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Abstract 18 

Extreme climate events such as droughts and heatwaves are intensifying under climate 19 

change, yet their combined effects on plant recovery remain unclear. In a two-year 20 

outdoor mesocosm experiment, we tested how grassland species with contrasting 21 

growth strategies recover from summer drought under four warming regimes: ambient, 22 

moderate warming (+2 °C), periodic heatwaves (+7 °C), and their combination. 23 

Experimental communities of native fast- and slow-growing species plus the invasive 24 

Solidago canadensis were assessed for above-ground biomass and leaf traits (SLA, 25 

LDMC, chlorophyll content, stomatal conductance) at one- and four-months post-26 

drought. Biomass fully recovered within one month in both growth strategies, but leaf 27 

traits showed transient shifts, over-recovery in SLA and under-recovery in LDMC, likely 28 

reflecting production of new leaf tissues. These deviations generally returned to control 29 

levels by four months, regardless of warming treatments. Solidago canadensis exhibited 30 

high tolerance to heat and drought, with early biomass and trait recovery, indicating 31 

potential for dominance under climate extremes. Biomass recovery was similar across 32 

growth strategies, suggesting that growth-related differences play a minimal role in 33 

short-term recovery; however, early regrowth was characterised by contrasting trait 34 

shifts. Such lagged trait recovery, combined with rapid invasive recovery, suggests 35 

potential for longer-term shifts in grassland composition and function. We recommend 36 

that incorporating trait-based recovery dynamics is essential for predicting ecosystem 37 

stability under compound climate extremes. 38 

 39 
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1. Introduction 42 
 43 
Over the past few decades, the magnitude and frequency of climate extremes, such as 44 

periodic heat waves and prolonged periods of droughts are increasing at an alarming 45 

rate (IPCC 2023; Gu et al. 2025). Periodic heatwaves and extreme droughts disrupt 46 

plant communities (Boeck et al. 2011; Smith et al. 2024), such as by negatively 47 

impacting biomass productivity, tissue quality, and altering species composition and 48 

diversity (Griffin‐Nolan et al. 2019; Smith et al. 2024; Thakur et al. 2022). Such 49 

community-level shifts are ultimately shaped by how individual species respond to and 50 

recover from climate-induced stresses. Yet, we know little about how periodic heat 51 

waves (short, high-intensity temperature spikes) interact with constant warming 52 

(sustained temperature increases) to shape plant responses, particularly their post-53 

drought recovery (Li et al. 2021; Breshears et al. 2021).  54 

 55 

Most studies have shown that constant and moderate warming increase above-ground 56 

plant biomass while also simultaneously reducing their tissue quality (Jia et al. 2025; Lin 57 

et al. 2010; Liu et al. 2022; Wan et al. 2023; Wright et al. 2001; Zhou et al. 2022). In 58 

contrast, pulse events like heatwaves, that are shorter in duration but higher in intensity 59 

than constant warming, are typically associated with the loss in above-ground biomass 60 

productivity (Breshears et al. 2021; Wang et al. 2016), likely due to plant’s inability to 61 

overcome extreme heat stress (Breshears et al. 2021; López et al. 2022; Teskey et al. 62 

2015). Drought alone is also consistently linked with declines in plant biomass (Yu et al. 63 

2025; Zhou et al. 2020), whereas it has been shown that interactive effects of warming 64 

and drought on plant biomass are usually additive (Wilschut et al. 2022). Indeed, the 65 
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combined effects of warming and drought likely vary across species, and can be 66 

effectively elucidated through trait-based approaches. For instance, species’ contrasting 67 

growth strategies—fast resource acquisition versus stress tolerance—may explain their 68 

differing responses to warming and drought (Reich 2014; Wright et al. 2004; Yan et al. 69 

2025).  70 

 71 

Drought recovery has been shown to differ between slow- and fast-growing species 72 

(Mentges et al. 2024; Pezner et al. 2020; Prugh et al. 2018; Stotz et al. 2022). Fast-73 

growing plants are often less drought-resistant but typically recover quickly after re-74 

wetting (Pezner et al. 2020; Zhou et al. 2022). Conversely, slow-growing plants tend to 75 

be more resistant to climatic stressors yet recover slowly, often due to lagged responses 76 

