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33  Abstract

34  Forest ecosystems are increasingly threatened by anthropogenic pressures, especially by
35 the increase in drought frequency and intensity. Tree species mixtures could improve
36 reslience to diverse global anthropogenic pressures. However, there is dill little
37  consensus on how tree diversity affects water stress. Although some studies suggest that
38  mixing species with different drought response strategies could be beneficial, the
39 underlying mechanisms have seldom been identified. By combining a greenhouse
40  experiment and a soil-plant-atmosphere hydraulic model, we explored whether mixing a
41 drought avoidant (Pinus halepensis) and a drought tolerant (Quercus ilex) tree species
42  could reduce plant water stress (defined as the risk of hydraulic failure) during extreme
43 drought, compared to their respective monocultures. Our experiment showed that mixing
44  species with divergent drought response strategies had a neutral effect on the drought-
45 avoidant species and a positive effect on the drought-tolerant species. The model
46  simulations further suggested that the beneficial effect of mixture on plant water stress
47  during extreme drought was related to changes in the hydraulic connection of the plant
48  from both the soil and the atmosphere. The ability of the drought-avoidant species to
49  disconnect from the soil and the atmosphere limits its exposure to water stress, whereas
50 the ahbility of the drought-tolerant species to increase its hydraulic connection to the soil
51  lowers its hydraulic risk. This study brings a new insight on the mechanisms and traits
52  combinations improving drought resistance in diversified forests and plantations, with
53  important implications for forest management under climate change.

54
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63 The rising frequency and intensity of extreme drought is impacting tree survival and
64  forest functions worldwide (Allen et al., 2010; Breshears et al., 2013; Senf et al., 2020),
65 jeopardizing crucial forest ecosystem services. Tree species diversity has been promoted
66 as an important nature-based solution to improve the resilience of forests and tree
67 plantations (Messier et a., 2022). The effects of species mixing on drought resistance
68  could result from different mechanisms, such as competitive reduction for water through
69  resource partitioning or facilitation — for instance hydraulic redistribution (Grossiord,
70  2020). Yet, there is no consensus regarding the effects of tree diversity on forest
71 resistance to drought (Grossiord et al., 2014; Grossiord, 2020). Indeed, recent review
72 showed that diversity can have positive (de-Dios-Garcia et al., 2015; Lebourgeois et al.,
73 2013; Ruiz-Benito et a., 2017), neutral (Grossiord et a., 2014; Merlin et a., 2015) or
74  even negative impacts (C. Grossiord et al., 2014; Vitali et al., 2018). These conflicting
75  results suggest that it is not the species richness that matters, but rather the functional
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76 composition (i.e., species with different drought response strategies) of the mixtures
77  (Forrester and Bauhus, 2016; Grossiord, 2020). Such hypothesis was supported by recent
78  research that found that the diversity of hydraulic traits determines the resilience to
79  drought of forest water fluxes globally (Anderegg et al., 2018; Haberstroh and Werner,
80 2022). Similarly, results from a large-scale tree diversity experiment showed that the
81  diversity of drought resistance strategies is a good predictor of the stability of tree growth
82  and forest productivity (Schnabel et al., 2021). However, we crucially miss a mechanistic
83 understanding of the way the diversity of drought resistance strategies mediates tree
84  mortality under extreme drought.

85  Treedrought resistance strategies result from a set of functional traits that determine how
86  rapidly the different tree functions will be impaired by drought stress (often quantified as
87  water potential thresholds inducing dysfunction). In particular, it determines the risk of
88  xylem hydraulic failure, caused by a high rate of embolism in xylem conduits (Tyree and
89  Sperry, 1989), which is aleading mechanism in drought-induced tree mortality (Adams et
90 4a., 2017). It is common in the literature to distinguish species strategies based on
91 stomatal regulation - and associated water potential dynamics - and the xylem
92  vulnerability to embolism (Chen et al., 2021). Drought-tolerant species tend to maintain
93  gas exchanges during drought by delaying stomatal regulation, which implies important
94  soil water depletion and large decrease in the soil and tree water potential during drought
95 (Dezon, 2015; Lépez et al., 2021). Their high resistance to xylem embolism limits the
96 risk of hydraulic failure. By contrast, drought-avoidants are generally more vulnerable to
97  xylem embolism, but they close their stomata earlier during drought, thereby reducing
98  soil water depletion, which in turn limits the soil and tree water potential decrease and the
99  risk of hydraulic failure (Delzon, 2015; Lopez et a., 2021).

100 By assuming that trees are hydraulically connected to the soil (i.e., soil and tree water
101 potential are at equilibrium if trangpiration is null such asunder predawn conditions) and
102  that the root system fully occupies a given soil volume, one can hypothesize how mixing
103  species with distinct drought response strategies impacts soil and tree water potentials,
104  andtherisk of hydraulic failure under extreme drought:

105 H1. For a drought-tolerant species, it should be beneficial to compete for water with a
106  drought-avoidant neighbour, because the soil water saved by earlier stomatal regulation
107  of the avoidant is available to delay the decrease in water potential and the overall
108  hydraulic faillurerisk (Fig. 1).

