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Abstract 35 

Growing threats from extreme climatic events and biodiversity loss have raised 36 

concerns about their interactive consequences for ecosystem functioning. Evidence 37 

suggests that biodiversity is crucial to buffer ecosystem functioning facing climatic 38 

extremes. However, whether evolutionary processes in species mixtures underpin 39 

such biodiversity-dependent stabilizing effects remains elusive. We tested this 40 

hypothesis by exposing experimental mixtures of grassland species to eight recurrent 41 

summer droughts vs. control in the field. Seed offspring of 12 species were 42 

subsequently grown individually, in monocultures or in 2-species mixtures and 43 

subjected to a novel drought event in the glasshouse. Comparing mixtures with 44 

monocultures, drought-selected plants showed greater between-species 45 

complementarity than ambient-selected plants when recovering from the drought 46 

event, which led to greater biodiversity effects on community productivity and better 47 

recovery of drought-selected mixtures after the drought. These findings suggest 48 

biodiversity can buffer the impacts of extreme climatic events through evolution of 49 

species complementarity. 50 

 51 

Main text 52 

Extreme climatic events such as droughts are predicted to be more frequent in the 53 

future 1,2, with potentially negative effects on the functioning of ecosystems and the 54 

provision of ecosystem services for human well-being 3-7. Ecosystems may adjust to 55 

climatic extremes by changes in species abundances 8-10 or evolutionary responses of 56 

populations 11-19. Both experimental and observational studies have shown that higher 57 

biodiversity buffers temporal variation in ecosystem functioning against extreme 58 

climatic events 20-24. Stabilizing effects can arise from various ecological mechanisms, 59 
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such as portfolio effects due to the scaling relationship between the mean and the 60 

variance 25, complementarity among species in responses to environmental 61 

fluctuations 26, and compensatory recovery in which increased recovery after extreme 62 

climatic events compensates for the event-driven loss of ecosystem functioning 23. 63 

However, large gaps remain in our empirical understanding of whether and how 64 

evolution may underpin such stabilizing effects of biodiversity on ecosystem 65 

functioning in the face of extreme climatic events. Rapid evolutionary change under 66 

such climatic perturbations may arise from a filtering of pre-existing genetic variation 67 

via differential demographic processes 27,28. 68 

Extreme climatic events may select for specific plant traits with the consequence 69 

of higher tolerance under future climatic extreme events or faster recovery after such 70 

events. For example, drought may select for higher tolerance of water deficits (e.g., 71 

shorter height, greater leaf mass per area, higher turgor loss point, or higher root-shoot 72 

biomass ratio) 29-32, which may reduce plant mortality rates and increase community 73 

resistance to drought. Alternatively, drought may select for faster recovery after 74 

drought 13,17. Nutrient availability such as soil nitrogen may increase after drought and 75 

favor the growth of acquisitive individuals (e.g., with lower leaf mass per area, or 76 

higher leaf and root nitrogen content) that survived post drought 32-34. As a 77 

consequence, community productivity may also be increased after drought 23. 78 

Extreme climatic events may also induce the evolution of species interactions 79 

within communities in complex ways 12,35-37, affecting biodiversity effects on 80 

ecosystem functioning. First, selection for specific traits may change the average 81 

dissimilarity and niche difference between species within communities 82 

(Supplementary Fig. 1). For example, drought may exclude intolerant genotypes from 83 

intolerant species, which may increase the niche overlap and competition intensity 84 
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between intolerant and tolerant species 38 (Supplementary Fig. 1a). Alternatively, 85 

drought may exclude intolerant genotypes from both intolerant and tolerant species, 86 

which may reduce the niche overlap and competition intensity between the two 87 

species (Supplementary Fig. 1b). Second, trait expression in one species may 88 

influence trait expression in another interacting species, leading to heritable changes 89 

in species interactions 37. That is, selection may occur at the community level and not 90 

be inferred from the sum or average of trait variation of individual species 37. 91 

Selection for reduced species competition and niche overlap could strengthen positive 92 

biodiversity effects 39,40. 93 

Experiments have shown that evolved species interactions strengthened the 94 

positive biodiversity effects on productivity in microbial communities 41,42 and in 95 

grassland communities under benign environments 43-45. But whether and how 96 

extreme climatic events will lead to evolutionary changes in species interactions, and 97 

further change the biodiversity effects in plant communities remains elusive. 98 

In the present study, we assessed how an 8-year selection treatment of summer 99 

droughts affected plant diversity effects on ecosystem functioning and species 100 

interactions before, during and after a novel drought event. We exposed experimental 101 

mixtures of grassland species to eight recurrent summer droughts vs. control in a 102 

long-term biodiversity experiment in the field (the Jena Experiment 23,46,47). Seed 103 

offspring of 12 species were subsequently grown individually, in monocultures or in 104 

2-species mixtures and subjected to a novel drought event in the glasshouse (Fig. 1; 105 

Supplementary Table 1). In the glasshouse experiment, both monocultures and 106 

mixtures contained four individuals per pot. We harvested aboveground biomass (a 107 

proxy for productivity) of every pot three times: (1) after a first phase of three months 108 

with regular watering (ambient conditions, “before drought”); (2) after a second phase 109 
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of two weeks without watering (drought conditions, “during drought”) and (3) after a 110 

third phase of seven weeks with regular watering (ambient conditions for recovery, 111 

