one can postulate that differences between Ψpd and Ψsoil resulted 371 

from changes in the soil hydraulic conductance between, which could occur as a result 372 

of increase fine root density. We carried out simulations with SurEau to test this 373 

hypothesis (Figure 5B). Hence, we conducted simulations in which we assumed that 374 

the increase in soil conductance might be achieved through an increase in the 375 

exchange surface between soil and roots (“single root” approach, see materials & 376 

methods section). We tested this hypothesis by varying the fine root length per unit 377 

soil volume. This sensitivity test showed that changing Ksoil can change the Ψpd vs 378 

Ψsoil relationship (Figure 5B). Indeed, reducing the value of this parameter (graph 379 

“root length x ½”, Figure 5B) resulted in a departure between Ψpd and Ψsoil as 380 

observed in the monoculture, whereas increasing root length resulted in Ψpd and Ψsoil 381 

being comparable, as observed in the mixture without root separation. Interestingly, 382 

some studies have already reported modifications toward higher fine roots density in 383 

mixture conditions (Sun et al., 2017; Wambsganss et al., 2021), identifying this 384 

phenomenon as a complementarity effect between associated species.  385 

d) Ecological and practical implications 386 
Our study has different larger scale implications for forest management and 387 

vegetation modelling. First of all, it is noteworthy that the positive effect of mixture -- 388 

particularly highlighted for Q. ilex -- was not found in the pots designed to separate 389 

the root systems of the two species with a mesh (Figures 2, 3 and Figure S3). This 390 

indicates that root systems of the two individuals must be entangled for the mixture 391 

effect to be efficient. This result is important for tree plantation as it supports the 392 

premise that intimate species mixture is required to observe a mixture effect in diverse 393 

forests. Overall, this is in line with the growing body of evidence showing the 394 

importance of tree-tree interactions in driving the biodiversity vs ecosystem 395 

functioning relationships (Trogisch et al., 2021).  396 

In addition, our study could explain how mixing tree species with contrasting 397 

hydraulic strategies limited the hydraulic risk during extreme drought by using a 398 
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mechanistic model. This paves the way for developing numerical tools allowing to 399 

explore how to design species mixture resilient to climate change. Although the 400 

mechanisms highlighted remain to be tested at larger scale, they could change our 401 

representation of the mechanisms that determine water stress in plant communities. 402 

Although positive effects of mixtures can come from a complementarity of water use 403 

linked to spatial segregation of root systems or different water uptake depth as usually 404 

propose (Bello et al., 2019; Grossiord et al., 2019; Haberstroh and Werner, 2022; Liu 405 

et al., 2023) , we provided support that other mechanisms can be involved. Indeed, 406 

differences in water use regulation strategies of species along with modifications of 407 

hydraulic connections between the plant and the soil can alone explain the observed 408 

behaviours in a model. This challenges the way vegetation models represent water 409 

stress in plant communities. To date, the majority of process-based models assume 410 

that soil water deficit in the rooting zone drives the water status of the plant. 411 

However, we provide evidence that changes in the hydraulic connection from the soil 412 

can make the plant, in dry conditions, behave independently from the soil water 413 

status. Implementing such processes in larger scale vegetation models could help to 414 

refine and better predict species interactions and drought induced effects on forest 415 

communities. This would represent a step forward in the development of tools 416 

allowing to design drought resilient mixtures. 417 

 418 

Materials and Methods 419 

Seedlings and experimental design 420 

Our study focused on two tree species commonly found in the Mediterranean region 421 

and naturally co-occurring over large areas: the isohydric Aleppo pine (P. halepensis, 422 

drought avoidant with tight water loss control) and the anisohydric holm oak (Q. ilex, 423 

drought tolerant with more progressive water loss control). The experiment compared 424 

water status and hydraulic traits during drought among seedlings grown in mixture 425 

and monocultures, and with or without physical barrier preventing intimate root 426 

contact among the two plants (see below). This latter treatment aimed at testing 427 

whether the root systems of the two species need to be entangled to observe mixture 428 

effects, or if soil matrix potential gradients are large enough to trigger mixture effect 429 

without a close contact between root systems.    430 

From 2019 to June 2021, saplings were grown at the French National Forestry Office 431 

of France (ONF) nursery in Cadarache (Southeast of France) and were watered twice 432 

a week to field capacity and fertilized once a week. Seedlings of P. halepensis and Q. 433 

ilex (one- and two-years old respectively) of equivalent dimensions were repoted in 434 

January 2020. 90 trees of each species were planted in 12 L containers, each 435 

containing two individuals per pot, either in monoculture or in mixtures. The soil was 436 

composed mainly of organic matter and of sand (~20%). Half of the pots were 437 

equipped with a physical barrier made of acrylic fabric with a 30µm mesh that 438 

precluded root colonization from one side to the other of the pot but allowed water 439 

transfer between the two separated compartments. One month before the start of the 440 

experiment (June 2021), pots were brought on the campus of INRAe in Avignon 441 

(Southeast France) to acclimate in the experimental greenhouse. The greenhouse was 442 

equipped with air temperature, humidity (HD 9817T1) and radiation loggers. It 443 

included an independent regulation of climate through aeration (window opening or 444 
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 11 

forced ventilation) and cooling (humidification of the air entering through a “cool 445 

box”). These systems allowed regulating the environment of the greenhouse 446 

according to the defined settings. In addition, the sidewalls of the greenhouse had 447 

been whitewashed to homogenize the radiation and the temperature. The temperature 448 

was kept between 25 and 35 °C, relative humidity (RH) between 40 and 75%, and 449 

maximum diurnal photosynthetically active radiation (PPFD) below 1000 µmol.m
-
². s

-
450 

1
 (Figure S1). 451 

During the acclimation period in the greenhouse, watering was applied as in the 452 

nursery. Among the initial batch of 90 pots, we selected 54 pots for which the two 453 

trees were alive and had reached a height between 40 and 60 cm with less than 10 cm 454 

height differences between the two trees. Pots were divided into two batches: a batch 455 

of 6 pots per composition (36 pots in total) that was assigned to the drought 456 

experiment, and a batch of 3 pots per treatment (18 pots in total) that was assigned to 457 

a control treatment in which trees were maintained watered all along the season (two 458 

times a week). The day before the beginning of the experiment, at the end of the 459 

afternoon, all pots were watered at saturation and weighted.  460 

The experiment was set up during the summer 2021. It consisted in applying a 461 

drought treatment (watering stop) to potted P. halepensis and Q. ilex trees grown in 462 

monoculture or in mixture while monitoring ecophysiological variables at 5 different 463 

dates. All pots were monitored once a week, from July 26 to August 18, for leaf water 464 

potentials, leaf gas exchanges, and pot weights. 465 

Plant water potentials measurements 466 

Water potentials were measured at predawn once a week across the experimental 467 

period for all trees monitored. The evening before measurements one leaf (Q. ilex) or 468 

small twig (P. halepensis) of each tree was covered with an aluminium foil and placed 469 

in a ziplock plastic bag. In addition, to limit tree nocturnal transpiration and allow 470 

water potential equilibration between the tree and the soil (Rodriguez-Dominguez et 471 

al., 2022), trees were covered with a plastic bag and a piece of wet paper was included 472 

under the plastic bag. Samples were collected before sunrise, between 4 to 5 am, kept 473 

into the ziplock and immediately placed in a cooler for water potential measurement. 474 