(Prugh et al. 2018; Reich 2014; Breshears et al. 2021; Luo et al. 2023a; Zwicke et al. 77 

2015). Such differences can be assessed via key functional traits, including chlorophyll 78 

content, stomatal conductance, specific leaf area (SLA), and leaf dry matter content 79 

(LDMC) among others (Cornelissen et al. 2003; Poorter et al. 1995; Reich 2014; Wright 80 

et al. 2004). Drought generally reduces SLA and increases LDMC (Wellstein et al. 2017; 81 

Wilcox et al. 2021), while warming may increase SLA, potentially offsetting drought-82 

induced declines within and across species. During post-drought recovery, fast-growing 83 

plants typically restore SLA and LDMC more rapidly than slow-growing plants (Chu & 84 

Farrell 2022; Boeck et al. 2018). Moreover, fast-growing plants also tend to lose 85 

chlorophyll quickly under stress but regain it rapidly upon rehydration, whereas many 86 

slow-growing plants maintain more stable chlorophyll levels (Chu & Farrell 2022; Luo et 87 

al. 2023b; Pezner et al. 2020; Wei et al. 2023; Zhang et al. 2021). Similar patterns occur 88 
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for stomatal conductance: fast growers show sharp drought-induced declines but quick 89 

recovery, while slow growers modulate water use more effectively under drought (Li et 90 

al. 2021; Luo et al. 2023b; Valerio et al. 2022). However, the combined effects of 91 

drought and warming on these traits remain underexplored, especially regarding post-92 

drought recovery in species with contrasting growth strategies. Emerging evidence 93 

suggests extreme heat can exacerbate drought impacts, further reducing SLA and 94 

causing prolonged physiological impairment (Tello-García et al. 2020; Wellstein et al. 95 

2017), but it is unclear whether such compound stresses differentially constrain 96 

recovery within plant communities. 97 

 98 

To better understand differences in post-drought recovery between slow- and fast-99 

growing plant species, it is essential to consider recovery dynamics across the entire 100 

growing season, especially in seasonally structured ecosystems like temperate 101 

grasslands where climatic events may have temporally variable effects (Castillioni et al. 102 

2022; Boeck et al. 2011; Sanders et al. 2025; Zhou et al. 2022). Yet, most climate-103 

manipulation experiments focus on peak-season measurements (Stuble et al. 2021), 104 

potentially overlooking how recovery unfolds over time (Zhou et al. 2022). Slow-growing 105 

species may resist drought stress better but exhibit delayed recovery due to inherently 106 

conservative growth strategies, while fast-growing species, though more drought-107 

sensitive, tend to recover quickly, often with pronounced trait shifts such as changes in 108 

SLA and LDMC (Figure 1). Moreover, any subsequent climatic events like heatwaves 109 

during late-season recovery may further modulate these trajectories, ultimately shaping 110 

species dominance and driving community reassembly under climate change (Figure 1). 111 
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 112 

We examined post-drought recovery in experimental grassland communities composed 113 

of species with contrasting growth strategies across two full growing seasons, using an 114 

outdoor experiment that combined extreme summer drought with either constant 115 

moderate warming, periodic heat waves, or both. Within this framework, we hypothesise 116 

that recovery dynamics would diverge between slow- and fast-growing species: fast 117 

growers would show rapid early recovery but decline over time, whereas slow growers 118 

would recover more gradually. We further predicted that warming regimes would 119 

modulate these trajectories, with constant warming facilitating recovery in both groups, 120 

while periodic heat waves would constrain it, particularly in fast growers (Figure 1). By 121 

testing these hypotheses, we assess whether gradual versus abrupt warming interacts 122 

with drought to reinforce or diminish functional differences in recovery between plant 123 

strategies. 124 

 125 

2. Material and methods 126 

2.1 Outdoor mesocosms 127 

We established an outdoor experimental facility at the Hasli Ethological Station in Bern, 128 

Switzerland (46°58′01.362″N, 7°23′50.243″E; 490.6 m a.s.l.) to study post-drought 129 

recovery of plant communities under different warming regimes. The site has a mean 130 

annual air temperature of 9.3 °C and a mean annual precipitation of 1021 mm, based on 131 