“after drought”). 112 

We used the harvested aboveground biomass in four sets of analyses. First, we 113 

assessed how drought selection affected biodiversity effects on productivity before, 114 

during and after the drought event in the glasshouse. We used the biomass difference 115 

between 2-species mixtures vs. monocultures to calculate the net biodiversity effects, 116 

which we further partitioned into complementarity effects (indicating niche 117 

differentiation or facilitation) and sampling effects (indicating a disproportionate 118 

contribution to community productivity of one or the two species; which is also 119 

referred as “selection effect” elsewhere, a term we did not use in this study to avoid 120 

confusion) 48. Second, we assessed the effects of drought selection on resistance 121 

(biomass ratio during vs. before the drought), recovery (biomass ratio after vs. during 122 

the drought) and resilience (biomass ratio after vs. before the drought) of productivity 123 

19,20. Third, we tested whether altered plant interactions drove the above differences 124 

between the two selection treatments. We calculated the intensities of neighbor 125 

interactions for mixtures (i.e., heterospecific interactions) and monocultures (i.e., 126 

conspecific interactions) separately, and then calculated their difference as a proxy for 127 

niche difference. Fourth, we assessed how drought selection influenced trait values on 128 

plants in pots with one individual and trait dissimilarities between interacting species 129 

in mixtures. 130 

The objectives of this study were to (1), assess how drought selection affected 131 

biodiversity effects on productivity and stability over different phases of an 132 

experimental drought event; and to (2), investigate the roles of species interactions in 133 

driving the evolutionary changes in biodiversity effects on productivity and stability. 134 
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 135 

RESULTS 136 

Effects of drought selection on biodiversity effects on productivity 137 

We found that the net biodiversity effects for different species pairs were higher when 138 

plants had been selected under repeated summer droughts in the field, but this only 139 

became visible when their productivity was assessed after the drought event in the 140 

glasshouse (Figs. 2 & 3, Supplementary Tables 2 & 3). The positive net biodiversity 141 

effects in mixtures of drought-selected plants were mostly due to positive 142 

complementarity effects (Fig. 2). Of twelve drought-selected species pairs with 143 

sufficient replication for separate statistical tests per pair, eleven had positive 144 

complementarity effects and five of these were significant (P < 0.05; Fig. 2p); 145 

whereas ten had negative sampling effects, and six of these were statistically 146 

significant (P < 0.05; Fig. 2r). In contrast, of eleven ambient-selected species pairs 147 

with sufficient replication for separate statistical analyses, six had negative 148 

complementarity effects and one of these was significant (P < 0.05; Fig. 2o); whereas 149 

only two pairs had significantly negative sampling effects (P < 0.05; Fig. 2q). 150 

When we used all species pairs in a combined statistical analysis, testing the 151 

overall drought selection effect against the variation among species pairs as error 152 

term, we found that drought selection had increased post-drought net biodiversity 153 

effects in mixtures independent of the particular species pair considered and could 154 

thus be generalized across the entire experiment (Fig. 3; Supplementary Table 3). 155 

Furthermore, drought-selected species pairs consistently had more positive 156 

complementarity and more negative sampling effects than ambient-selected species 157 

pairs after the drought event (Fig. 3f, i; Supplementary Table 3). These results suggest 158 

that drought-selected plants are more complementary between species than ambient-159 
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selected plants in mixtures. However, before and during the drought, the effects of 160 

drought selection were not statistically significant (Fig. 3; Supplementary Table 3). 161 

Initially, the positively biodiversity effect was mainly due to positive sampling effect 162 

(Fig. 3a, d, g; Supplementary Table 2). 163 

 164 

Effects of drought selection on stability 165 

Drought-selected plants recovered faster from the drought event in the glasshouse 166 

than those of ambient-selected plant; however, this was only evident when plants were 167 

grown in mixtures but not in monocultures (Supplementary Fig. 2; Supplementary 168 

Table 4). These results suggest that species interactions in mixtures may play 169 

important roles in promoting the recovery of drought-selected plants. Plants with 170 

different selection treatments did not differ significantly in their resistance or 171 

resilience to the drought event neither in mixtures nor in monocultures 172 

(Supplementary Fig. 2; Supplementary Table 4). 173 

The difference in recovery rates between mixtures and monocultures (i.e., 174 

biodiversity effects on recovery) for drought-selected plants were more positive than 175 

those for ambient-selected plants (Fig. 4b; Supplementary Table 5). This is consistent 176 

with the more positive biodiversity effects on productivity for drought-selected than 177 

ambient-selected plants after the drought event described in the previous section. 178 

However, biodiversity effects on resistance were more negative for drought-selected 179 

than for ambient-selected plants, thus leading to similar biodiversity effects on 180 

resilience between the two selection treatments (Fig. 4a, c). 181 

 182 

Effects of drought selection on plant interactions 183 

The neighbor interaction index NIntM 49, which measures interaction intensity among 184 
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neighboring plants, was mostly negative (Supplementary Fig. 3), indicating that 185 

individual plants in pots with four individuals had less biomass than individual plants 186 

in pots with one individual. Nevertheless, in most cases average individuals in pots of 187 

four individuals had more than 25% of the biomass of individuals in pots with one 188 

individual, that is NIntM > –0.75, the value expected under the reciprocal yield law 50. 189 

An exception were monocultures after the drought event, which produced the same 190 

amount of biomass per pot independent of the number of plants (NIntM ≈ –0.75; 191 