109 H2. When grown in mixture with a drought tolerant neighbour, a drought-avoidant
110  species should be disadvantaged, as it would experience lower soil water potential due to
111 sustained water-use by the companion tolerant species. This would lead to a decrease in
112 its water potential, thereby increasing the risk of hydraulic failure (Fig. 1). The scenario
113 presented in Fig. 1 - which suggests that a drought tolerant always “win the fight” during
114  drought under mixture - holds only if the water potential of the mixed species is at
115  equilibrium with the soil water potential.

116  H3. If the root systems of the two neighbour species are segregated in space, water
117  consumption by the tolerant species does not affect the avoidant species and difference of
118  water potentials between tree species in the mixture could occur given their isolation
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119 (Fig. 1). In support to this hypothesis, root niche separation is often assumed in the
120 literature to explain coexistence between co-occurring species (Grossiord, 2020; Jose et
121 al., 2006).

122 To test these hypotheses, we conducted a greenhouse experiment where seedlings of
123 Pinus halepensis, a drought avoidant (Baguedano and Castillo, 2007) and Quercusilex, a
124  drought tolerant (Baguedano and Castillo, 2007) were grown in pairsin small pots (12 L).
125  Seedlings were planted in either monoculture or mixture with or without root separation.
126 We applied an extreme drought by stopping the watering and we regularly monitored the
127  overall pot soil (Wsir) and tree predawn (Wpa) Water potentials, along with soil resistivity
128 and tree gas exchanges. These data were combined with a state-of-the-art soil-tree-
129  atmosphere hydraulic model (Cochard et al., 2021) to further identify the mechanisms
130 and traits involved in the co-existence of drought avoidant/tolerant species during
131  extreme drought.

132

133 Resultsand Discussion

134

135 a) Empirical evidence for hydraulic commensality between Quercus ilex and
136 Pinus halepensis during extr eme drought

137  Tree predawn water potential (‘V,q) decreased markedly during drought (Sl appendix,
138  Table S1, P-value < 0.001), but the dynamics differed between species across treatments
139 (Sl appendix, Table S1, P-value < 0.001). Due to their differential drought resistance
140  strategies, Wpq reached more negative values in the drought tolerant Q. ilex than in the
141  drought avoidant P. halepenss, regardless of the pot composition. In agreement with
142 hypothesis H1, Q. ilex had significantly more negative ¥,q in monoculture than in
143  mixture at the drought peak (Fig. 2A; Sl appendix, Table S2, P-value < 0.01), except for
144  the mixture with root separation. By contrast, in P. halepens's, Wpq at the drought peak
145  remained above both soil water potential (Wsi) and Q. ilex's Wyq in mixture (Fig. 2A),
146  contradicting hypothesis H2.

147  Therefore, the hydraulic risk, estimated as the hydraulic safety margins at the drought
148  peak (HSM, computed as the difference between P50, the water potential causing 50%
149  xylem embolism and the average Wpq at the driest date) was significantly improved in
150  mixture compared to monoculture only for Q. ilex (Fig. 2B). Hence, as expected from
151  hypothesis H1, the mixture had a positive effect on the reduction of the risk of hydraulic
152  failure for the drought tolerant species Q. ilex but contrary to hypothesis H2, the mixture
153 had a neutral effect on the drought avoidant P. halepensis. This result reflects a
154 commensalism relationship in terms of hydraulic risk between drought avoidant and
155  tolerant species under drought conditions, that to our knowledge, has never been
156  demonstrated until now. Hence, coexistence between a drought avoidant and a drought
157  tolerant speciesis not the exclusive result of spatial segregation of their root niche, even
158 if such phenomenon can occur (Bello et al., 2019), but depend rather on other
159  mechanisms that we further discuss below.

160 b) Species coexistence relies on species-specific modifications of the soil-tree
161 hydraulic conductance
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162  The relationship between ¥yq and W« (Fig. 3) in P. halepensis was unaffected by
163 mixture, with W equal to s until s decreased below -4 MPa. For Wy lower than -
164  4MPa, ¥4 remained constant at ca. -4 MPa. For Q. ilex the slope between g and Wi
165  was greater than one (> 1.7, Fig. 3) for monocultures and for the mixture with root
166  separation. By contrast, the slope of the W 4-Vsi relationship was equal to one for Q. ilex
167  in mixture without root separation (i.e., Wps ~Vsoii throughout the experiment, Fig. 3).
168  Overall, these empirical results indicate that (i) the Wpy vS. Wil relationships varied
169  between the two studied species with different drought resistance strategies and (ii) plant-
170  soil water potentials were modified by mixture only in Q. ilex, the drought tolerant
171  Species.