30-year reference averages MeteoSwiss (MeteoSwiss 2025). The facility is located in a 132 

managed meadow, and comprises the outdoor mesocosm units arranged across an 133 

area of ~250 m² (Figure S1a).  134 
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 135 

The outdoor mesocosms were constructed from glass fiber–reinforced plastic (GRP), 136 

with inner dimensions of 1 × 1 × 0.45 m (L × W × H). Each had 20-mm insulated 137 

polyurethane (PUR) sandwich walls and a floor made of a porous polypropylene–138 

polyester fiber matrix that allowed slow water drainage. Mesocosms were placed 1 m 139 

apart (Figure S1b; replication described under Climate treatments). Each mesocosm 140 

was filled with a customized artificial soil mixture (RICOTER AG, Switzerland) 141 

replicating the physicochemical properties of mineral soil from a nearby managed 142 

meadow. The mixture comprised 40% gravel (0–32 mm), 40% vegetal earth (0–15 mm), 143 

10% sand (0–2 mm), and 10% garden compost, forming a ~35 cm mineral layer. On 144 

top, we added a 5 cm layer of topsoil rich in organic matter, obtained by collecting the 145 

upper 10 cm of soil from the same meadow. The soil was sieved through a 1 cm 146 

motorized mesh (Scheppach RS 350; Scheppach GmbH, Ichenhausen, Germany) and 147 

thoroughly homogenized by hand before being added to the mesocosms. Soil 148 

properties (pH, organic matter content, and organic and inorganic C and N) were 149 

measured for the mineral- and the topsoil (Table S1).  150 

 151 

2.2 Plant community establishment  152 

In July 2022, each mesocosm was planted with an identical community of eight 153 

common grassland species characteristic of extensively managed central European 154 

meadows. Species were selected based on their position along the leaf economic 155 

spectrum (Wright et al. 2004), using specific leaf area (SLA) to represent both fast- and 156 

slow-growing strategies. To ensure phylogenetic balance, we included four plant 157 

families, each represented by one slow- and one fast-growing species: Lotus 158 
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corniculatus (Fabaceae, slow) and Trifolium pratense (Fabaceae, fast); Centaurea jacea 159 

(Asteraceae, slow) and Taraxacum officinale (Asteraceae, fast); Bromus erectus 160 

(Poaceae, slow) and Holcus lanatus (Poaceae, fast); and Salvia pratensis (Lamiaceae, 161 

slow) and Prunella vulgaris (Lamiaceae, fast) (Figure 2c). Growth strategies were 162 

classified relative to other species within the same family. To better reflect managed 163 

grasslands of central Europe (e.g., Palearctic meadows), we also included the non-164 

native invasive Solidago canadensis, which is one most common invasive plants in 165 

central Europe (Nentwig et al. 2018).   166 

 167 

Seeds of all species were germinated indoors for three weeks in trays with germination 168 

soil (LANDI, Capito line) at 20/16 °C (16 h day/8 h night) before being transplanted into 169 

a standardized randomized grid applied uniformly across all mesocosms (Figure S2). 170 

Each mesocosm received 12 individuals per species (108 plants in total). From planting 171 

until the onset of experimental treatments in March 2023, dead seedlings were regularly 172 

replaced. However, Prunella vulgaris failed to establish in 2022, and was therefore 173 

reintroduced during the experimental phase in spring–summer 2023. 174 

 175 

In mid-November 2022, after plant communities had established but before the 176 

application of climatic treatments, baseline data were collected from each mesocosm 177 

(Figure S3). These data included total plant dry biomass, specific leaf area (SLA) and 178 

leaf dry matter content (LDMC). We measured specific leaf area (SLA; mm² mg⁻¹) on 179 

young, fully expanded leaves after 24 h of water saturation on moist paper at 4 °C. Leaf 180 
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area was digitized using an Epson Perfection V600 Photo Scanner (Epson Corp., 181 

Nagano, Japan) (one leaf per species per mesocosm, except L. corniculatus, for which 182 

two leaves were sampled due to their small leaf size) and divided by leaf dry mass 183 