Supplementary Fig. 3f). Indications of facilitation, i.e., cases where individual plants 192 

in pots with four individuals had more biomass than individual plants in pots with one 193 

individual and NIntM > 0, were very rare. 194 

During the drought phase in the glasshouse, drought-selected plants competed 195 

more strongly in mixtures than ambient-selected plants (Supplementary Fig. 3c; 196 

Supplementary Table 6), which was also the time when drought-selected plants tended 197 

to have lower complementarity than ambient-selected plants (Fig. 3e). After the 198 

drought event, drought-selected plants showed weaker heterospecific than conspecific 199 

competition, which was less pronounced for ambient-selected plants (Figs. 5 & 6; 200 

Supplementary Tables 7 & 8), consistent with the positive net biodiversity effects on 201 

productivity and recovery reported above for drought-selected plants after the drought 202 

event. These results suggest that drought-selected plants compared with ambient-203 

selected plants had evolved reduced interspecific relative to intraspecific competition 204 

(i.e., increased niche differentiation), at least when growing in mixtures and after a 205 

novel drought event. 206 

 207 

Effects of drought selection on plant traits 208 

We measured six traits that were closely related to plant water or carbon use on plants 209 
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from pots with one individual. Drought- and ambient-selected plants had similar 210 

average values of leaf relative chlorophyll content, leaf area (LA), leaf mass per area 211 

(LMA) and leaf osmotic potential before the drought event in the glasshouse 212 

(Supplementary Fig. 4). Species varied in their responses of LMA to the selection 213 

treatments (Supplementary Table 9). The drought event in the glasshouse reduced leaf 214 

stomatal conductance (Supplementary Fig. 5). However, leaf stomatal conductance 215 

did not vary significantly between the two selection treatments, neither before nor 216 

during the drought event (Supplementary Fig. 5). These results suggest that the 217 

drought selection treatments did not lead to significant changes in average values of 218 

leaf traits on plants grown alone, at least before the drought event. After the drought 219 

phase in the glasshouse, the time window for the biomass harvest after the drought did 220 

not allow us to take additional trait measurements. However, drought- and ambient-221 

selected plants developed similar root-shoot biomass ratios after the drought 222 

(Supplementary Fig. 6). 223 

We also measured leaf relative chlorophyll content, LA and LMA on plants in 224 

mixtures before the drought event in the glasshouse. Drought-selected plants diverged 225 

in LA between species pairs in mixtures when compared with the same species pairs 226 

of ambient-selected plants, although this difference was only marginally significant 227 

(Supplementary Fig. 7, Supplementary Table 10). However, species dissimilarities in 228 

LMA, leaf relative chlorophyll content or the three traits jointly did not vary 229 

significantly between the two selection treatments (Supplementary Fig. 7, 230 

Supplementary Table 10). 231 

 232 

DISCUSSION 233 

Increasing threats from extreme climatic events such as droughts have raised the 234 
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importance of predicting ecosystem responses and adaptation to climate change both 235 

in short and long terms, based on ecological and evolutionary theory 3-6,12-14. In this 236 

study, we tested whether recurrent summer droughts caused evolutionary adaptations 237 

and assessed the effects of drought selection on biodiversity effects for 21 pairs of 238 

plant species over the time course of an experimental drought event (before, during 239 

and after drought). We found that an 8-year treatment of recurrent droughts had 240 

selected for increased niche differentiation in mixtures during the recovery phase after 241 

the drought event, which led to more positive biodiversity effects on community 242 

productivity and recovery after the drought event. These findings suggest that mixed-243 

species grassland communities bear the potential of evolutionary adaptations at the 244 

community level to extreme climatic events. 245 

We found that drought selection caused a significant difference (relative to 246 

ambient selection) in biodiversity effects on productivity only after the drought event 247 

in the glasshouse. The selection for more positive biodiversity effects after the 248 

drought event was primarily due to the selection for more positive complementarity 249 

effects, whereas sampling effects were more negative than those of species pairs 250 

selected under ambient conditions. This selection for increased complementarity 251 

effects after the drought event was primarily the results of reduced interspecific 252 

relative to intraspecific competition (i.e., increased niche differentiation). In contrast 253 

to a previous grassland experiment with plants from the Jena Experiment selected 254 

under ambient conditions 44 and in contrast to predictions of the stress-gradient-255 

hypothesis (SGH) 51, we did not find evidence for facilitation underpinning 256 

complementarity effects. According to the SGH, interactions among plants are more 257 

facilitative in stressful environments where resources are harder to access, but more 258 

competitive in environments with a low stress level and a high supply of nutrients 51. 259 
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However, facilitation, both within and between species, was very rare over the time 260 

course of the drought event in our case. During the most stressful phase of the drought 261 

event, drought-selected plants competed more strongly between species than did 262 

ambient-selected plants. This suggests that evolutionary processes of species 263 

interactions can differ between environmental conditions, and observations under 264 

ambient climates may not serve to make appropriate predictions for evolutionary 265 

responses of communities to extreme climatic events. 266 

The selection for niche differentiation after the drought event could be related to 267 

effects of drought on soil nutrients. For example, droughts can increase leaf litter 52 268 

and reduce the mobility of soil nutrients, the activity of soil microbes and the rate of 269 

litter decomposition 53-55. These constrained resources can be released after droughts 270 

33,34,54, which increases the potential for niche partitioning among species. 271 

