
1 

Diminishing warming effects on plant phenology over time 1 

Chunyan Lu1,2, Kees Jan van Groenigen3, Mark A. K. Gillespie4,5, Robert D. Hollister6, 2 

Eric Post7, Elisabeth J. Cooper4, Jeffrey M. Welker8,9, Yixuan Huang1, Xueting Min1, 3 

Jianghui Chen1, Ingibjörg Svala Jónsdóttir10,11, Marguerite Mauritz12, Nicoletta 4 

Cannone13, Susan M. Natali14, Edward Schuur15, Ulf Molau16, Tao Yan17, Hao Wang18, 5 

Jin-Sheng He17,19, Huiying Liu1,2*  6 

 7 

Author for correspondence: 8 

Huiying Liu  9 

Email: hyliu@des.ecnu.edu.cn 10 

ORCID: 11 

Chunyan Lu 0000-0002-2213-366X 12 

Kees Jan van Groenigen 0000-0002-9165-3925 13 

Mark A. K. Gillespie 0000-0001-9808-4836 14 

Robert D. Hollister 0000-0002-4764-7691 15 

Eric Post 0000-0002-9471-5351 16 

Elisabeth J. Cooper 0000-0002-0634-1282 17 

Jeffrey M. Welker 0000-0002-3865-4822 18 

Ingibjörg Svala Jónsdóttir 0000-0003-3804-7077 19 

Marguerite Mauritz 0000-0001-8733-9119 20 

Susan M. Natali 0000-0002-3010-2994 21 

Edward Schuur 0000-0002-1096-2436 22 

Ulf Molau 0000-0002-6089-6879 23 

Tao Yan 0000-0002-6133-6697 24 

Hao Wang 0000-0001-9115-1290 25 

Jin-Sheng He 0000-0001-5081-3569 26 

Huiying Liu 0000-0001-8903-6103 27 

 28 

mailto:hyliu@des.ecnu.edu.cn


2 

1Tiantong National Station for Forest Ecosystem Research, The Shanghai Key Lab for 29 

Urban Ecological Processes and Eco-Restoration, School of Ecological and 30 

Environmental Sciences, East China Normal University, Shanghai, China;  31 

2Institute of Eco-Chongming (IEC), Shanghai, China;  32 

3Department of Geography, College of Life and Environmental Sciences, University 33 

of Exeter, Exeter EX4 4 RJ, UK;  34 

4Department of Arctic and Marine Biology, UiT - The Arctic University of Norway, 35 

N-9037 Tromsø, Norway;  36 

5Department of Science and Engineering, Western Norway University of Applied 37 

Sciences, PB 133, 6851 Sogndal, Norway;  38 

6Biology Department, Grand Valley State University, Allendale, MI, USA;  39 

7Department of Wildlife, Fish and Conservation Biology, University of California, 40 

Davis, Davis, CA, USA;  41 

8Ecology and Genentics Research Group, University of Oulu, Oulu, Finland, and 42 

UArctic;  43 

9Department of Biological Sciences, University of Alaska, Anchorage, AK, USA;  44 

10Institute of Life and Environmental Sciences, University of Iceland, Sturlugata 7, 45 

102 Reykjavík, Iceland;  46 

11Department of Arctic Biology, University Centre in Svalbard, Longyearbyen, 47 

Norway;  48 

12Biological Sciences,, University of Texas at El Paso, El Paso, TX, USA;  49 

13Università degli Studi dell’Insubria, Dip. Scienza e Alta Tecnologia, Via Valleggio, 50 

11, 22100 Como, CO, Italy;  51 

14Woods Hole Research Center, Falmouth, MA, USA;  52 

15Center for Ecosystem Science and Society, Northern Arizona University, Flagstaff, 53 