172 It could be assumed that differences between Vg and Wy reflect shiftsin the root profile
173 in mixtures compared to monocultures. Indeed, if roots explore only a part of the
174  available soil, ¥oq would equilibrate with this soil subspace, possibly differing from the
175 overal Y« measured at plot level. However, we used small pots (12 L) to impose a
176  complete occupation of the whole soil volume by the trees root system, making this
177  assumption unlikely. Furthermore, the fact that we found no significant differences
178  between the average soil resistivity at the top and bottom profiles of the pots for each
179  modality suggests that water is absorbed uniformly throughout the soil and definitely
180  rules out this hypothesis (SI appendix, Fig. S1). Alternatively, we can postulate that
181  differences between W,q and W« result from changes in the hydraulic conductance
182  between the soil and the trees.

183  Following the experimental component of our study, we carried out smulations with the
184  hydraulic process-based model SurEau (Cochard et al., 2021) to test the possible
185  mechanisms that could explain such empirical patterns. The model computes the water
186  fluxes along the soil-tree-atmosphere continuum by accounting for the different
187  resistances of the soil, the symplasm and apoplasm of the root, trunk, branch and leaf,
188 and calculate the water potential and the water content of the corresponding
189  compartments. By considering xylem vulnerability to cavitation, the modd can estimate
190 the loss of hydraulic conductance of the tree xylem in relation to water potentials and
191  predicts the death of the tree by hydraulic failure when 100 % loss of hydraulic
192  conductivity is reached. The model was improved to represent two different individuals
193  competing for a same amount of soil water (see Materials and Methods).

194 We first conducted three benchmark smulations corresponding to Figure 1
195  (monocultures of Q. ilex and P. halepensis and the mixture without root separation). In
196  such simulations, we assumed that the hydraulic conductance of the rhizosphere (Kihyzo)
197 and of the fine roots (K st) Were the same for all species and pot compositions. More
198  specifically, we applied the widespread “single root” approach that assumes that soil
199  conductivity relates to the soil water content (van Genuchten, 1980) and is scaled up to
200 therhizosphere according to the length of fine roots per unit soil volume (Gardner, 1964,
201 |. R. Cowan, 1965)

202 By doing so, the model predicted behaviours consistent with our initial hypotheses H1
203 and H2 (Fig. 1): the drop of Wy in P. halepensis and Q. ilex growing in mixture are
204  respectively faster and slower than for the corresponding monocultures (Fig. 4A),
205 indicating that mixture should have a negative effect on P. halepensis and a positive
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206  effect on Q. ilex, which contradict our results. We thus conducted senditivity analyses on
207  different traits to explore mechanisms explaining our empirical observations.

208 ¢) The drought-avoider P. halepensis isolates from the soil through a decrease
209 in both root hydraulic and cuticular conductance

210  The fact that P. halepenss exhibits higher W4 than W during drought suggests that (i)
211 this species can isolate from the soil (i.e., reducing the soil to tree hydraulic conductance)
212 and (ii) isableto limit its dehydration. Several studies have suggested that plant isolation
213 from the soil allows limiting the exposure to water stress (Aguadé et al., 2015; Brito et
214  a., 2019; Cuneo et al., 2016). Different non-exclusive belowground mechanisms were
215  proposed to explain tree isolation from the soil, such as the formation of cortical lacunae
216 under fineroots (Cuneo et al., 2021; Duddek et al., 2022), which reduces water transfer to
217  theroot stele and hence affect roots hydraulic conductance. Roots shrinkage might also
218  explain the plant-soil hydraulic disconnection by creating gaps between soil and fine
219  roots interrupting the hydraulic conductance between both interfaces. Furthermore, the
220 inhibition of the synthesis of proteins such as aguaporins facilitating water transport in
221 thetranscelular pathway (Domec et al., 2021), or even fine roots mortality (Leonova et
222 al., 2022). could aso explain hydraulic isolation. To evaluate whether tree isolation from
223  the soil could explain the observed water potential patterns in P. halepensis, we
224  hypothesized in the model a decrease in root hydraulic conductance (K oot) as the tree
225  water potential decreases (S| appendix, Fig. S2). Simulations were performed under a
226 mixture condition with Q. ilex as a companion species (parametrized as in benchmark
227 simulations) (Fig. 4B). This allows to force soil water potential to drop even after P.
228  halepensis has closed its stomata and has isolated from the soil. Model simulations
229  indicate that reducing only Kot does not allow to simulate higher Wpq than W for P.
230 halepensis (Fig. 4B). This means that the water losses that occur after stomatal closure —
231 which result from the leaf cuticular conductance (gaui), Set in the model using the average
232 value measured for P. halepensis, was high enough to cause tree water potential drops
233 after a strong decrease in Koot (Fig. 4B). We thus implemented in the model a down-
234 regulation of gesi With decreasing tree relative water content, which is in accordance with
235 empirical data obtained in P. halepensis using the drought-box methods (Billon et al.,
236 2020) (Sl appendix, Fig. S3). Simulations showed that, although the reduction of gy
237  aone attenuated the decrease in tree water potentials, the tree keeps dehydrating. Finally,
238 when implementing a decrease of both Koot and gesi Under drought, P. halepensis water
239  potential departs from soil water potentials (Fig. 4B), in line with our observations. This
240  suggests that these two mechanisms jointly could allow P. halepensis to prevent
241  dehydration under drought. In the natural forest context, tree isolation from the soil
242  during drought has already been proposed to explain the coexistence of drought-avoidant
243  and drought-tolerant trees (Aguadé et al., 2015; Moreno €t al., 2021; Pangle et al., 2012;
244  Plaut et al., 2012). Yet, to our knowledge, the mechanisms leading to complete plant
245  disconnection from the soil and the atmosphere had never been proposed until now.