We did not test the relative importance of genetic vs. epigenetic variation in 272 

explaining our results, but know from a previous study that adaptive changes that had 273 

taken place during the course of an 8-year community selection in the Jena 274 

Experiment were almost exclusively genetic, with epigenetic variation closely 275 

following genetic variation 56. We also could not determine which traits 18 drove the 276 

observed selection for niche differentiation after the drought event. For the traits that 277 

we measured and analyzed, we did not find significant differences between plants 278 

selected under recurrent droughts vs. plants selected under ambient conditions. But we 279 

should note that this does not necessarily mean that the recurrent droughts did not 280 

select for specific traits or trait variation in response to being grown in mixtures, 281 

because most of the traits were measured before the drought event in the glasshouse 282 

and for single plants, while the primary effects of drought selection were detected 283 

after the drought event and in mixtures compared with monocultures. The effects of 284 
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selection on traits may be more evident in mixed-species communities, if the selection 285 

primarily induces evolution of species interactions at the level of the community 286 

37,43,45. This is partially reflected by the findings that competing species composed of 287 

drought-selected plants diverged (relative to ambient-selected plants) in their leaf area 288 

before the drought event when they were growing together in mixtures. It is also 289 

possible that the drought-induced selection may be more apparent on root traits (e.g., 290 

root cortical thickness and hydraulic conductance) with close linkages to plant water 291 

acquisition but were not measured in this study 32. 292 

In line with the findings of drought selection for stronger species 293 

complementarity during the recovery phase after the drought event, mixtures of 294 

drought-selected plants recovered faster than those of ambient-selected plants, which 295 

led to a more pronounced positive biodiversity effect on recovery for drought-selected 296 

plants. A previous field experiment 23, where we collected the seeds for the present 297 

study, showed that more diverse communities were better able to compensate for 298 

drought-driven productivity loss, which led to stabilizing effects of biodiversity. The 299 

results from this study suggest that biodiversity-dependent evolutionary adaptation 300 

may be an important mechanism driving the above compensatory recovery observed 301 

in the field. Biodiversity effects on resistance were more negative for drought-selected 302 

than for ambient-selected plants, thus leading to similar biodiversity effects on 303 

resilience between the two selection treatments. These findings suggest that drought-304 

selected plants competed more strongly between species than did ambient-selected 305 

plants during the drought event, which might have impeded the resistance of mixtures 306 

relative to monocultures. Plants of the two selection treatments had similar resistance 307 

both in monocultures and mixtures. One explanation for this result could be that the 308 

recurrent summer droughts in the field did not cause severe mortality immediately 309 
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during the droughts 57; thus, the importance of selection for fast recovery from 310 

droughts may overwhelm that of selection for high tolerance to droughts. The 311 

selection of acquisitive traits for fast recovery after droughts may have side effects on 312 

the processes during droughts, for example, intensifying species competition during 313 

droughts. Alternatively, the selection processes during droughts may have primarily 314 

played out below ground, which we only assessed by measuring biomass allocation to 315 

belowground organs in monocultures post drought. We expected it to be increased in 316 

drought-selected plants but could not statistically confirm it. A more thorough test of 317 

this possibility would require assessing root traits that have strong linkages with plant 318 

water acquisition 32. 319 

Predicting the evolution of species interactions and their consequences for 320 

ecosystems is challenging due to the prevalent and complex correlations between 321 

traits, and trade-offs between survival during extreme events and growth after events 322 

13,33,35,37,58,59. These complexities imply that a big picture over the time course of an 323 

extreme climatic event, integrating both resistance and recovery processes, is 324 

necessary for predicting the responses and adaptations of ecosystems to extreme 325 

climatic events 10,20,23. 326 

Drought- and ambient-selected plants had similar biodiversity effects on 327 

productivity before the drought event in the glasshouse. Drought-induced selection for 328 

niche differentiation after the drought event was not correlated with more positive 329 

biodiversity effects before the drought event, although both phases were under 330 

ambient conditions with regular watering. This difference may arise from at least the 331 

following two reasons. First, drought-induced selection may involve components of 332 

plasticity 17,60. In this case, the effects of selected niche differentiation were only 333 

visible when plants were stressed by water deficits, but weak or absent without water 334 
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stress. Second, the resource conditions may have differed between the two phases, 335 

which might have affected the available niche axes for partitioning 17,61. The 336 

productivity of mixtures before the drought event (quarter quantiles: [0.148 337 

g/pot/week, 0.308 g/pot/week]) were about two times higher than that after the 338 

drought event ([0.048 g/pot/week, 0.100 g/pot/week]). Partitioning along axes 339 

associated with light and aboveground space may have been more important before 340 

the drought event, while partitioning along axes associated with belowground 341 

resources may have been more important after the drought event. 342 

We demonstrated that biodiversity could buffer the impacts of an extreme 343 

drought event on ecosystem functioning through selected niche differentiation during 344 

the recovery phase post drought. Together with previous findings focusing on 345 

ecological processes 20-24, we add an important mechanism, the evolution of species 346 

complementarity, to explain the stability of productivity in mixed-species grassland 347 

communities facing climate change. The selection of phenotypes with high recovery 348 

after recurrent droughts causes compensatory recovery after drought-related biomass 349 

loss. Our results suggest that biodiversity can buffer the impacts of extreme climatic 350 

events through evolution of species complementarity and that preserving or restoring 351 

biodiversity may increase the potential of evolutionary adaptations to climatic 352 

extremes at the community level. 353 

 354 

METHODS 355 

Experimental design 356 

To test whether an 8-year selection treatment of recurrent summer droughts would 357 

change biodiversity effects and species interactions of grassland plants when facing a 358 

novel drought event, we grew ambient- vs. drought-selected plants of 12 species in a 359 
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glasshouse. The plants were grown from seeds collected from mixed-species 360 

communities under 8-year treatments of yearly summer droughts vs. ambient 361 

precipitation in a biodiversity field experiment in Jena, Germany 23,47. 362 

The Jena Experiment was established in 2002 using a common seed pool of 60 363 

grassland species, with 80 20 × 20m large plots of species richness levels of 1, 2, 4, 364 