(dried at 40 °C for 48 h). Leaf dry matter content (LDMC; mg g⁻¹) was calculated as the 184 

ratio of oven-dry mass to water-saturated fresh mass (Cornelissen et al. 2003). Once 185 

fully dried (≥ 70 °C for several days), the plant material collected from each mesocosm 186 

was finely shredded and returned as litter to the same mesocosm in March 2023 to 187 

minimize nutrient loss from the system. The same procedure was repeated for plant 188 

material collected in 2023 and 2024 (details below). 189 

 190 

2.3 Climate treatments  191 

Climate treatments consisted of four warming regimes (‘Ambient temperature’, ‘Ambient 192 

+ 2 °C’, ‘Ambient + periodic heat waves’, and ‘Ambient + 2 °C + periodic heat waves’) 193 

fully crossed with two precipitation regimes (control water and drought). Each treatment 194 

combination was replicated five times and randomly assigned to mesocosms (Figure 195 

S1b). The 40 mesocosms were arranged in five blocks to account for wind and light 196 

variability, with each block containing one replicate of all eight climate treatments. 197 

Warming was applied using infrared heaters (VASNER SlimLine X20, 500–2000 W, 198 

Germany) mounted 80 cm above the soil surface of each mesocosm (Figure S4); in the 199 

ambient treatment, fake heaters were installed as controls at the same height. Air 200 

temperature (15 cm above the soil) in each mesocosm was continuously monitored with 201 

HOBO sensors (MX2201, Oneset Computer Corp., Bourne, USA), and a weather 202 

station (Oneset Computer Corp., Bourne, USA) was installed adjacent to our 203 
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mesocosms to record ambient air temperature, relative humidity, solar radiation, and 204 

rainfall (2 m above the soil) (Figure S1).  205 

 206 

The ‘Ambient +2 °C’ treatment increased air temperature by ~2 °C above ambient (15 207 

cm above the soil) throughout the growing season (mid-March to late October), starting 208 

in 2023 and repeated in 2024 (Figure S5). The ‘Ambient + periodic heat waves’ 209 

treatment raised air temperature by ~7 °C at the same height for one week each month, 210 

producing seven heat waves per season (Figures S4 & S6). The ‘Ambient +2 °C + 211 

periodic heat waves’ treatment combined both approaches, maintaining a +2 °C 212 

temperature throughout the growing season while adding monthly heat waves, during 213 

each heat wave week (Figure S5). The ‘Ambient +2 °C’ treatment reflects the projected 214 

global mean temperature rise by the mid-21st century under high-emission scenarios, 215 

whereas our periodic heat-wave treatments simulate regional extremes. Heat wave 216 

treatments are consistent with IPCC AR6 projections that the hottest days can warm 217 

1.5–3 times more than the global average—resulting in anomalies approaching +6 to 10 218 

°C for one week each month (Figures S4-S6) (IPCC 2023).  219 

 220 

The drought treatment consisted of a single extreme drought event applied each 221 

experimental year (2023 and 2024), beginning in late May until the end of June. By the 222 

end of the drought period, many plants in our experiment showed severe wilting and 223 

withering suggesting that our drought regimes were representative of both hydrological 224 

and ecological extreme drought (~5–6 weeks of complete water deprivation; Figure S7). 225 

This period was chosen to simulate summer drought, which has increased in frequency 226 
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across northern Europe, including in our study region (IPCC 2023). At the end of each 227 

simulated drought, soil water content (0–10 cm depth) declined to 0–5%, also 228 

corresponding to an “extreme drought” category according to the U.S. Drought Monitor 229 

(National Drought Mitigation Center, USDA, and NOAA; Figure S8). To maintain drought 230 

conditions and exclude confounding rainfall, all mesocosms (drought and non-drought) 231 

were covered with transparent plastic roofs during the drought period. We measured 232 

potential shading effects with a HOBO MX2202 data logger (Onset Computer Corp., 233 

Bourne, USA) equipped with a light sensor positioned near the plant canopy, which 234 

recorded a mean reduction of ~25% in light intensity relative to the same period at a 235 

nearby climate station (Figure S9). Water control mesocosms received tap water (up to 236 

twice weekly) during the drought period according to 30-year average rainfall data 237 

(MeteoSwiss 2025), using a hose with a volume counter. Outside the experimental 238 

drought period, all mesocosms were regularly watered with tap water according to the 239 