The 108 measurements were done randomly in less than 4 hours following sampling, 475 

with a Scholander pressure chamber (PMS model 1505 D).  476 

Tree leaf gas exchanges  477 

Leaf level gas exchanges were measured using two portable photosynthesis system 478 

(LI-6400XT) for all trees at all dates except the second one due to a breakdown of the 479 

greenhouse system affecting cooling system. Measurements were done between 11 480 

am to 3 pm, period during which PAR in the green house was highest and stable 481 

(between 600 and 1000 µmol.m
-
². s

-1
). Licor chamber conditions were set to keep 482 

close to the greenhouse while providing non-limiting conditions: PAR was set at 1000 483 

µmol.m
-
². s

-1
, the block temperature was set at 25°C, flow rate and scrubbing were 484 

adjusted to maintain RH between 60 and 80%. The leaves were allowed to acclimate 485 

for at least 3 minutes in the chamber before measurement, to ensure gas exchange 486 

stability. For each leaf (Q. ilex) or needle bunch (P. halepensis), ten values were 487 

recorded during one minute and the average was used in the data analysis. After the 488 

measurement, the area of leaves or needles included in the chamber were cut and 489 

stored in a plastic bag inside a cooler. The day after, leaf area was measured to correct 490 
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 12 

gas exchange computation with actual leaf area in the chamber. Samples were then 491 

dried during 48 hours at 70°C to estimate specific leaf area. 492 

Tree biomass and leaf area estimates 493 

We estimated leaf area of each tree at the beginning and the end of the experiment 494 

using a method relying on profile photographs, adapted from (Ter-Mikaelian and 495 

Parker, 2000). It is based on a calibrated relationship between the projected area of the 496 

tree profile and the foliage biomass estimated destructively. For each species, we first 497 

built a calibration relationship between the number of tree pixels in profile 498 

photographs and the foliage biomass. For the calibration relationship, trees were 499 

selected to span the range of sizes encountered in the experiment. We sampled trees 500 

before the beginning of the drought experiment (June 2021), but also after the 501 

experiment (September 2021), to account for potential changes in size or leaf area or 502 

angulation that could have occurred during the summer and influenced the 503 

relationship. For each tree, the profile surface projected area was estimated by 504 

photography. All the settings were made to ensure a constant reproduction ratio (i.e., 505 

constant dimensions of real object dimensions per pixel) among photographs. To 506 

obtain foliage dry mass, all trees used for this calibration were cut at the base of the 507 

stem after taking the photographs. Tree parts were sorted to separate green foliage, 508 

dead foliage, and the rest which was almost entirely made of stems. Tree parts were 509 

then dried at 70°C for 3 days (leaves/ needles) or until there was no variation in dry 510 

mass (almost one week). The leaf area of each tree was computed by converting 511 

foliage dry mass into area using specific leaf areas estimated on leaf gas exchange 512 

measurement samples. 513 

At the end of the experiment and for droughted pots, the belowground part of each 514 

tree was uprooted. The rooting system was washed to separate the soil particles from 515 

the roots. Each plant was hung vertically, and the rooting system extension (maximal 516 

length and width) was measured using a ruler, with a millimeter resolution. The root 517 

system was then dried out at 70°C in an oven for at least 10 days, until there are no 518 

more weight variations, and the total dry mass was estimated. 519 

Soil water content and soil water potentials 520 

Pots were weighted at each measurement dates in the morning (ca. 8 AM) and at the 521 

end of the measurement day (ca. 5 PM). Soil water content was estimated at the pot 522 

level, by subtracting the total pot weight (measured in the morning) by the soil dry 523 

mass and the total fresh tree biomass. Soil water potential (Ψsoil) was then estimated at 524 

the pot level from the normalized soil water content of the pots (𝑊𝑛𝑜𝑟𝑚) and water 525 

retention curves determined in the laboratory on soil samples (V= 6 cm
3
). The 526 

determination of the retention curve was made with the combination of suction table 527 

(Ψsoil > -0.01 MPa), pressure plate (Ψsoil > -1.5 MPa) and dew point hygrometer 528 

(WP4C, Decagon- Ψsoil < -1.5 MPa) methods (Dane and Topp, 2020). Five soil 529 

sample replicates were used for each point of the retention curve and the gravimetric 530 

water content was determined from fresh and dry weight obtained after drying in an 531 

oven at 70°C (temperature limit to avoid organic matter degradation) for about one 532 

week. To perfectly match the data, two different retention curves using van-533 

Genuchten relationships (van Genuchten, 1980) were fitted. A first retention curve 534 

was fitted with gravimetric water contents above 0.1214 g. g
-1

 (corresponding to Ψsoil 535 
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= -1.25 MPa). For gravimetric water content lower than 0.1214 g. g
-1

, a second of 536 

retention curve was fitted. The retention curves take the following form: 537 

𝜓𝑠𝑜𝑖𝑙 =

((
1

𝛩
)

1
𝑚−1)

1
𝑛

𝛼
                                                                                                             (1) 538 

Where 𝑚, 𝑛 and 𝛼 are empirical parameters describing the typical sigmoidal shape of 539 

the function and Θ is the normalized water content. Water potentials were calculated 540 

from this fit using the gravimetric water contents of pots estimated at each 541 

measurement dates. The parameters of the curves are provided in Figure S8 and Table 542 

S4.  543 

The normalized water content (𝛩) was computed for each pot as: 544 

𝛩 =
𝑊−𝑊𝑟

𝑊𝑠𝑎𝑡−𝑊𝑟
                                                                                                                          (2) 545 

With 𝑊 the gravimetric water content of the pot at a given time, 𝑊𝑟 the residual 546 

gravimetric water content and 𝑊𝑠𝑎𝑡  the gravimetric water content at saturation. It 547 

was measured at the end of the experiment after drying the soil at 70°C. 𝑊𝑠𝑎𝑡 was 548 

estimated from the first weight measurement of the experiment, after the pots were 549 

irrigated at saturation. 𝑊 and 𝑊𝑠𝑎𝑡 were computed by removing the mass of the tree 550 

and the pot to the total weight measured during the experiment. The total tree weight 551 

was measured at the end of the experiment, by assuming that tree growth that could 552 

have occurred during the experiment can be neglected due to the extreme drought 553 

experienced by the tree.  554 

Since soil water potentials were not directly measured, we calculated soil water 555 

potentials from water contents as described above, and also plus or minus the largest 556 

error possible combining both the retention curve precision and the weighting 557 

uncertainty (Figure S4). The largest difference between measurements and the fitted 558 

van Genuchten curves in the [-6, 0] MPa range (a range consistent with our 559 

experiment) was 0.63 MPa. The scale used to weight the pots had a measurement 560 

precision of ± 0.5 g. We then compared tree water potentials to the three estimates of 561 

soil water potentials (Figure S4). 562 

Soil resistivity measurement 563 

Electrical resistivity of soil in pots was measured using electrical resistivity 564 

tomography (ERT). 4 pots (including one control) per modality (monoculture or 565 

mixture, with or without root separation system) were selected. On these pots, 566 

electrical resistivity was monitored with time over 2 radial planes, located at 1/3 and 567 