246 d) The drought-tolerant Quercus ilex increases root hydraulic conductance to
247 the soil in mixture through increased root length

248 For Q. ilex, Wy Was respectively lower or comparable to W« under monoculture and
249  mixture conditions (Fig. 2A) which suggests that (i) contrary to P. halepensis, Q. ilex is
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250 not able to limit its dehydration and (ii) the mixture likely impact the hydraulic
251  conductance between the soil and the trees under drought.

252 According to the diffusion law, the lower departure between ¥,q and Wsi that we
253  observed for Q. ilex in mixture compared to monoculture, could result from an increasein
254  the conductance of the rhizosphere, which could lower the water potential drops required
255  for agiven flux between the soil and the tree (39).

256  Aswe found a greater root system length in mixture than in monoculture (Sl appendix,
257 Fig. $4), we assumed that the increase in rhizosphere conductance might be achieved
258  through an increase in exchange surface between soil and root (“single root” approach).
259  We tested this hypothesis by varying the modelling parameters of fine roots length per
260  unit soil volume. This sensitivity test shows that changing Kinyzo can change the Wyq vs
261 W relationships between monoculture and mixture (Fig. 4C). Indeed, reducing the value
262 of this parameter (graph “root length x %2", Fig. 4C), results in a departure between W q
263  and Y« as observed in monoculture, whereas increasing it results in ¥,q and Wi being
264  comparable, as observed in mixture. Interestingly, some studies have already reported
265  modifications of the root system under mixture toward higher fine roots density (Sun et
266 al., 2017; Wambsganss et al., 2021), identifying this phenomenon to a complementarity
267  effect between species associated.

268 €) Ecological implications

269  Our results provide evidence that mixing drought-avoidant and drought-tolerant species
270  reduces the risk of hydraulic failure under extreme drought conditions at the community
271 level. According to model simulations, such mixing effect can be explained by changesin
272 hydraulic connection between the plant, the soil and the atmosphere during drought. The
273 avoidant species can sustain extreme drought through an isolation from the soil (decrease
274 of Kor) and the atmosphere (decrease of gewi) Whereas the tolerant species can increase
275  hydraulic conductance of the rhizosphere through an increase in root length. Such results
276 remained to be tested at larger scale but could change our view about the mechanisms of
277  species co-existence. Wheresas it is sometimes assumed that mixture has positive effect
278  due to root system segregation in space (Bello et a., 2019; Grossiord et al., 2018), we
279  provide evidence that the hydraulic connection of the plant to the soil and the atmosphere
280 can aso beinvolved, without the need to call for a spatial segregation of the root systems.

281  Our results also challenge the way vegetation models represent drought stress. To date,
282  the mgority of process-based models assume that soil water deficit in the rooting zone
283  drives the water status of the plant. However, we provide evidence that changes in
284  hydraulic connection from the soil can make the plant behave independently from soil
285  water status. Implementing such processes in larger scale vegetation models could help
286  explain and predict co-existence between species and drought induced effect on forest
287  community. Such modelling approach could be a step toward the development of tools
288  alowing to design drought resilient mixture.

289
290
291
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292  Materialsand Methods

293  Seedlingsand experimental design

294  The experiment was set up during the summer 2021. It consisted in applying a drought
295  treatment (watering stop) to potted P. halepensis and Q. ilex trees grown in monoculture
296  or in mixture while monitoring ecophysiological variables at 5 different dates. Seedlings
297 of P. halepensis and Q. ilex (one- and two-years old respectively) of equivalent
298  dimensions were repoted in January 2020. 90 trees of each species were planted in 12 L
299  containers, including two individuals per pot, either in monoculture or in mixtures. The
300 soil was composed of sand (~20%) and organic matters. Half of the pots were equipped
301  with a physical barrier made of acrylic fabric (with 30um mesh) that precludes root
302  colonization from one side to the other of the pot but allow water transfer between the
303 two separated compartments. From 2019 to June 2021, saplings were grown at the
304 National Forestry Office of France (ONF) nursery in Cadarache (Southeast of France)
305 and were watered twice a week to field capacity and fertilized once a week. One month
306 before the start of the experiment (June 2021), pots were brought on the campus of
307 INRAe (Avignon, France) to acclimate in the experimental greenhouse. The greenhouse
308  was equipped with air temperature, a humidity (HD 9817T1) and radiation loggers. It
309 included an independent regulation of climate through aeration (opening of the glasses or
310 forced ventilation in the compartment) and cooling (humidification of the air entering
311 through a “cool” box”). These systems allowed regulating the environment of the
312 greenhouse according to the defined settings. In addition, the sidewalls of the greenhouse
313 have been whitewashed to homogenize the radiation and the temperature. The
314  temperature was kept between 25 and 35 °C, relative humidity (RH) between 40 and
315  75%, and maximum diurnal photosynthetically active radiation (PAR) below 1000
316  pmol.m2. s* (Sl appendix, Fig. S5).