30-year average rainfall, particularly during prolonged periods of no or insufficient 240 

precipitation as indicated by our on-site weather station. Soil water content was 241 

regularly monitored before, during, and after drought using both (i) a TDR probe 242 

(FieldScout TDR 150 Soil Moisture Meter, Spectrum Technologies Inc., Aurora, USA) for 243 

specific time point measurements per growing-season at 10 cm depth (Figure S8), and 244 

(ii) continuous sensors (GroPoint, Onset Computer Corp., Bourne, USA) at 0–15 cm 245 

and 15–30 cm depths (Figures S10–S11).  246 

 247 

2.4 Plant data collection (2023 and 2024) 248 
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Species-specific plant data were collected prior to drought (early growing season, mid–249 

late May), one month after drought (mid-July), and four months after drought (mid-250 

October). To avoid re-sampling the same plant material within the same year in each 251 

mesocosm, different quarters (0.5 x 0.5 m) were randomly selected each in 2023 and 252 

2024. Most plant-specific measurements followed the 2022 protocol, with two 253 

exceptions. First, chlorophyll content was measured with a Force-A Dualex® meter 254 

(Force-A, Orsay, France). At the end of the 2024 growing season, however, we used a 255 

SPAD meter (Konica Minolta, Osaka, Japan) due to the unavailability of the Dualex®. 256 

Second, we measured stomatal conductance using an SC-1 leaf porometer (Decagon 257 

Devices Inc., USA), excluding values above 500 mmol m⁻² s⁻¹ because they exceed the 258 

instrument’s precision range. To further illustrate the extremity of the drought treatment, 259 

we also report stomatal conductance of each species immediately after drought, before 260 

rewetting (Figure S12). Plant recovery after drought (at one and four months) was 261 

quantified for all nine species across the four warming regimes, using measurements of 262 

shoot biomass, SLA, LDMC, chlorophyll content, and stomatal conductance. 263 

 264 

2.5 Statistical analysis  265 

Post-drought plant recovery across warming regimes was analysed separately for all 266 

response variables using R v.4.3.3 (R Core Team 2023). Mixed-effects models were 267 

fitted with the package glmmTMB v.r1.1.9 (Brooks, E., Mollie et al. 2017). All models 268 

included the interactive effects of drought, temperature, season, and either plant 269 

growing strategies or species (see details below). Our analyses focused on post-270 

drought responses during the peak of the growing season (one-month recovery) and the 271 
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end of the growing season (four-months recovery). Since plants in spring 2023 had not 272 

yet experienced any drought, pre-drought responses (early growing season) of 2023 273 

were not used in our mixed-effects models. Responses in spring 2024 are used in 274 

mixed-effects models as they likely reflect the legacy effects of the 2023 drought (Figure 275 

S13).  Accordingly, spring 2024 data were included in the mixed-effects models 276 

(responses shown in Figure S14, Tables S2-S11). Post-drought recovery was quantified 277 

as effect sizes from the mixed-effects models. 278 

 279 

All models included plots (to account for the repeated measurements) and year (two 280 

levels) as independent random effects. We applied two main modelling approaches. 281 

First, we tested whether slow- versus fast-growth strategies explained recovery across 282 

eight native species, with species included as a random effect to capture variation 283 

beyond growth strategy (Tables S2-S6). We considered two main growing strategies: 284 

native slow- and fast-growing species, whereas invasive species (S. canadensis) was 285 

used as another level. Growing all species in a shared experimental community 286 

minimised environmental variability and strengthened trait-based inference. Second, we 287 

analysed species-specific responses by treating species as fixed effects in models that 288 

excluded growth strategy (Tables S7-S11). Models for Prunella vulgaris were analysed 289 

separately due to their poor establishment in 2022 and 2023.  290 

 291 

To ensure optimal model fit for each response variable, we applied appropriate 292 

statistical distributions and transformations. Biomass was modelled with a negative 293 
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binomial distribution, except for P. vulgaris, where a Gaussian distribution was used. 294 