8, 16 and 60 species 46. Most of the species are perennial and capable of outcrossing. 365 

The Jena Drought Experiment 23,47 was initiated in 2008. Two 1 × 1m subplots were 366 

set within each large plot, designated as either drought treatment or ambient control. 367 

For the drought treatment, rainout shelters were set up to exclude natural rainfall in 368 

mid-summer for six weeks. The ambient control treatment got the same shelter 369 

construction but rain water was reapplied to not confound the results with artifacts 370 

from the shelter 62. We collected seeds from drought and control subplots throughout 371 

the 2016 growing season (Fig. 1). Seeds were collected from mixtures in order to test 372 

in the glasshouse the effects of drought-induced selection on species interactions, and 373 

because seeds of only two species were available from monocultures. Although we 374 

obtained seeds of 17 species, we only used 12 of them, because the other five species 375 

had either few seeds or low germination rates. The 12 plant species represented four 376 

functional groups (grass, small herb, tall herb, and legume) (Supplementary Table 1) 377 

46. 378 

We planted the seedlings in February 2017 in a glasshouse (day temperature 379 

range 20–25°C, night temperature range 15–21°C, and humidity range 60–80%) at the 380 

University of Zurich, Switzerland. Seeds from drought and ambient subplots of the 381 

same large plot in Jena were sown individually, in monocultures or in 2-species 382 

mixtures in the glasshouse (Fig. 1). Plants of the three community treatments 383 

(individual, monoculture and mixture) were from the same seed families as far as 384 
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possible. For those without perfect matches in seed families, plants at least originated 385 

from Jena subplots with the same plant functional group composition and selection 386 

treatment. In the glasshouse experiment, both monocultures and mixtures contained 387 

four plants within a pot. The pots were 11 × 11 × 11.5 cm in size and filled with soil 388 

composed of 50% collected from a sugar-beet field, 25% sand and 25% perlite. We 389 

randomly assigned the pots into four blocks in the glasshouse. To test the effects of 390 

drought-induced selection on plant traits, we sowed individual plants of the 12 species 391 

in a fifth block. Within the first two weeks, dead individuals were replaced, thereafter 392 

dead individuals were not replaced anymore. In total, we established 958 pots: 257 393 

pots of mixtures, 217 pots of monocultures and 484 pots of individual plants (244 pots 394 

of individuals in blocks 1–4, and 240 pots of individuals in block 5). For mixtures, 395 

there were 21 species pairs (Supplementary Table 1). Species pairs including Crepis 396 

biennis or Lotus corniculatus as one partner had low numbers of replicates 397 

(Supplementary Table 1). However, including or excluding these communities 398 

produced qualitatively similar results. Thus, we present the results including these two 399 

species in this paper (Figs. 3, 4 and 6).  400 

During a first phase of three month in the glasshouse (Fig. 1), pots were watered 401 

regularly (“before drought”). After 14–18 weeks, when most of the species had 402 

reached peak aboveground biomass, we harvested them (first harvest). This was 403 

followed by a second phase of two weeks without watering (“during drought”). Soil 404 

moisture decreased from more than 40% to less than 10% after 10 days since the 405 

drought initiation. During a third phase of seven weeks, pots were watered regularly 406 

again for recovery until most plants reached a new aboveground biomass peak again 407 

(“after drought”). We conducted three harvests: 14–18 weeks (before the drought 408 

event), 20 weeks (at the end of the drought event) and 27 weeks (after complete 409 
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recovery from the drought event) after establishment of the experiment in the 410 

glasshouse. At each harvest, we cut the plants at about 3 cm above soil and dried the 411 

harvested plant material at 70°C for 48 hours to obtain the dry biomass. We refer to 412 

the three harvests as before, during and after drought, and use the aboveground 413 

biomass as a proxy for productivity. 414 

 415 

Additive partitioning 416 

We used the additive partitioning approach 48 to decompose the net biodiversity effect 417 

(NE) on aboveground biomass into complementarity effect (CE) and sampling effect 418 

(SE), separately for each harvest, selection treatment and block. We did not perform 419 

the partitioning for mixtures with zero biomass 63. For monocultures with zero 420 

biomass, we kept the ones which had alive plants in the previous harvest but excluded 421 

the ones which had already lost all of them. For example, when we did the 422 

partitioning for the second harvest, we kept the monocultures that had zero biomass in 423 

the second harvest but non-zero biomass in the first harvest; we excluded the 424 

monocultures that had zero biomass already in the first harvest. This was to assure 425 

that communities that died before the drought could not reappear during or after the 426 

drought, and communities that had died during the drought could not reappear after 427 

the drought. 428 

We used mixed-effects models to assess the influences of drought vs. ambient 429 

selection treatments on biodiversity effects separately for each harvest (Fig. 3, 430 