317 During acclimation period, watering was applied as in the nursery. Among the initial
318  batch of 90 pots, we selected 54 pots for which the two trees were alive and had reached
319  aheight between 40 and 60 cm with less than 10cm heights differences between the two
320 trees. Pots were divided into two batches: a batch of 6 pots per composition (36 potsin
321  total) that was assigned to the drought experiment, and a batch of 3 pots per treatment (18
322  pots in total) that was assigned to a control treatment in which trees were maintained
323  watered all along the season (two times a week). All pots were monitored once a week,
324  from July 26 to August 18, for soil water and water potential and ecophysiological
325  variables (leaf water potentials, leaf gas exchange, pots water loss- described below). The
326  day before the beginning of the experiment, at the end of the afternoon, all pots were
327  watered at saturation and weighted.

328

329 Treewater potentials

330 Water potential was estimated through leaf water potentials of all trees measured at
331  predawn once a week across the experimental period..The evening before measurements,
332 for each tree, one leaf (Q. ilex) or small twig (P. halepensis) was covered with an
333  auminium foil and placed in a ziplock plastic bag. In addition, to limit tree nocturnal
334 transpiration and allow water potential equilibration between the tree and the soil
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335 (Rodriguez-Dominguez et al., 2022), trees were covered with a plastic bag and a piece of
336  wet paper was included under the plastic bag. Samples were collected before sunrise,
337 between 4 to 5 am, kept into the ziplock and immediately placed in a cooler for water
338  potential measurement. The 108 measurements were done randomly in less than 4 hours
339 following sampling, with a scholander pressure chamber (PMS model 1505 D). At the
340 beginning of the experimentation, midday water potentials of tree were measured
341  between 1 and 2 PM, following the same procedures as described above for predawn
342  water potential (leaf or twig covered with an aluminium foil and placed in a ziplock
343  plastic bag). There were used to parametrize the mode.

344

345  Treeleaf gasexchanges

346  Leaf level gas exchange was measured using two portable photosynthesis system (LI-
347  6400XT) for all trees at al dates except the second one due to breakdown of the
348  greenhouse system. Measurements were done between 11 am to 3 pm, period during
349  which PAR in the green house is highest and stable (between 600 and 1000 umol.m2. s
350 ). Licor chamber conditions were set to keep close to the greenhouse while providing
351 non-limiting conditions: PAR was set at 1000 pmol.m’2. s*, the block temperature was
352 et at 25°C, flow rate and scrubbing were adjusted to maintain RH between 60 and 80%.
353 The leaves were allowed to acclimate for at least 3 minutes in the chamber before
354  measurement, to ensure gas exchange stability. For each leaf (Q. ilex) or needle bunch (P.
355  halepenss), ten values were recorded during one minute and the average was used in the
356 data analysis. After the measurement, the area of leaves or needles included in the
357  chamber were cut and stored in a plastic bag inside a cooler. The day after, leaf area was
358 measured to correct gas exchange computation with actual leaf area in the chamber.
359  Samples were then dried during 48 hours at 70°C to estimate specific leaf area.

360

361  Treebiomassand leaf area estimates

362 We estimated leaf area of each tree at the beginning and the end of the experiment using
363 amethod relying on profile photographs, proposed by (Michadl and Parker, 2000). It is
364 based on a calibrated relationship between the projected area of the tree profile and the
365 foliage biomass estimated destructively. For each species, we first built a calibration
366  relationship between numbers of tree pixels in profile photographs and the foliage
367 biomass. For the calibration relationship, trees were selected to span the range of sizes
368  encountered in the experiment. We sampled trees before the beginning of the drought
369  experiment (June 2021), and after the experiment (September 2021) to consider potential
370 changesin size or leaf area or angulation that could have occurred during the summer and
371 influenced the relationship. For each tree, the profile surface projected area was estimated
372 by photography. All the settings were made to ensure a constant reproduction ratio (i.e.,
373  constant dimensions of real object dimensions per pixel) among photographs. To obtain
374  foliage dry mass, all trees used for this calibration were cut at the base of the stem after
375  taking photographs. Tree parts were sorted to separate green foliage, dead foliage, and the
376  rest which isamost entirely made of stems. Tree parts were then dried at 70°C for 3 days
377  (leaved needles) or until there was no variation in dry mass (almost one week). The |eaf
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378 area of each tree with the estimation of total foliage dry mass at a specific date and
379  specific leaf areaestimated on leaf gas exchange measurement samples.