2/3 of the pots’ height, by inserting 20 stainless steel screws (2cm long) equally 568 

spaced (3.9cm) along the column’s circumference. ERT measurements were done 569 

using an ABEM SAS 4000 resistivity meter connected to all these electrodes. All 570 

quadrupole combinations were used, including reciprocal measurements for assessing 571 

error and measurement quality. The resistivity measurements were taken before the 572 

start of the experiment (when the pot substrates were at field capacity), in the middle 573 

and at the end of the experiment. In the late dry situations, it was necessary to add a 574 

small amount of water at electrodes to enable soil-electrode electrical contact and 575 

resistivity measurements. Soil resistivity distribution at the two heights was obtained 576 
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from the inversion of apparent resistivity using ResIPy software (Blanchy et al., 577 

2020). 578 

Statistics 579 

We evaluated the effect of species and measurement date and their interactions on the 580 

water potential of trees by using a linear mixed model. Then, for each species 581 

independently and root separation modalities (root separation or not), we assessed the 582 

effect of pot composition (mixture or monoculture association) on predawn water 583 

potentials by considering date, composition and their interaction as explanatory 584 

factors. As we did not find any significant differences between water potentials of 585 

monoculture with and without root separation for each species (Figure S9), we 586 

decided to pool them for the analysis. We also tested the differences between soil and 587 

tree water potentials at each measurement date using Student T tests. Finally, we 588 

applied post-hoc Tuckey HSD tests to evaluate differences between pots modalities 589 

(composition and root separation) for gas exchange variables (leaf conductance and 590 

transpiration, Figure S3). All statistical analyses were performed with the R software 591 

(3,5,2, R Development Core Team 2018) with the packages lme4 and agricolae (Bates 592 

et al., 2023; Mendiburu, 2023). 593 

Model analysis using SurEau  594 

General overview of the model 595 

We performed sensitivity analysis with a soil-plant hydraulic model in order to 596 

explore the mechanisms driving the mixture effects during an extreme drought. We 597 

used the SurEau model coded in C, which has been extensively presented previously 598 

(Cochard et al., 2021). In brief, SurEau has been designed to model extreme drought 599 

and accounts for the processes occurring after the point of stomatal closure (i.e., 600 

cuticular water losses as well as losses of hydraulic conductance and plant water 601 

stocks due to xylem embolism). It computes water fluxes along a discretized soil-tree 602 

atmosphere continuum and accounts for variations of plant and soil water stocks and 603 

water potential (which are the state variables of the model) by using diffusion laws 604 

(conductance and water potential gradients between compartments) and capacitances. 605 

The model is driven by hourly climate data (temperature, VPD, radiation, wind 606 

speed), which are downscaled at smaller time step to perform computation. At each 607 

time step, the model starts with the computation of leaf stomatal and cuticular 608 

transpiration as the product between leaf-to-air vapor pressure deficit and stomatal 609 

and cuticular conductance. These fluxes are used to trigger a drop in water content in 610 

the leaves, which is translated into a water potential drop (using the specific 611 

capacitances). In turn, leaf water potential is used to compute water flows with the 612 

adjacent compartments and update their water potential and water quantities. This 613 

approach is applied to all compartments (including the soil) over one small-time step 614 

to avoid numerical instabilities (ca. 0.01s; (Ruffault et al., 2022) and repeated until the 615 

plants eventually reach total hydraulic failure (loss of xylem conductance) in all 616 

apoplasmic compartments. 617 

Stomatal conductance (gs) was modelled using a Jarvis formulation, by which gs 618 

depends on radiation and leaf water potential (Cochard et al., 2021). The leaf stomatal 619 

response to water potential was set species specific as in (Martin-StPaul et al., 2017). 620 

The leaf cuticular transpiration is modelled as a result of the product between vapor 621 
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pressure deficit and leaf cuticular conductance (gcuti, which by default was set 622 

constant for each species).  623 

The soil is discretized into three soil layers and the plant system into four organs 624 

(roots, trunk, branches, and leaves). Each plant organ is composed of an apoplasmic 625 

(i.e., xylem) and a symplasmic compartments, each being defined by a capacitance 626 

and conductance with the surrounding compartments. The capacitance of the 627 

symplasm depends on the water potential according to the pressure volume curves; 628 

whereas the capacitance of the apoplasm is set constant (Cochard et al., 2021; Martin-629 

StPaul et al., 2017). The organs are connected between each other axially via their 630 

apoplasm and each organ’s apoplasm is connected radially with a symplasm. The 631 

hydraulic conductance of the xylem (apoplasm can decline as a result of xylem 632 

embolism. Xylem embolism is computed by using the xylem vulnerability curve to 633 

cavitation. Each soil layer is connected to a root in series, and all roots are connected 634 

to the trunk in parallel. The soil hydraulic conductivity and the soil water potential of 635 

each layer are computed as a function of soil water quantity and the saturated 636 

conductivity using the van Genuchten model (van Genuchten, 1980). The hydraulic 637 

conductance between the soil and the fine roots for each soil layer is computed by 638 

using the soil conductivity and the scaling factor (BGC) based on fine root density 639 

proposed by Gardner-Mualem, as described in (Martin-StPaul et al., 2017): 640 

𝑘𝑠𝑜𝑖𝑙 = 𝐵𝐺𝐶 . 𝐾𝑠𝑎𝑡 . 𝑅𝐸𝑊 × [1 − (1 − 𝑅𝐸𝑊
1

𝑚)
𝑚

] ²                                                   (3) 641 

with Ksat the soil hydraulic conductivity at saturation, m a parameter from the van 642 

Genuchten soil water retention curve, REW the relative water content (𝑅𝐸𝑊 =
𝜃−𝜃𝑟

𝜃𝑠−𝜃𝑟
, 643 

with 𝜃 the actual soil water content, 𝜃𝑟 the residual soil water content and 𝜃𝑠 the soil 644 

water content at saturation), and 𝐵𝐺𝐶 the scaling factor calculated as:  645 

𝐵𝐺𝐶 =
2𝜋.𝐿𝑎

𝑙𝑛(
1

𝑟√𝜋.𝐿𝑣
)
                                                                                                  (4)  646 

with La and Lv the root length per soil area and volume, r the radius of fine roots. The 647 

root length was the target of sensitivity analysis (see below sensitivity analysis).  648 