SLA and LDMC were modelled with Gaussian distributions, whereas for P. vulgaris, a 295 

negative binomial distribution was more appropriate. Chlorophyll content was modelled 296 

with a negative binomial distribution. Stomatal conductance was log-transformed and 297 

modelled with a Gaussian distribution, except for P. vulgaris, where it was again fitted 298 

with a negative binomial distribution. We tested the fit of all mixed-effects models, 299 

checking the models’ residuals using the package DHARMa v.04.7 (Hartig 2016). The 300 

model assumptions were generally met, except the model for the above-ground 301 

biomass of P. vulgaris, which showed a poor fit (across different error distributions), and 302 

therefore, those results should be interpreted cautiously. 303 

 304 

After fitting mixed-effects models for each response variable, we calculated drought 305 

effect sizes in all four warming treatments, using the packages emmeans v1.10.1(Lenth 306 

2017) and effsize v0.8.1 ( Torchiano 2013). Full model outputs and effect sizes are 307 

provided in the Supplementary Information (Tables S2-S11). Post-drought recovery at 308 

one and four months after drought was visualised as Cohen’s d with 95% confidence 309 

intervals (CIs) across all warming regimes. Effect sizes were plotted using the ggplot2 310 

package (Wickham 2016). Recovery outcomes were classified as full recovery (non-311 

significant, CI overlapping zero), under-recovery (significant negative effect), or over-312 

recovery (significant positive effect).  313 

 314 

3. Results 315 
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3.1 Growth-strategy-specific recovery 316 

Full recovery of above-ground biomass in slow- and fast growing plants was evident 317 

already one month after drought across all warming treatments (Figure 3), despite clear 318 

signs of severe stress and wilting, including altered stomatal conductance recorded 319 

immediately post-drought (Figures S7, S12). This full biomass recovery persisted four 320 

months after drought in both growth strategies and across warming treatments (Figure 321 

3). 322 

 323 

By contrast, we found pronounced shifts in SLA and LDMC one month after drought 324 

across warming regimes. SLA showed significant over-recovery, increasing on average 325 

by 26.1% in slow-growing species and 18.6% in fast-growing species compared with 326 

water controls. Reciprocally, LDMC showed significant under-recovery, with decreases 327 

of 19.4% in slow-growing species and 17.5% in fast-growing species. Differences 328 

between growth strategies were not statistically significant for either of the traits (Table 329 

S2-S6). By four months after drought, both SLA and LDMC fully recovered across 330 

warming regimes and growth strategies, with the sole exception of SLA in fast-growing 331 

species under constant warming, which remained above control levels (Figure 3). 332 

 333 

3.2 Species-specific recovery 334 

All eight native species almost fully recovered in biomass and functional traits four 335 

months after drought; however, distinct differences in recovery emerged more clearly 336 

one month after drought, particularly in the warmed treatments (Figure 4). Interestingly, 337 
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T. pratense was the only species to show under-recovery in above-ground biomass four 338 

months post-drought under constant warming, despite its earlier over-recovery in the 339 

same treatment just one month after drought (Figure 4). Indeed, many species (B. 340 

erectus, T. pratense, T. officinale, and P. vulgaris) showed the pattern of over-recovery 341 

one month after drought, and periodic heat waves contributed to this pattern in B. 342 

erectus, T. pratense, T. officinale.   343 

 344 

Traits related to photosynthesis and gas exchange, namely chlorophyll content and 345 

stomatal conductance, also reached full-recovery in most species after one month of 346 

drought across warming regimes (Figure 4). By contrast, traits related to leaf tissue 347 

quality (SLA, LDMC) showed over- or under-recovery in many species one month after 348 

drought, and even persisted in a few cases four months (e.g., H. lanatus) after the 349 

extreme drought event. The LDMC in B. erectus, C. jacea, S. pratensis, H. lanatus, T. 350 

prantense was under-recovering one month after drought, and notably so in constantly 351 

warmed treatments (Figure 4). The combined constant and periodic heat wave 352 

treatments (‘Ambient + 2°C + periodic heat waves’) further amplified the under-recovery 353 

in C. jacea at this time point of post-drought recovery. Interestingly, C. jacea showed 354 

over-recovery in its biomass four months after drought under the same intensified 355 

warming regime (Figure 4).  In addition, many species showed an inverse recovery 356 

pattern between SLA and LDMC, with SLA frequently over-recovering in cases where 357 