380 At the end of the experiment and for droughted pots, the belowground part of each tree
381  were uprooted. The rooting system was washed to separate the soil particles for the roots.
382  The rooting system extension (maximal length and width) were measured using a ruler,
383  with amillimeter resolution. The root system was then dried out at 70°C in an oven for at
384 least 10 days, until there are no more weight variations, and the total dry mass was
385  estimated.

386

387  Soil water content and soil water potentials

388  Potswere weighted at each measurement dates in the morning (8am) and at the end of the
389  measurement day (5pm). Soil water content was estimated at the pot level, by subtracting
390 thetotal pot weight, performed at each measurement dates in the morning (ca. 8 am), the
391 soil dry mass and the total fresh tree biomass. Soil water potential (Wsy) was then
392  edtimated at the pot level from the normalized soil water content of the pots (W, ,,-,) and
393  water retention curves determined in the laboratory on soil samples (V= 6 cm®). The
394 determination of the retention curve was made with the combination of suction table
395  (Wsi > -0.01 MPa), pressure plate (Wi > -1.5 MPa) and dew point hygrometer (WPAC,
396 Decagon- Y« < -1.5 MPa) methods (Dane and Hopmans, 2002). Five soil sample
397 replicates were used for each point of the retention curve and the gravimetric water
398  content was determined from fresh and dry weight obtained after drying in an oven at
399  70°C (limit temperature to avoid organic matter degradation) for about one week. To
400 perfectly match the data, two different retention curves were fitted. A first retention curve
401 was fitted with two set of van-Genuchten reationships (van Genuchten, 1980)
402 intersecting at a gravimetric water content of 0.116 g.g* (corresponding to e = -1.4
403 MPa). A second set of retention curve was fitted with only one van-Genuchten

404  relationships (van Genuchten, 1980) . The retention curves take the following form:
1

(2 -1)

a

lpsoil =

405 wherem, n and a are empirical parameters describing the typical sigmoidal shape of the
406  function and W,,,,,-», 1S the normalized water content. Water potential was calculated from
407  thisfit using the gravimetric water content of pots estimated at each measurement dates.
408  The parameters of the curves are provided in the Sl appendix, Table S3.

409  Thenormalized water content was computed for each pot as:

W —Wr

Whorm = Wsat — Wr

410  With W the soil mass of the pot at a given time, Wr the soil mass at residual water
411  content. It was measured at the end of the experiment after drying the soil at 70°C. Wsat
412  isthe saturated mass of the soil which was estimated from the first weight measurement
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413 of the experiment, after the pots were irrigated at saturation. W and Wsat were computed
414 by removing the mass of the tree and the pot to the total weight measured during the
415  experiment (either from the balance or continuous load cell measurements). The total tree
416  fresh was measured at the end of the experiment, by assuming that tree growth that could
417 have occur during the experiment can be neglected due to the extreme drought
418  experienced by the tree. W,,,,,, Was not measured on the control (irrigated) pots.

419

420  Soil resistivity measur ement

421  Electrical resistivity of soil in pots was measured using electrical resistivity tomography
422  (ERT). 4 pots (including one control) per modality (monoculture or mixture, with or
423  without root separation system) were selected. On these pots, electrical resistivity was
424  monitored with time over 2 radial planes, located at 1/3 and 2/3 of the pots' height, by
425 inserting 20 stainless sted screws (2cm long) equally spaced (3.9cm) along the column’s
426  circumference. ERT measurement were done using an ABEM SAS 4000 resistivity meter
427  connected to all these electrodes. All quadrupole combinations were used, including
428  reciprocal measurements for assessing error and measurement quality. The resistivity
429  measurements were taken before the start of the experiment (when the pot substrates
430 were at field capacity), in the middle and at the end of the experiment. In the late dry
431  dituations, it was necessary to add a small amount of water at electrodes to enable soil-
432  electrode electrical contact and resistivity measurements. Soil resistivity distribution at
433  the two heights was obtained from the inversion of apparent resistivity using ResIPy
434  software (Blanchy et al., 2020).

435

436  Statistics

437  We evaluated globally the effect of species and measurement date and their interaction on
438  the water potential of trees by using a linear mixed model. Then, for each species
439  independently and root separation modalities (root separation or not), we assessed the
440  effect of the pot composition (mixture or monoculture association) on tree water
441  potentials by considering date, composition and their interaction as explanatory factors.
442  As we did not find any significant differences between water potentials of monoculture
443  with and without root separation for each species (Sl appendix, Fig. S6), we decided to
444  pool them for the analysis. We also test the differences between soil and water potentials
445  of tree at each measurement dates using Student T test. Finally, we applied post-hoc
446  Tuckey HSD tests to evaluate differences between pots modalities (composition and root
447  separation modalities) for leaf area and gas exchanges variables (leaf conductance and
448  transpiration, Fig. S7). All statistical analyses were performed with the R software (3,5,2,
449 R Development Core Team 2018) with the package LME4 and agricolae.