Supplementary Table 3). Block and selection treatment were set as fixed-effects terms, 431 

while species composition (identity of species pair) and its interaction with selection 432 

treatment were set as random-effects terms. This conservative approach was used to 433 

allow for generalizations across all possible species compositions, although a more 434 
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liberal approach with species composition and its interactions as fixed-effects terms 435 

could also been applied (see Schmid et al. 2017 64 for a discussion of defining terms 436 

as fixed- vs. random-effects terms, including a justification of preference for treating 437 

block as fixed-effects term). We square-root transformed the CEs and SEs with sign 438 

reconstruction (𝑠𝑖𝑔𝑛(𝑦)√𝑦) prior to analysis to improve the normality of residuals 48. 439 

The mixed-effects model did not converge in the analysis with CE after the drought 440 

event. In this case, we used a general linear model, in which we fitted block, species 441 

composition, selection treatment, and species composition by selection treatment 442 

interaction in this order. Then we tested the significance of selection treatment using 443 

its interaction with species composition as error term. This procedure is an alternative 444 

to mixed-effects models that estimate variance components for random-effects terms 445 

with maximum likelihood 64. 446 

We additionally tested the significance of biodiversity effects on productivity 447 

separately for each selection treatment and harvest (Supplementary Table 2). We set 448 

block and species composition as fixed- and random-effects terms, respectively. The 449 

model corresponding to CE for ambient-selected plants during the drought event did 450 

not converge so that we fitted it with a general linear model, in which we tested the 451 

significance of overall mean (intercept) using species composition as error term. All 452 

statistical analyses were conducted in R 3.6.3 65. The mixed-effects models were 453 

conducted with asreml-R package 4.1.0.110 66. 454 

Finally, we also tested whether effects of drought selection on biodiversity 455 

effects in the glasshouse depended on the functional group richness (number of 456 

functional groups: 1, 2, 3 or 4) in the Jena field plots, but could not detect any 457 

significant trend (Supplementary Table 11). Therefore, we excluded the history of 458 

functional group richness from further analyses and presentation in this paper. 459 
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 460 

Biomass stability to the drought event in the glasshouse 461 

To assess the temporal responses of community aboveground biomass to the drought 462 

event, we calculated three indices representing different facets of stability: biomass 463 

resistance, recovery and resilience (see van Moorsel et al. 2021 19 for an example). 464 

We calculated resistance as the biomass ratio during vs. before the drought, recovery 465 

as the ratio after vs. during the drought and resilience as the ratio after vs. before the 466 

drought (see also Isbell et al. 2015 20). We log-transformed the indices (plus a half of 467 

the minimum positive value to allow taking logs of indices that were originally zero) 468 

prior to statistical analyses to improve the normality of residuals. Excluding index 469 

values that were originally zero produced qualitatively similar results. 470 

To assess the effects of drought selection on biomass stability, we fitted mixed-471 

effects models with block and selection treatment as fixed-effects terms, and species 472 

composition and its interaction with selection treatment as random-effects terms 473 

(Supplementary Fig. 2, Supplementary Table 4). We fitted the models separately for 474 

mixtures and monocultures. We included the log-transformed biomass at the first 475 

harvest as a covariate because biomass stability in response to droughts often depends 476 

on plant performance under ambient conditions. 477 

In the same way as net biodiversity effects on productivity were calculated for 478 

additive partitioning, we calculated biodiversity effects on biomass stability as the 479 

difference between each mixture and its corresponding monocultures. Then, we tested 480 

the influence of selection treatment on the biodiversity effects on biomass stability. 481 

Block and selection treatment were set as fixed-effects terms; species composition and 482 

its interaction with selection treatment were set as random-effects terms (Fig. 4, 483 

Supplementary Table 5). The log-transformed biomass at the first harvest was also 484 
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included as a covariate 19. To assess the significance of biodiversity effects on biomass 485 

stability for each selection treatment, we fitted another set of simplified models, with 486 

block and log-transformed biomass as fixed-effects terms, and species composition as 487 

random-effects term (Fig. 4). 488 

 489 

Neighbor interactions 490 

We assessed interactions between neighboring plants within pots using the metrics of 491 

neighbor interaction intensity with multiplicative symmetry (NIntM) 49: 492 

𝑁𝐼𝑛𝑡𝑀 = 2
∆𝑃

𝑃−𝑁 + 𝑃+𝑁 + |∆𝑃|
                                                (1), 493 

where 𝑃−𝑁 and 𝑃+𝑁 are the productivities without (individual plant) and with 494 

neighbors (monocultures or mixtures), respectively; ∆𝑃 = 𝑃+𝑁 − 𝑃−𝑁. Negative 495 

values of NIntM indicate competition and positive values indicate facilitation. NIntM is 496 

bounded between –1 (competitive exclusion) and 1 (“obligate” facilitation). For 497 

monocultures, we first calculated the per-plant biomass as the ratio between total 498 

biomass and planting density, and then used the per-plant value to compare with the 499 

corresponding individuals (without neighbor) of the same species with the same 500 

selection treatment in the same block. Note that under the reciprocal yield law 50, an 501 

individual grown alone in a pot should be four times larger than an individual grown 502 

with three others in a pot, resulting in a NIntM of –0.75 . For 2-species mixtures, we 503 

calculated the per-plant biomass separately for each species and took the average 504 