Each fine root is connected to the soil layer through a symplasmic conductance which 649 

is set constant by default (Kroot). This root symplasmic conductance has been modified 650 

in the sensitivity analysis to test the effect of plant isolation from the soil during 651 

drought (see below sensitivity analysis).  652 

In the present study, the model was improved to include the possibility for two trees 653 

to absorb water in the same soil volume. In principle, two codes corresponding to two 654 

trees, parameterized for monoculture of P. halepensis, monoculture of Q. ilex or for 655 

mixture, were run in parallel.  656 

General considerations about the model parametrization and application  657 

We describe below the main parameters used in this study and refer the reader to 658 

Cochard et al (2021) for further information about parameters definitions and their 659 

implementations. The parameters can be separated into three types:  660 

(1)  plant size-related traits including (i) the hydraulic conductance for the 661 

different plant compartments, (ii) the water volumes of the different 662 
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compartments, (iii) the overall leaf area and fine root length and area. These 663 

parameters can be derived from direct measurements and from allometric 664 

relationships.  665 

(2) physiological traits including (i) the pressure volume curves parameters (π100, 666 

ε), (ii) the vulnerability curve to cavitation (P50, slope), (iii) the stomatal 667 

response to radiation and to water potential, (iv) the leaf cuticular 668 

conductance. 669 

(3) soil parameters including the soil depth and the water retention curves 670 

parameters (van Genuchten equation parameters) for each soil layer. 671 

In the simulations made for this study, size related parameters were set constant for 672 

the two species. We assumed each plant to be small plant of 1m of height with a stem 673 

diameter of 1cm and a leaf area 0.2 m². The volumes of water of the different woody 674 

compartment (branches, trunk, and leaves) were computed assuming a branch to trunk 675 

ratio of 0.5 and a root to shoot ratio of 0.3. The volume of water in the leaves were 676 

computed based on the leaf area and a succulence of 100 g/m
2
. The default fine root 677 

area was set equal to the leaf area (assuming a fine root to leaf area ratio of 1). The 678 

fine root length was computed assuming a fine root diameter of 0.5mm and 679 

distributed equally among the three soil layers.   680 

The hydraulic conductance of the different compartments was defined by using a total 681 

leaf specific hydraulic conductance around 1 mmol/m
2
/s/MPa (value for small trees 682 

consistent with our measurements and with the previous literature, (Mencuccini, 683 

2003) which was distributed among the plant compartments assuming a typical 684 

hydraulic architecture (Cruiziat et al., 2002; Tyree and Ewers, 1991). The hydraulic 685 

resistance was thus distributed as follows: 20% in the leaf symplasm, 20% in the leaf 686 

apoplasm, 8% in the branch apoplasm, 2% in the stem apoplasm, 10 % in the root 687 

apoplasm and 40% in the root symplasm. The radial symplasmic resistance was 688 

computed for each woody compartment (roots, trunk, branch) using the developed 689 

areas and a symplasmic conductivity of 1 (mmol.m
-
². s

-1
. MPa

-1
) for trunk and 690 

branches and 3.5 (mmol.m
-
². s

-1
. MPa

-1
) for roots (Cochard et al., 2021). Note that the 691 

root symplasmic hydraulic conductance (Kroot) dictates the water fluxes between the 692 

soil and the inner part of the root was the target of sensitivity analysis (see below).  693 

The physiological traits used in the model to define the water use and drought 694 

resistance strategies of the two studied species were set by using previously published 695 

literature or personal data (Table 4). For the sake of simplicity, potential segmentation 696 

of xylem vulnerability was omitted and the same vulnerability curve to cavitation was 697 

used for all compartments of the same species. Similarly, the same species-specific 698 

leaf PV curve was used to compute the symplasmic capacitance of all the symplasmic 699 

compartments. The stomata response to leaf symplasmic water potential used in the 700 

model for water loss regulation was set by using published data of concurrent 701 

measurements of stomatal conductance and leaf water potential (Klein, 2014; Martin-702 

StPaul et al., 2017). The maximum stomatal conductance and the stomata response to 703 

incident PAR were set constant among species as in (Ruffault et al., 2022). The leaf 704 

cuticular conductance was taken from (Billon et al., 2020). It is based on 705 

measurement of leaf water loss under controlled climatic conditions, averaged after 706 

the point of stomatal closure. This value has also been the target of a sensitivity 707 

analysis (see below). 708 

Since not all the parameters of the specific soil used in the experiment have been 709 

measured, the soil hydraulic parameters (Table 5) were taken from a typical French 710 
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Mediterranean site where the SurEau model was previously applied (Ruffault et al., 711 

2023). However, to generalize our results, a sensitivity analysis was made for a large 712 

range of soils using parameters from (Carsel and Parrish, 1988; Figure S10; Table 713 

S5).  For each simulation (in monoculture and mixture with the different soil 714 

parameters) we used the time to hydraulic failure (THF) computed by the model as an 715 

indicator of drought stress resistance. THF corresponds to the modelling time required 716 

for the plant to reach water potential causing 100 % loss of hydraulic conductivity. 717 

For each type of soil and each species, we computed the relative time to hydraulic 718 

failure in mixture compared to monoculture as THFrelative = THFmixtures/ 719 

THF monoculture. A value of 1 means that mixture and monoculture experienced the 720 

same water stress. The results (Figure S10) highlight an overall consistent pattern 721 

(regardless of the soil type) with our current results: in mixture, hydraulic risk (i.e., 722 

THF) increase for Q. ilex and decreased for P. halepensis. 723 

The model was initialized with a soil at the field capacity. Then, the model was forced 724 

with constant climatic conditions from day to day, but variable diurnally as in 725 

(Cochard et al., 2021; Ruffault et al., 2022). The rainfall was set to 0 to explore a 726 

desiccation dynamic as in the experiment. Simulations were stopped when the two 727 

plants reached total hydraulic failure (defined as 100% loss of conductivity in the 728 

stem). The time to reach hydraulic failure (THF) was used as an index of drought 729 

stress resistance to compare the species and treatments (mixture and monocultures).  730 