450

451  Modd analysisusing SurEau

452  We used the SurEau model to explore how the species composition in pots influenced
453  soil and water potential dynamics during extreme drought (Cochard et al., 2021). SurEau
454 is a soil-tree-atmosphere model that simulates water fluxes and stocks with the soil-tree
455  atmosphere continuum by accounting for conductance, water potential gradient and
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456  capacitances. It is dedicated to model extreme drought and accounts for the processes
457  occurring after the point of stomatal closure (i.e., cuticular water losses and hydraulic
458  conductance and water stocks losses due to xylem embolism). It is discretized in the soil
459 layers and four tree compartments (roots, trunk, branches, and leaves) which are d each
460  described by an apoplasmic and a symplasmic water volume. At each time step, the
461  modd computes leaf stomatal and cuticular transpiration as the product between leaf-to-
462  air vapor pressure deficit and stomatal and cuticular conductance. Knowing the soil water
463  content, soil water potential and hydraulic conductance are computed. This along with
464 leaf stomatal and cuticular fluxes, can be used to compute tree water potentia in the
465 different tree compartments while accounting for the symplasmic capacitance and the
466  hydraulic conductance losses due to xylem embolism. The resulting water potential is
467 used to compute stomatal closure, water content, and xylem embolism. The model is
468  driven by hourly climate data, tree traits (water pools dimensions, stomatal response to
469  water potential, cuticular transpiration, capacitance, and vulnerability curve to cavitation
470 (S| appendix, Table $4) and soil properties (volume and water retention curves). In the
471  present study, the model was improved to include the possibility for two trees to absorb
472  water in the same soil volume. In principle, two codes corresponding to two trees,
473  parameterized for monoculture of P. halepensis, monoculture of Q. ilex or for mixture,
474  wererunin parallel.

475  To test the hypotheses presented in the introduction (illustrated in Fig. 1) and evaluate
476  whether the model can also explain the patterns of soil and water potential dynamics
477  found experimentally. First, we performed benchmark ssimulations, for monoculture and
478  mixture, with default parameters, to reproduce the hypotheses presented in Figure 1. As
479  explained above, the patterns of Figure 1 hold only under the assumptionsthat (i) the two
480 individuals in the pots exploit the same soil water stock (physical coexistence of the
481  roots) and are perfectly connected to the soil (large hydraulic conductance between the
482  soil and the fine roots). In SurEau the flow of water between the soil and the roots is
483 modedled using two different types of conductance in series, (i) the hydraulic
484  conductance between the soil and the root surface (Ksi) which depends on fine roots
485  density and the soil water content (Martin-StPaul et al., 2017), and (ii) the hydraulic
486  conductance between the root surface and the inner root (K;o) Which depends on the fine
487  roots area (Ra) and fine roots conductivity (Ket), both set constant by default (Cochard
488 et al., 2021). Thefirst hypothesis (root occupy the same volume) was fulfilled by setting
489  the same quantity of fine roots in al three soil layers for the two individuals in the pot.
490 The second hypothesis (equilibration between tree and soil water potential) was fulfilled
491 by setting afine roots length so that the soil hydraulic conductance is high enough for the
492  night-time water potential equalled the soil water potential all along the drought range
493  and before hydraulic failure (where water potential drops to minusinfinity).

494  However, two different empirical results conflicted the expected patterns and we used the
495 mode to explain the divergences observed.

496  Firstly, P. halepensis showed that water potential can be higher than soil water potential
497  during extreme drought under all composition monoculture and mixture, suggesting that
498 this species can behave independently from the soil and maintain its water potential
499  constant even if soil water potential decreases. Recent work suggests that disconductance
500 between the soil and root can occur for some species (Cuneo et a., 2016; Duddek et al.,
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501  2022; North and Nobel, 1997). This can be represented in the model by decreasing the
502  root conductance relative to water potential in the root. We thus implemented an equation
503 relating the root hydraulic conductance to the root water potential (Sl appendix, Fig. S2)
504 for P.halepensisand realized simulation in mixture conditions with Q. ilex parametrized
505 asinbenchmark conditions. It appeared that this implementation led to an acceleration of
506  hydraulic failure for P.halepensis. This is explained by the excessive water losses, that
507 occur through the cuticle at this stage of water stress, and that cannot anymore be
508 compensated by the supply from the root. Under the same mixture conditions, we
509 therefore aso tested whether a decrease in leaf cuticular conductance with relative water
510 content (RWC, SI Appendix, Fig. S3), a phenomenon already observed on cut branches
511  of P. halepensis, could explain -- alone or in combination with the reduction in root
512  conductance -- the observed pattern.