LDMC was under-recovering (Figure 4). Most cases of SLA over-recovery one month 358 

after drought converged to full recovery by four months, except for H. lanatus, where 359 
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SLA values remained high under both constant warming and periodic heatwave 360 

treatments under both constant warming and periodic heatwave treatments. 361 

 362 

The invasive species S. canadensis in our experimental plant community was largely 363 

tolerant to drought and showed a rapid recovery to both drought and warming, with a 364 

few notable exceptions. For instance, it showed a significant decline (under-recovery) in 365 

LDMC four months after drought, despite no change one month post-drought (Figure 4). 366 

Moreover, its stomatal conductance exhibited under-recovery one month after drought 367 

under the combined constant warming and periodic heatwave treatment (Figure 4). 368 

 369 

4. Discussion 370 

Using an outdoor experiment over two consecutive growing seasons, we found that 371 

several common temperate grassland species achieved full post-drought recovery 372 

under both constant warming and periodic heatwave conditions. More strikingly, by four 373 

months after extreme drought—coinciding with the end of the growing season—both 374 

slow- and fast-growing species reached full recovery, regardless of warming treatment 375 

and even sharing the same recovery trajectories in both one month and four months 376 

post drought data points. These findings contradict our hypothesis, which predicted a 377 

delayed recovery in slow-growing species and a faster recovery in fast-growing species 378 

(Figure 1). 379 

 380 
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Both fast- and slow-growing species recovered their biomass at similar rates under all 381 

warming regimes, suggesting that the severity of the drought was so intense that it 382 

forced plants to pursue the same recovery mechanisms, equalizing their responses. We 383 

suspect that extreme water limitation may have created a threshold condition, forcing 384 

plants into a common "stasis" response characterized by halted growth and canopy 385 

dieback (Breshears et al. 2021). Once rewetting occurred-timed with the peak of the 386 

growing season (e.g., July), when light and temperature conditions are optimal-plants 387 

rapidly regenerated above-ground tissues to ensure their end of the growing season 388 

survival (Zhou et al. 2022). This convergence in strategy, rather than the expected 389 

divergence based on growth rate (Jia et al. 2025; Stuble et al. 2021), highlights the 390 

adaptive capacity of grassland species to rebound from compound stress events, and 391 

aligns with recent evidence that phenotypic plasticity under extreme events may buffer 392 

against anticipated trade-offs (Wan et al. 2023).  393 

 394 

Despite the rapid biomass recovery, leaf trait recovery suggests a more nuanced 395 

adaptive strategy of plants under drought and warming. Most species exhibited over-396 

recovery in specific leaf area (SLA) and under-recovery in leaf dry matter content 397 

(LDMC) one month after drought, indicating the production of softer, less lignified 398 

foliage—traits typically associated with rapid regrowth rather than full functional 399 

recovery (Künzi et al. 2025; Wellstein et al. 2017). These patterns likely reflect the 400 

presence of young, newly formed tissues that had not yet matured structurally. By four 401 

months post-drought, however, most species exhibited full recovery in both SLA and 402 

LDMC, suggesting that trait-based recovery may lag behind biomass recovery. These 403 

.CC-BY 4.0 International licenseavailable under a 
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 3, 2026. ; https://doi.org/10.64898/2026.02.01.703112doi: bioRxiv preprint 

https://doi.org/10.64898/2026.02.01.703112
http://creativecommons.org/licenses/by/4.0/


 

 

findings underline the importance of temporal scale in interpreting the stability of plant 404 

species: apparent recovery at one functional level (biomass) may mask delays or 405 

vulnerabilities in other dimensions (tissue structure), with potential consequences for 406 

herbivory risk, carbon cycling, and overwintering success. 407 

 408 

The invasive species Solidago canadensis showed a notable exception in our study. 409 

While largely unresponsive in biomass across treatments, S. canadensis exhibited 410 

under-recovery in LDMC four months post-drought, and its stomatal conductance was 411 

reduced one month after drought under the intensified warming treatment (‘Ambient + 412 