 731 

Hypothesis testing using SurEau model sensitivity analysis 732 

1- Benchmark simulations  733 

To test the hypotheses presented in the introduction (illustrated in Figure 1B) we first 734 

performed benchmark simulations. Simulations with two individuals in monoculture 735 

or mixture competing for the same amount of water, were performed using the default 736 

parameters described in the section above (Table 4). The results obtained with these 737 

simulations were in accordance with the hypothesis drawn in Figure 1B but departed 738 

from the empirical results. Indeed, these simulations were unable to reproduce the 739 

relatively constant water potential of the isohydric P. halepensis species during 740 

extreme drought. As explained above, the patterns of Figure 1B hold only under the 741 

assumptions that (i) there is no significant segregation in soil exploration by the two 742 

species (which is reasonably the case of our experiment as we observed that root 743 

systems of the two species colonized the full soil volume, which was set low on 744 

purpose), (ii) that the two individuals are highly connected to the soil (i.e. large 745 

hydraulic conductance between the soil and the fine roots).  746 

Consequently, we performed different types of sensitivity analysis with SurEau in 747 

order to explore how changes in soil or root hydraulic conductance could help to 748 

represent the observed empirical patterns. The water flow between the soil and inner 749 

part of the root being modelled using two different conductance (Ksoil and Kroot, see 750 

above), these two conductances were modulated as described below. 751 

2- Testing the “isolation effect” for P. halepensis: Can we explain the relatively 752 

constant water potential of P. halepensis with variable root hydraulic 753 

conductance (Kroot) and cuticular conductance (gcuti)? 754 

For P. halepensis empirical data support that plant water potential can be higher than 755 

soil water potential during extreme drought, suggesting that this species can behave 756 

independently from the soil and maintain its water potential constant even if soil 757 
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water potential decreases. Previous studies suggested that decline in conductance 758 

between the soil and root can occur during drought (Cuneo et al., 2016; Duddek et al., 759 

2022; North and Nobel, 1997). This can be represented in the model by decreasing the 760 

root symplasmic conductivity when root water potential decreases. Therefore, we 761 

implemented a variable Kroot by assuming a variable gap fraction in the root cortex: 762 

𝐾𝑟𝑜𝑜𝑡 =
𝐾𝑟𝑜𝑜𝑡𝑠𝑦𝑚𝑝0∗(100−𝐶𝑜𝑟𝑡𝑒𝑥𝐺𝑎𝑝)

100
                                                                                                 763 

(5) 764 

With 𝐾𝑟𝑜𝑜𝑡𝑠𝑦𝑚𝑝0
 the initial hydraulic symplasmic conductivity and 𝐶𝑜𝑟𝑡𝑒𝑥𝐺𝑎𝑝 the 765 

proportion of gap in the root cortex, which we computed by assuming a sigmoidal 766 

dependence to the root symplasmic water potential 𝑃𝑟𝑜𝑜𝑡𝑠𝑦𝑚𝑝 : 767 

𝐶𝑜𝑟𝑡𝑒𝑥𝐺𝑎𝑝 =
100

(1+𝑒𝑥𝑝(𝐾𝑣𝑎𝑟𝑃2 25⁄ ∗(𝑃𝑟𝑜𝑜𝑡𝑠𝑦𝑚𝑝−𝐾𝑣𝑎𝑟𝑃1)))
                                                                     768 

(6) 769 

with 𝐾𝑣𝑎𝑟𝑃1the water potential causing 50% of cortex gap and 𝐾𝑣𝑎𝑟𝑃2 the slope at the 770 

point of inflexion of the sigmoid (Figure S5).  771 

We used this implementation to perform simulation in mixture conditions, still 772 

parametrizing Q. ilex as in benchmark conditions. Such implementation led to an 773 

acceleration of hydraulic failure for P. halepensis, which is explained by the fact that 774 

there is less water supply from the soil, but still significant cuticular losses that are not 775 

anymore be compensated, and thus lead to an excessive plant desiccation. We 776 

therefore also tested whether accounting for a concurrent decrease in leaf cuticular 777 

conductance during drought stress, a phenomenon already observed on cut branches 778 

of P. halepensis, could explain -- alone or in combination with the reduction in root 779 

conductance -- the observed pattern (Figure S6 A). To do so, we implemented a linear 780 

decrease of the cuticular conductance (gcuti) with the leaf symplasmic relative water 781 

content (RWC, Figure S6 B) as observed for P. halepensis using a drought-box 782 

(Billon et al., 2020). We assumed that after turgor loss point, gcuti decreased linearly:  783 

𝑖𝑓(𝑅𝑊𝐶𝑙𝑒𝑎𝑓 < 𝑅𝑊𝐶𝑡𝑙𝑝)  784 

𝑔𝑐𝑢𝑡𝑖 = 𝑔𝑐𝑢𝑡𝑖𝑟𝑒𝑓 ∗ (1 − (𝑅𝑊𝐶𝑡𝑙𝑝 − 𝑅𝑊𝐶𝑙𝑒𝑎𝑓) ∗ 𝑅𝑊𝐶𝑠𝑒𝑛𝑠)                                                            785 

(7) 786 

𝑒𝑙𝑠𝑒𝑔𝑐𝑢𝑡𝑖 = 𝑔𝑐𝑢𝑡𝑖𝑟𝑒𝑓   787 

With 𝑅𝑊𝐶𝑙𝑒𝑎𝑓 the leaf symplasmic relative water content, 𝑅𝑊𝐶𝑡𝑙𝑝 the leaf relative 788 

water content at turgor loss point, 𝑅𝑊𝐶𝑠𝑒𝑛𝑠 the sensitivity of 𝑔𝑐𝑢𝑡𝑖 to relative water 789 

content, 𝑔𝑐𝑢𝑡𝑖𝑟𝑒𝑓 the reference leaf cuticular conductance. We found that combining 790 

both, a reduction of Kroot and a reduction of 𝑔𝑐𝑢𝑡𝑖𝑟𝑒𝑓  led to patterns of water potential 791 

consistent with our empirical findings. 792 

3- Testing the potential increase of soil hydraulic conductance through increased 793 

root length for Q. ilex in mixture 794 

Secondly, for Q. ilex, we noticed a lower water stress under mixture which was also 795 

linked to a change in the relationship of the soil water potential (Ψsoil) vs plant 796 
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predawn water potential (Ψpd). Higher plant water potential for a given soil water 797 

potential was found under mixture compared to monoculture. Such pattern could be 798 

explained by an increase of the soil hydraulic conductance that, as evidenced by 799 

equations 3 and 4, can be related to the density of fine roots (La and Lv, the length of 800 

fine roots per m²/m
3
 of soil). It is also consistent with the observed increase in root 801 

length under mixture conditions (Figure S7). We therefore performed a sensitivity 802 

analysis to the density of fine roots under monoculture conditions to test whether this 803 

trait changes explains the observed mixture effect on water status. 804 

 805 

Supplementary Data 806 

Supplementary Figure S1. Meteorological variables recorded in the greenhouse 807 

during the experimentation: relative humidity, photosynthetic active radiation (PAR), 808 

and temperature.  809 

Supplementary Figure S2. Mean resistivity of the top and bottom profiles of pots 810 