NIntM of the two species to measure the interaction intensity of the mixture. We set 505 

zero biomass for dead plants in the calculation. Again, if mixtures would also follow 506 

the reciprocal yield law independent of species identity, then NIntM = –0.75 would be 507 

expected. Values greater than –0.75 indicate some sort of overyielding due to higher 508 

density or higher density and higher diversity. 509 
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To assess how selection treatment modified interactions between plants, we 510 

tested the effects of selection treatments on neighbor interaction intensity separately 511 

for monocultures and mixtures. We included block and selection treatment as fixed-512 

effects terms, species composition and its interaction with selection treatment as 513 

random-effects terms (Supplementary Fig. 3, Supplementary Table 6). 514 

We calculated the difference between heterospecific interaction in a mixture and 515 

conspecific interactions in its two corresponding monocultures. A positive value of 516 

this difference indicates a weaker heterospecific than conspecific competition (i.e., 517 

niche differentiation) or stronger heterospecific than conspecific facilitation, which 518 

may lead to a positive complementarity effect. We tested the effects of selection 519 

treatments on interaction difference for each harvest by fitting block and selection 520 

treatment as fixed-effects terms, and species composition and its interaction with 521 

selection treatment as random-effects terms (Fig. 6, Supplementary Table 8). We also 522 

tested the significance of the interaction difference for each selection treatment by 523 

fitting block and species composition as fixed- and random-effects term, respectively 524 

(Fig. 6, Supplementary Table 7). 525 

 526 

Plant traits 527 

To assess whether drought selection would change plant traits, we measured six traits 528 

(Supplementary Table 9), which are closely related to plant usages of water or carbon, 529 

on plants in pots with one individual from blocks 1–5. We focused on the traits on 530 

individual plants without neighbor to evaluate the influence of selection treatment on 531 

traits without the impacts of plasticity induced by plant interactions. We measured leaf 532 

relative chlorophyll content, leaf area (LA), leaf mass per area (LMA) and leaf 533 

osmometric pressure before the drought; leaf stomatal conductance both before and 534 
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during the drought; and dry biomass ratio between root and shoot after the drought (in 535 

the third harvest). Leaf relative chlorophyll content was measured for three mature, 536 

fully expanded leaves per plant by using a SPAD-502 Plus chlorophyll meter from 537 

Konica Minolta. LA was obtained by scanning 3–4 mature, fully expanded leaves per 538 

plant with a LI-3100C Area Meter from LI-COR. LMA was calculated as the ratio 539 

between leaf dry mass (oven dried at 70°C for 48 hours, using the same leaves that for 540 

LA) and LA. Leaf osmotic potential at full hydration was considered as an important 541 

trait associated with plant tolerance to drought 67. We measured leaf osmotic potential 542 

with freeze-thaw leaf pieces cut from 1–2 mature, fully expanded leaves per plant by 543 

using a Wescor vapor pressure osmometer VAPRO (Model 5520) according to the 544 

method by Bartlett, et al. 67. Plants were fully hydrated one day before the leaf 545 

sampling for osmotic potential measurement. Leaf stomatal conductance is a measure 546 

of exchange rate of carbon dioxide and water vapor through the stomata 68. It was 547 

measured for 3–5 healthy mature leaves per plant by using a SC-1 Leaf Porometer 548 

from Decagon Devices. For grass species, 3 blades were placed adjacent to each other 549 

in order to have a large enough area for the measurement of stomatal conductance. 550 

For stomatal conductance during the drought event, we measured the individual plants 551 

from block 5 only due to limited time during the drought phase. We harvested 552 

aboveground and belowground plant biomass separately for alive individual plants at 553 

the end of the experiment (after the complete recovery from the drought). The oven-554 

dried (70°C for 48 hours) aboveground and belowground biomass was used to 555 

calculate the biomass ratio between root and shoot. We took the average value of each 556 

trait of each plant for statistical analyses. 557 

We used linear mixed-effects models to assess the influence (generalized across 558 

species) of selection treatments on trait values (red lines in Supplementary Figs. 4–6). 559 
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Block and selection treatment were set as fixed-effects terms; species and its 560 

interaction with selection treatment were set as random-effects terms. Alternatively, 561 

we set species, selection treatment and their interaction as fixed-effects terms to assess 562 

whether species responded differently to the selection treatments (Supplementary 563 

Table 9). LMA, LA, leaf osmotic potential, leaf stomatal conductance and root-shoot 564 

biomass ratio were log-transformed to improve normality of residuals. 565 

We also measured leaf relative chlorophyll content, LA and LMA in mixtures 566 

before the drought event (Supplementary Table 10) to evaluate the influence of 567 

selection treatments on trait dissimilarity between interacting species within 568 

communities. We calculated the absolute trait distance between two species in each 569 

mixture both separately for each trait and jointly with the three traits. For multi-trait-570 

based dissimilarity, we calculated the Euclidean trait distance in standardized three-571 

dimensional trait space. 572 

We used linear mixed-effects models to assess the effects of selection treatments 573 

on trait dissimilarity in mixtures (Supplementary Table 10). Block and selection 574 

treatment were set as fixed-effects terms; species composition and its interaction with 575 

selection treatment were set as random-effects terms. The model for LA dissimilarity 576 

did not converge so that we fit it with a general linear model, in which we tested the 577 

significance of selection treatment using its interaction with species composition as 578 

error term. For the models with LA, LMA and the joint three traits as dependent 579 

variables, we removed one pot (B1P674) because the LA value of Alopecurus 580 

pratensis in this pot was extremely small (about 1/3 of the second minimum value of 581 

the same species in mixtures). However, including or excluding this pot produced 582 

qualitatively similar results. 583 

 584 
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FIGURES 811 

 812 

Figure 1 | Experimental design. Seeds collected from different selection treatments 813 