513  Secondly, for Q. ilex, we noticed lower water stress under mixture linked to a change of
514  the soil water potential (Wsir) Vs plant predawn water potential (\Wpq) relationship. Higher
515  plant water potential for a given soil water potential was found under mixture compared
516  to monoculture. Such pattern could be explained by an increase of the soil hydraulic
517  conductance that, as explained above, can be related to the density of fine roots (L,, the
518 length of fine roots per m? of soil). We thereby performed a sensitivity analysis on this
519 trait under monoculture conditionsto support that its variation could explain the
520 empirical observation.
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728  Figure 1. Experimental design and hypothesized drought responses for monoculture and
729  mixture of a drought avoidant and a drought tolerant species. The transpiration, water
730  potentials (Wsi: overall pot soil water potential; Wpq: tree water potential) and hydraulic
731  safety margins (ie. HSM: the difference between W q and P50; the water potential causing
732 50 % of embolism) expected according to pot modalities are presented. In the drought
733 avoidant monoculture, trees transpiration are expected to reduce rapidly after the onset of
734 drought, limiting Wi and Wpg drop and hence hydraulic failure risk (positive HSM). In
735  thedrought tolerant monoculture, transpiration of the two trees is expected to reduce later
736  than the one of the drought avoidant species, inducing a sharp decrease of Vs and ¥y,
737 increasing the risk of hydraulic failure (negative HSM). In the mixture without root
738  separation, transpiration of the drought avoidant species decreases earlier than for the
739  drought tolerant, which improve the water potential and HSM of the drought tolerant
740  compared to monoculture. However, because the two trees share the same volume of soil,
741  the water consumption of the drought tolerant should decrease water potential and HSM
742  of the drought avoidant thereby increasing its hydraulic falure risk compared to the
743 monoculture. A mixture with root separation illustrates that when each species root
744  system occupies its proper soil volume, the regulation of the transpiration, the water
745  potentials dynamics and the HSM are expected to be the same asin monoculture. As Wi
746  represents the global pot soil water potential, it is here equal to the mean of both
747  compartment soil water potential.
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Figure 2. Positive and neutral effect of mixture on hydraulic failure risk of drought tolerant Q. ilex and drought avoidant P.
halepensis. (A) Soil and tree water potential for the different pot composition at each measurement dates. Soil water potentials
represent average values computed at the pot level from manual weightings (grey points). The average tree water potentials of Q. ilex
and P. halepensis correspond respectively to black and white dots. Standard deviations are represented and significant differences
between soil and water potentials are indicated (ns, non-significant differences; *, 0.01 < p < 0.05; **, 0.001 < p < 0.01; *** p <
0.001). Per measurement date, for W, N = 24 for monoculture (pooling monoculture with and without root separation/ two trees per
pots) and 6 for mixture. For Wy, N = 12 for monoculture (pooling monoculture with and without root separation) and 6 for mixtures
concerning soil water potentials. (B) Hydraulic safety margins (HSM) measured at the driest date of the experiment in monoculture
(with and without root separation) and mixture (only for pots designed without root separation). HSM were computed as the difference
between water potential at the driest date and the P50 (i.e, the water potential causng 50% embolism).
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761  Figure 3. Uncoupling between soil and tree water potentials suggest an improvement of
762  the soil-tree hydraulic conductance for Q. ilex in mixture and soil isolation for P.
763  halepenss. Different colours were used for monoculture (black dots), mixture with root
764  separation (light grey dots) and mixture without root separation (dark grey dots). The
765 isoline (y=x) is reported in orange line. For each modality, linear fit between soil and
766  water potentials is depicted and the equation is indicated on the plot. N = 96 for
767  monoculture (with and without root separation) and 24 for mixture for each root
768  separation categories.
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773 Figure4. Implication of the soil-tree hydraulic conductance in the coexistence of drought
774  avoidant and drought tolerant species during extreme drought. (A) Benchmark SurEau
775  simulations of the dynamics of leaf and soil water potentials for P. halepensisand Q. ilex
776  grown in monoculture and mixture until tree death. In these simulations root hydraulic
777  conductance and cuticular conductance were kept constant. The results are in adequation
778  with H1 and H2 hypotheses postulated in the introduction (illustrated in Fig.1). (B) Test
779  of sensibility of root conductance (Kq) @and leaf cuticular conductance (geui) parameters
780 for P. halepensis. By reducing both parameters, trees can keep higher water potentials
781 than the soil. (C) Test of sensbility of fine roots length parameter for Q. ilex
782  (multiplying fine roots length by %2, 1 and 4). The more the fine roots length, the closer
783  are tree predawn and soil water potential. Note that the graduation of the x and y axis
784  change according to plot. Model parameters are provided in the Sl appendix, Table $4.
785
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