(1/3 and 2/3 of the height of a given pot) at the end of the experiment according to pot 811 

modality.  812 

Supplementary Figure S3. Dynamics of leaf transpiration and conductance for Q. 813 

ilex (QI) and P. halepensis (PH), either in monocultures (black dots) or mixtures (grey 814 

dots), without (left panel) or with (right panel) root separation.  815 

Supplementary Figure S4. Impact of soil water potential computation uncertainty on 816 

the difference between soil and tree water potentials.  817 

Supplementary Figure S5. Relationship between root hydraulic conductance (Kroot) 818 

and root symplasmic water potential implemented in the sureau model simulations to 819 

test the hypothesis of soil to root isolation for P. halepensis. 820 

Supplementary Figure S6. Relationship between the leaf cuticular conductance 821 

(gcuti) and the leaf relative water content used to test the hypothesis of leaf to air 822 

isolation for P. halepensis.  823 

Supplementary Figure S7. Average root length of Q. ilex (grey bars) and P. 824 

halepensis (white bars) for the different pot composition modalities.  825 

Supplementary Figure S8. Soil water retentions curves obtained on subsamples of 826 

soil and used to extrapolate soil water potential (or soil matric potential, h) of the pots.  827 

Supplementary Figure S9. Averages and standard deviations of plant predawn water 828 

potentials (Ψpd) in monocultures.  829 

Supplementary Figure S10. Time to hydraulic failure (THF) of both species relative 830 

to monoculture (relative THF = THFmixture/ THFmonoculture, a value of 1 - shown 831 

by the dashed red line - indicates that mixture and monoculture experience the same 832 

water stress) in the soil type given by Carsel & Parrish 1988, and for the Puéchabon 833 

soil used for simulation.  834 

Supplementary Table S1. Analysis of variance of the mixed model for tree predawn 835 

water potential to test date and species effect.  836 

ACCEPTED M
ANUSCRIPT

D
ow

nloaded from
 https://academ

ic.oup.com
/plphys/advance-article/doi/10.1093/plphys/kiae239/7674200 by C

em
agref G

renoble user on 21 M
ay 2024



 

 20 

Supplementary Table S2. Analysis of variance of the mixed models to test the 837 

composition effect (monoculture vs mixture), per species and type of pot (with or 838 

without root separation), for tree water potential (measured at predawn).  839 

Supplementary Table S3. Water flux estimate between the compartment of the pots 840 

at the penultimate and last dates of measurement.  841 

Supplementary Table S4. Parameters of the retention curve for the first (Ψsoil < 842 

12.5 bar) and second (Ψsoil > 12.5 bar) fits of the van Genuchten equation.  843 

Supplementary Table S5. Soil parameters describing the water retention curves 844 

according to soil types given by Carsel & Parrish 1988. 845 

Supplementary Method S1. Computation of water fluxes between the two pots 846 

compartments of the mixture with root separation modality. 847 
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 876 

Table 1: F statistics and p values of factors in the analysis of variance model of the 877 

predawn water potentials of both species according to pot modalities (monoculture or 878 

mixture, with or without root separation) and soil water potentials (Ψsoil).  Summary 879 

of linear mixed effect model of the predawn water potentials of both species 880 

according to pot modalities (monoculture mixture with or without root separation) and 881 

soil water potentials (Ψsoil) using monoculture as reference.  882 

 Q. ilex P. halepensis 

Factors F_value P_value F_value P_value 

Ψsoil 824.83 < 2.2e-16 707.69 < 2.2e-16 

Pot modalities 30.24 11.38 e-11 1.84 0.1 

Ψsoil: Pot modalities 17.26 2.12e-07 1.89 0.15 

 883 

 884 

 885 

Table 2: Summary of linear mixed effect model of the predawn water potentials of 886 

both species according to pot modalities (monoculture mixture with or without root 887 

separation) and soil water potentials (Ψsoil) using monoculture as reference. 888 

 Q. ilex P. halepensis 

Factors T_value 

-1.489 

P_value 

0.139 

T_value 

-7.904 

P_value 

1.3e-12 Intercept 

Ψsoil 25.77 < 2e-16 21.318 < 2e-16 

Mixture with root sep 0.03 0.98 0.06 0.95 

Mixture without root sep 0.63 0.53 0.21 0.83 

Ψsoil: Mixture with root sep 0.32 0.75 1.77 0.08 

Ψsoil: Mixture without root sep -5.64 9.71e-08 -0.45 0.65 

 889 

Table 3: F statistics and p values of factors in the analysis of variance of the predawn 890 

water potentials of Q. ilex (Ψpd QI) in mixtures according to predawn water potentials 891 

of P. halepensis (Ψpd PH) and root separation modality (with or without root 892 

separation) (Ψpd QI~ PH*Separation modality) 893 

 894 

Factors F_value P_value 

Ψpd PH 338.1 < 2.2e-16 

Separation modality 10.9 0.002 

Ψpd PH: Separation modality 5.14 0.03 

 895 

 896 

 897 
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 898 

Table 4: Species specific parameters used in the model to describe the water use and 899 

drought tolerance strategies of the species. 900 

 901 

Traits (symbol. units) P. halepensis Q. ilex Comments References 

Water potential causing 10% 

stomatal closure (Ψgs_10. 

MPa) 

-1.5 -1 / 
Martin-StPaul et 

al 2017 

 

Water potential causing 90% 

stomatal closure (Ψgs_90. 

MPa) 

-2.5 -4 / 
Martin-StPaul et 

al 2017 

P50 of the xylem of the 

vulnerability curve (MPa) 
-4.7 -7.1 

Constant for all 

apoplasmic 

organs 

(Sergent et al., 

2020); Martin-

StPaul et al 2017 

Slope of the xylem 

vulnerability curve (%/MPa) 
78 23 

Constant for all 

apoplasmic 

organs 

 

Sergent et al 

2020; Martin-

StPaul et al 2017 

Osmotic potential at full 

turgor (π100. MPa) 
-1.26 -1.9 

Constant for all 

symplasmic 

organs 

 

Martin-StPaul et 

al 2017;  

Moreno, 2022 

Modulus of elasticity of the 

symplasm (ε. MPa) 
9.7 16 

Constant for all 

symplasmic 

organs 

 

Martin-StPaul et 

al 2017; M. 

Moreno, 2022 

gcuti_ref (mmol.m-². s
-1

) 1.1 2.38 

Targeted for a 

sensitivity 

analysis 

 

Billon et al 

2020; M. 