(8-years treatments of recurrent summer droughts vs. ambient control) in the Jena 814 

Experiment, Germany, were sown in 2-species mixtures, in monocultures or 815 

individually in pots in a glasshouse at the University of Zurich, Switzerland. During a 816 

first phase of three months, pots were watered regularly (ambient conditions, “before 817 

drought”). This was followed by a second phase of two weeks without watering 818 

(drought conditions, “during drought”) and a third phase of seven weeks with regular 819 

watering (ambient conditions for recovery, “after drought”). Plants were harvested 820 

after 14–18 weeks (before the drought), 20 weeks (after the drought) and 27 weeks 821 

(after recovery from the drought) as represented by scissors.  822 
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 823 

Figure 2 | Effects of biodiversity on productivity among different 2-species 824 

mixtures for each selection treatment (ambient- vs. drought-selected plants) and 825 

harvest (before [a–f], during [g–l] and after [m–r] the drought event in the 826 

glasshouse). Biodiversity effects were calculated as net effect (first row), 827 

complementarity effect (second row) and sampling effect (third row). Lines 828 

connecting nodes (species) indicate species pairs within mixtures in the glasshouse. 829 

Blue and red lines indicate positive and negative average biodiversity effects, 830 

respectively, with the solid lines indicating significant effects based on Student’s t test 831 

(𝛼 = 0.05; mixtures of each selection treatment with less than three replicates at a 832 

harvest were not tested for significance and hence not shown in this figure). Node 833 

sizes are proportional to the corresponding monoculture biomass in each panel. Node 834 

colors indicate different functional groups (green=legume, grey=grass, orange=short 835 

herb, pink=tall herb). Full species names are shown in Supplementary Table 1. 836 
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 837 

Figure 3 | Difference in biodiversity effects on productivity between selection 838 

treatments (ambient- vs. drought-selected plants) across time (before [first 839 

column], during [second column] and after [third column] the drought event in 840 

the glasshouse). Biodiversity effects were calculated as net effect (a–c), 841 

complementarity effect (d–f) and sampling effect (g–i). The solid red lines indicate 842 

significant differences between the two selection treatments (see Supplementary Table 843 

3). Red points and error bars show means ± standard error of 2-species mixtures 844 

composed of the corresponding selection treatment. The filled red points show 845 

significant differences from zero (horizontal dashed lines, see Supplementary Table 846 

2), i.e., positive or negative average biodiversity effects. Grey points represent means 847 

for species pairs (standard errors for species pairs were not shown). Grey lines 848 

connect the same species pair between the two selection treatments.  849 



38 

 

 850 

Figure 4 | Difference in biodiversity effects on biomass stability in response to the 851 

drought event in the glasshouse between selection treatments (ambient and 852 

drought-selected plants). The solid red lines indicate significant differences between 853 

the two selection treatments (see Supplementary Table 5). Biomass stability was 854 

calculated as resistance (a), recovery (b) and resilience (c). Biodiversity effects were 855 

calculated as the differences in stability indices between mixtures and monocultures. 856 

Red points and error bars show the means ± standard error of 2-species mixtures 857 

composed of the corresponding selection treatment. Grey points represent means for 858 

species pairs (standard errors for species pairs were not shown). Grey lines connect 859 

the same species pair between the two selection treatments.  860 
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 861 

Figure 5 | Difference between heterospecific and conspecific interactions for 862 

species pairs of different selection treatments (ambient- vs. drought-selected 863 

plants) at each harvest (before [a–b], during [c–d] and after [e–f] the drought 864 

event in the glasshouse). Lines connecting nodes (species) indicate species pairs 865 

within mixtures in the glasshouse. Blue lines indicate weaker heterospecific than 866 

conspecific competition, or stronger heterospecific than conspecific facilitation, while 867 

red lines represent the opposite situations. The solid lines indicate significant 868 

difference from zero based on Student’s t test (𝛼 = 0.05; mixtures of each selection 869 

treatment with less than three replicates at a harvest were not tested for significance 870 

and hence not shown in this figure). Node sizes are proportional to the corresponding 871 

monoculture biomass in each panel. Node colors indicate different functional groups 872 

(green=legume, grey=grass, orange=short herb, pink=tall herb). Full species names 873 

are shown in Supplementary Table 1.  874 
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 875 

Figure 6 | Effects of selection treatment (ambient- vs. drought-selected plants) on 876 

the difference between heterospecific and conspecific interactions before (a), 877 

during (b) and after (c) the drought event in the glasshouse. The solid red line 878 

indicates a significant difference between the two selection treatments (see 879 

Supplementary Table 8). Red points and error bars show means ± standard error. 880 

The filled red point shows a significant difference from zero (horizontal dashed lines; 881 

see Supplementary Table 7), i.e., weaker heterospecific than conspecific competition. 882 

Grey points represent means for species pairs (standard errors for species pairs were 883 

not shown). Grey lines connect the same species pair between the two selection 884 

treatments. 885 