2C + periodic heat waves’). This response is really striking if we compare it with the 413 

native species, which under the same warming condition showed a neutral or an 414 

increase in gas exchanges. The negative effect on stomatal conductance of S. 415 

canadensis could be a sign of a water parsimony strategy. Remarkably, S. canadensis 416 

partially retained above-ground foliage during drought when most native species had 417 

wilted (Figures S7 & S12), possibly enabling faster regrowth from residual tissues or 418 

rhizome reserves. This pattern of resistance and rapid recovery may provide S. 419 

canadensis with a competitive advantage in increasingly extreme climatic conditions, 420 

reinforcing concerns that climate change may amplify invasive species dominance in 421 

temperate grasslands (Prugh et al. 2018; Sanders et al. 2025). In line with this, our 422 

observation that S. canadensis has increased its biomass dominance over two years in 423 

all control mesocosms (Figures S3 & S14) further suggests that such traits may shift 424 

community trajectories over time, particularly when coupled with ecosystem 425 

disturbances (Griffin‐Nolan et al. 2019; Luo et al. 2023b).  426 
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 427 

Taken together, our findings highlight the strong stability of temperate grassland species 428 

to extreme drought events even under warming, particularly when conditions for 429 

regrowth are favorable. The rapid recovery of biomass and, to a slightly delayed extent, 430 

leaf traits, suggests that grassland ecosystems may retain functional resilience under 431 

recurrent climate extremes-at least in the short term, as our results are based on two 432 

years of observation. However, this does not imply that grasslands remain unaffected: 433 

our mesocosms represent a young, still-establishing community dominated by an 434 

invasive species, and results may change as biotic interactions may lead to ecological 435 

debts under harsh and repeated abiotic conditions (Martínez-De León & Thakur 2024; 436 

Thakur et al. 2022). Furthermore, we have focused here on the above-ground plant 437 

responses. Yet, post-drought dynamics of below-ground responses, such as root 438 

biomass and traits, soil microbes and invertebrate communities, remain poorly 439 

understood and could feedback on longer-term ecosystem stability. Continued long-term 440 

monitoring is therefore essential to capture delayed effects, including potential shifts in 441 

species dominance, loss of diversity, and biogeochemical feedbacks that may only 442 

become evident over extended timescales. 443 
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641 

Figure 1. Key hypotheses related to the responses of slow- and fast-growing plants to 642 
drought under constant and periodic warming. Plant recovery (both biomass and traits) 643 
after drought is expected to depend on growth strategy. The one-month recovery of 644 
slow-growing species (squares) is predicted to be lower than that of fast-growing 645 
species, whereas their four-month recovery is expected to be higher. Fast-growing 646 
species (circles) are predicted to show the opposite pattern. Warming is hypothesized to 647 
modify post-drought recovery in both strategies: constant warming (orange arrows) is 648 
expected to enhance recovery at both stages, while periodic heat waves (dark red 649 
arrows) are expected to constrain it. The magnitude of warming effects is anticipated to 650 
differ between strategies—slow-growing species benefiting more from constant 651 
warming, and fast-growing species being more negatively affected by periodic heat 652 
waves.653 
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erature regimes. Recovery is shown for shoot biomass, specific leaf area (SLA), leaf dry 709 
matter content (LDMC), chlorophyll content, and stomatal conductance, based on data 710 
from 2023 and 2024 (see Methods). Values represent Cohen’s d ± 95% confidence 711 
intervals (CIs); recovery is significant when CIs do not overlap zero. Significant 712 
differences between effect sizes of the two recovery periods within each growth strategy 713 
were assessed using estimated marginal means from mixed-effects models with Tukey-714 
adjusted pairwise comparisons (p < 0.05; *p < 0.01; **p < 0.001). HW denotes heat 715 
waves.716 
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Figure 4. Overview of post-drought recovery (one month and four months after drought) 717 
across plant species under four temperature regimes. Recovery values are expressed 718 
as effect sizes (Cohen’s d). Negative values indicate under-recovery (negative drought 719 
effects; confidence intervals not overlapping zero), values around zero indicate full 720 
recovery (no difference between drought and non-drought treatments; confidence 721 
intervals overlapping zero), and positive values indicate over-recovery (positive drought 722 
effects; confidence intervals not overlapping zero). The effect of warming in spring 2024 723 
(pre-drought) is shown in Figure S13. 724 
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