Moreno, 2022 

Leaf area (m²) 0.17 0.14 Constant This study 

Succulence (gH2O.m
-2

) 300 145 / 

Ruffault and 

Martin-StPaul, 

2024 
Kplant (Leaf_specific. 

mmol.m-². s-1. MPa
-1

) 
0.8 1.4 / This study 

Table 5: Soil parameters (Puéchabon site) describing the water retention curves and 902 

the changes in soil conductivity, used for all three soil layers in Sureau simulations. 903 

𝜃𝑠𝑎𝑡 𝜃𝑟 α n K_sat (mol/s/MPa) 
0.28 0.1 0.0005 2 5 

 904 

 905 

Figure 1. Conceptual representation of drought effects on hydraulic risk of 906 

monocultures and mixtures, for two species with contrasting water use strategies.  907 

(A) Drought responses of species according the resistance strategy they adopt. During 908 

drought, the isohydric species (i.e., Pinus halepensis, also referred as drought 909 

avoidant) close its stomata at a relatively high-water potential (Ψclose, corresponding to 910 

the water potential inducing full stomatal closure) and has a low cuticular 911 

conductance (gcuti). Also, it has a relatively high P50 (water potential causing 50 % 912 
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loss of hydraulic conductivity), making it more vulnerable to xylem cavitation. 913 

Whereas, the anisohydric species (i.e., Quercus ilex, also referred as drought tolerant), 914 

has a lower Ψclose and a higher gcuti, making it consuming more water. Additionally, it 915 

has a lower P50 (water potential causing 50 % loss of hydraulic conductivity), making 916 

it more resistant to xylem cavitation. 917 

(B) Experimental design and hypothesized drought responses for monocultures and 918 

mixtures of an isohydric (drought avoidant) and an anisohydric (drought tolerant) 919 

species. The transpiration, water potentials (Ψsoil: overall pot soil water potential; Ψpd: 920 

plant predawn water potential) and hydraulic safety margins (HSM) for each situation 921 

and species. HSM represents the risk of hydraulic failure, it generally refers as the 922 

difference between the minimum plant water potential and vulnerability to cavitation 923 

(P50, the water potential causing 50 % of embolism). In the isohydric monoculture, 924 

tree transpiration is expected to reduce rapidly after the onset of drought, limiting the 925 

drop in Ψsoil and Ψpd, and hence the hydraulic failure risk (positive HSM). In the 926 

anisohydric monoculture, transpiration should decrease later as stomatal control is 927 

expected to be more released than the one of the isohydric species. This should trigger 928 

a steeper decrease of Ψsoil and Ψpd, thereby increasing the risk of hydraulic failure 929 

(more negative HSM). In the mixture without root separation, transpiration of the 930 

isohydric should decrease earlier than for the anisohydric. This is expected to dampen 931 

overall soil water loss and thus Ψpd and HSM of the anisohydric species compared to 932 

the monoculture. However, the water consumption of the anisohydric continue 933 

beyond the point of stomatal closure and of cavitation of the isohydric. This triggers a 934 

decrease of steeper decline of Ψpd and HSM for the isohydric compare to 935 

monoculture. A mixture with root separation illustrates that when each species root 936 

system occupies its proper soil volume, the regulation of the transpiration, the water 937 

potentials dynamics and the HSM are expected to be the same as in monoculture. As 938 

Ψsoil represents the global pot soil water potential, it is here equal to the mean of both 939 

compartment soil water potential.940 
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Figure 2.  Drought impact on water potential and hydraulic risk according to species 941 

mixture and root separation. 942 

  943 

(A) Soil (Ψsoil) and leaf predawn water potentials (Ψpd) for the different pot 944 

compositions at each measurement date.  Ψsoil represent average values computed at 945 

the pot level from manual weightings (grey points). The average Ψpd of Q. ilex and P. 946 

halepensis correspond respectively to black and white dots. Standard deviations are 947 

represented and significant differences between Ψsoil and Ψpd obtained using Students’ 948 

t-tests are indicated (ns, non-significant difference; *, 0.01 ≤ P_value < 0.05; **, 949 

0.001 ≤ P_value < 0.01; ***, P_value < 0.001). For Ψpd, N = 24 for monocultures 950 

(pooling monocultures with and without root separation/two trees per pots) and 6 for 951 

mixtures. For Ψsoil, N = 12 for monocultures (pooling monocultures with and without 952 

root separation) and 6 for mixtures concerning Ψsoil.  953 

 954 

(B) Hydraulic safety margins (HSM) measured at the driest date of the experiment in 955 

monocultures (with and without root separation) and the mixture without root 956 

separation. HSM were computed as the difference between Ψpd at the driest date and 957 

the P50 (i.e., Ψpd causing 50% embolism). Significant differences between HSM 958 

according species and pot modalities were obtained using Students’ t-tests and are 959 

indicated (ns, non-significant difference; *, 0.01 ≤ P_value < 0.05). N = 24 for 960 

monocultures (pooling monocultures with and without root separation/two trees per 961 

pots) and 6 for mixtures. Boxes represent the median, 25th and 75th percentiles, error 962 

bars the 10th and 90th percentiles, and dots outliers. 963 

 964 

 965 

Figure 3. Mixture effect on the hydric behavior of Q. ilex. 966 

 967 

(A) Relationships between soil (Ψsoil) and predawn (Ψpd) water potentials of Q. ilex 968 

and P. halepensis in mixtures with root separation, without root separation and 969 

monocultures. Different colors were used for monocultures (white dots), mixture with 970 

root separation (grey dots) and mixture without root separation (black dots). The 971 

isoline (y=x) is reported in orange. Distinct linear fits between Ψsoil and Ψpd are 972 

depicted for significantly different relationships (see Table 2), and the corresponding 973 

equations given. For Q. ilex, fit between Ψsoil and Ψpd combining both monoculture 974 

and mixture is represented in dashed line and in solid black line for mixture without 975 

root separtion for the latter. For P. halepensis, fit between Ψsoil and Ψpd combines all 976 

three pots modalities. N = 96 for monocultures (with and without root separation) and 977 

24 for mixtures for each root separation category.  978 

 979 

(B) Relationships between predawn water potentials (Ψpd) of Q. ilex and P. halepensis 980 

in mixtures with root separation and without root separation. N = 24 for each root 981 

separation category. Summary statistics are shown in Table 3. 982 

 983 

Figure 4. SurEau model simulations in monocultures and mixture (refer to as 984 

Benchmark simulation in the text). Upper panels show the simulated dynamics of 985 

transpiration (Tplant, in g/h) and the total tree transpiration until hydraulic failure 986 

(Total Tplant, in g). Lower panels show the leaf (Ψleaf) and soil (Ψsoil) water potentials. 987 

The time to reach hydraulic failure (THF, corresponding to the number of days to 988 

reach 100% loss in hydraulic conductivity) is indicated in white and black 989 
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respectively for P. halepensis and Q. ilex respectively for the different composition 990 

treatments.  991 

 992 

Figure 5. Sensitivity analysis with the SurEau model to explore the role of Kroot, gcuti 993 

and Ksoil (which is modified through the fine root length) on the changes of the 994 

relationship between soil water potential (Ψsoil) and plant water potential (Ψleaf). (A) 995 

Test of sensitivity to root conductance (Kroot) and leaf cuticular conductance (gcuti) 996 

parameters for P. halepensis.  (B) Test of sensitivity to fine root length for Q. ilex 997 

(fine root length multiplied by ½, 1 and 4 compared to the benchmark). Note that the 998 

scales of the x-axis differ between plots. Model parameters are provided in the Tables 999 

4 and 5. 1000 
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Figure 1. Conceptual representation of drought effects on hydraulic risk of monocultures and 

mixtures, for two species with contrasting water use strategies.  

(A) Drought responses of species according the resistance strategy they adopt. During 

drought, the isohydric species (i.e., Pinus halepensis, also referred as drought avoidant) close 

its stomata at a relatively high-water potential (Ψclose, corresponding to the water potential 

inducing full stomatal closure) and has a low cuticular conductance (gcuti). Also, it has a 

relatively high P50 (water potential causing 50 % loss of hydraulic conductivity), making it 

more vulnerable to xylem cavitation. Whereas, the anisohydric species (i.e., Quercus ilex, 

also referred as drought tolerant), has a lower Ψclose and a higher gcuti, making it consuming 

ACCEPTED M
ANUSCRIPT

D
ow

nloaded from
 https://academ

ic.oup.com
/plphys/advance-article/doi/10.1093/plphys/kiae239/7674200 by C

em
agref G

renoble user on 21 M
ay 2024



 

 2 

more water. Additionally, it has a lower P50 (water potential causing 50 % loss of hydraulic 

conductivity), making it more resistant to xylem cavitation. 

(B) Experimental design and hypothesized drought responses for monocultures and mixtures 

of an isohydric (drought avoidant) and an anisohydric (drought tolerant) species. The 

transpiration, water potentials (Ψsoil: overall pot soil water potential; Ψpd: plant predawn water 

potential) and hydraulic safety margins (HSM) for each situation and species. HSM represents 

the risk of hydraulic failure, it generally refers as the difference between the minimum plant 

water potential and vulnerability to cavitation (P50, the water potential causing 50 % of 

embolism). In the isohydric monoculture, tree transpiration is expected to reduce rapidly after 

the onset of drought, limiting the drop in Ψsoil and Ψpd, and hence the hydraulic failure risk 

(positive HSM). In the anisohydric monoculture, transpiration should decrease later as 

stomatal control is expected to be more released than the one of the isohydric species. This 

should trigger a steeper decrease of Ψsoil and Ψpd, thereby increasing the risk of hydraulic 

failure (more negative HSM). In the mixture without root separation, transpiration of the 

isohydric should decrease earlier than for the anisohydric. This is expected to dampen overall 

soil water loss and thus Ψpd and HSM of the anisohydric species compared to the 

monoculture. However, the water consumption of the anisohydric continue beyond the point 

of stomatal closure and of cavitation of the isohydric. This triggers a decrease of steeper 

decline of Ψpd and HSM for the isohydric compare to monoculture. A mixture with root 

separation illustrates that when each species root system occupies its proper soil volume, the 

regulation of the transpiration, the water potentials dynamics and the HSM are expected to be 

the same as in monoculture. As Ψsoil represents the global pot soil water potential, it is here 

equal to the mean of both compartment soil water potential. 
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Figure 2.  Drought impact on water potential and hydraulic risk according to species mixture and root separation. 

  

(A) Soil (Ψsoil) and leaf predawn water potentials (Ψpd) for the different pot compositions at each measurement date.  Ψsoil represent average 

values computed at the pot level from manual weightings (grey points). The average Ψpd of Q. ilex and P. halepensis correspond respectively to 

black and white dots. Standard deviations are represented and significant differences between Ψsoil and Ψpd obtained using Students’ t-tests are 

indicated (ns, non-significant difference; *, 0.01 ≤ P_value < 0.05; **, 0.001 ≤ P_value < 0.01; ***, P_value < 0.001). For Ψpd, N = 24 for ACCEPTED M
ANUSCRIPT
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monocultures (pooling monocultures with and without root separation/two trees per pots) and 6 for mixtures. For Ψsoil, N = 12 for monocultures 

(pooling monocultures with and without root separation) and 6 for mixtures concerning Ψsoil.  

 

(B) Hydraulic safety margins (HSM) measured at the driest date of the experiment in monocultures (with and without root separation) and the 

mixture without root separation. HSM were computed as the difference between Ψpd at the driest date and the P50 (i.e., Ψpd causing 50% 

embolism). Significant differences between HSM according species and pot modalities were obtained using Students’ t-tests and are indicated 

(ns, non-significant difference; *, 0.01 ≤ P_value < 0.05). N = 24 for monocultures (pooling monocultures with and without root separation/two 

trees per pots) and 6 for mixtures. Boxes represent the median, 25th and 75th percentiles, error bars the 10th and 90th percentiles, and dots 

outliers. 
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Figure 3. Mixture effect on the hydric behavior of Q. ilex. 

 

(A) Relationships between soil (Ψsoil) and predawn (Ψpd) water potentials of Q. ilex and P. 

halepensis in mixtures with root separation, without root separation and monocultures. 

Different colors were used for monocultures (white dots), mixture with root separation (grey 

dots) and mixture without root separation (black dots). The isoline (y=x) is reported in orange. 

Distinct linear fits between Ψsoil and Ψpd are depicted for significantly different relationships 

(see Table 2), and the corresponding equations given. For Q. ilex, fit between Ψsoil and Ψpd 

combining both monoculture and mixture is represented in dashed line and in solid black line 

for mixture without root separtion for the latter. For P. halepensis, fit between Ψsoil and Ψpd 

combines all three pots modalities. N = 96 for monocultures (with and without root 

separation) and 24 for mixtures for each root separation category.  

 

(B) Relationships between predawn water potentials (Ψpd) of Q. ilex and P. halepensis in 

mixtures with root separation and without root separation. N = 24 for each root separation 

category. Summary statistics are shown in Table 3. 
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Figure 4. SurEau model simulations in monocultures and mixture (refer to as Benchmark 

simulation in the text). Upper panels show the simulated dynamics of transpiration (Tplant, in 

g/h) and the total tree transpiration until hydraulic failure (Total Tplant, in g). Lower panels 

show the leaf (Ψleaf) and soil (Ψsoil) water potentials. The time to reach hydraulic failure (THF, 

corresponding to the number of days to reach 100% loss in hydraulic conductivity) is 

indicated in white and black respectively for P. halepensis and Q. ilex respectively for the 

different composition treatments.  
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Figure 5. Sensitivity analysis with the SurEau model to explore the role of Kroot, gcuti and Ksoil 

(which is modified through the fine root length) on the changes of the relationship between 

soil water potential (Ψsoil) and plant water potential (Ψleaf). (A) Test of sensitivity to root 

conductance (Kroot) and leaf cuticular conductance (gcuti) parameters for P. halepensis.  (B) 

Test of sensitivity to fine root length for Q. ilex (fine root length multiplied by ½, 1 and 4 

compared to the benchmark). Note that the scales of the x-axis differ between plots. Model 

parameters are provided in the Tables 4 and 5. 
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