3 

AZ, USA;  54 

16Department of Biology and Environmental Sciences, University of Gothenburg, 55 

Gothenburg, Sweden;  56 

17State Key Laboratory of Herbage Improvement and Grassland Agro-Ecosystems, 57 

College of Pastoral Agriculture Science and Technology, Lanzhou University, 58 

Lanzhou, China;  59 

18State Key Laboratory of Grassland Agro-ecosystems, College of Ecology, Lanzhou 60 

University, Lanzhou, China;  61 

19Institute of Ecology, College of Urban and Environmental Sciences, Peking 62 

University, Beijing, China 63 

  64 



4 

Summary 65 

 Plant phenology, the timing of recurrent biological events, shows key and 66 

complex response to climate warming, with consequences for ecosystem 67 

functions and services. A key challenge for predicting plant phenology under 68 

future climates is to determine whether the phenological changes will persist 69 

with more intensive and long-term warming.  70 

 Here, we conducted a meta-analysis of 103 experimental warming studies around 71 

the globe to investigate the responses of four phenophases - leaf-out, first 72 

flowering, last flowering, and leaf coloring. 73 

 We showed that warming advanced leaf-out and flowering but delayed leaf 74 

coloring across herbaceous and woody plants. As the magnitude of warming 75 

increased, the response of most plant phenophases gradually leveled off for 76 

herbaceous plants, while phenology responded in proportion to warming in 77 

woody plants. We also found that the experimental effects of warming on plant 78 

phenology diminished over time across all phenophases. Specifically, the rate of 79 

changes in first flowering for herbaceous species, as well as leaf-out and leaf 80 

coloring for woody species, decreased as the experimental duration extended. 81 

 Together, these results suggest that the real-world impact of global warming on 82 

plant phenology will diminish over time as temperatures continue to increase.  83 

Keywords: climate change, warming, leaf-out, leaf coloring, flowering phenology, 84 

long-term experiments   85 
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Introduction 86 

Global temperatures are expected to rise by 3.3-5.7 ℃ by the end of this century, 87 

with far-reaching consequences for terrestrial ecosystems around the world (IPCC, 88 

2023). In particular, plant phenology - the timing of recurrent life history events - is 89 

expected to be a key element of changing ecosystem dynamics (Piao et al., 2019; May 90 

et al., 2020; Collins et al., 2021). Shifts in plant phenology under climate warming, 91 

such as earlier leaf-out and flowering, may affect several ecological attributes, 92 

including plant species fitness and distributions (Sherry et al., 2007; Alexander & 93 

Levine, 2019), plant-animal interactions (Post et al., 2009; Thackeray et al., 2016; 94 

Richert et al., 2021), and land-atmospheric exchanges of carbon, water and energy 95 

(Peñuelas et al., 2009; Jespersen et al., 2018; Wang et al., 2020). It is therefore 96 

imperative that we continue to monitor and research plant phenology as the global 97 

environment changes. 98 

Much of the current knowledge of plant phenology shifts comes from 99 

experimental warming studies, where plot-level manipulations typically enhance 100 

temperatures by 1-4 ℃ often resulting in earlier spring leaf-out and flowering, as well 101 

as delayed leaf coloring in temperate, boreal and Arctic ecosystems (Arft et al., 1999; 102 

Wolkovich, 2012; Collins et al. 2021). However, there is disagreement on whether the 103 

phenological responses will gradually level off as the magnitude of warming increases 104 

(Morin et al., 2010; Richardson et al., 2018). For example, previous experiments have 105 

reported that the advancement of leaf-out in temperate species plateaus as the 106 

magnitude of warming intensifies (Morin et al., 2010; Fu et al., 2015). It is likely that 107 

other factors may interact with temperature increase to cause such non-linear 108 

response, such as photoperiod and chilling requirements for breaking endodormancy 109 

(Luedeling et al., 2013; Piao et al., 2019). It may also be due to warm temperatures 110 

being beyond maximum thresholds that a plant can capitalize upon (Elmendorf & 111 

Hollister 2023). By contrast, the leaf-out stage in boreal forests advanced linearly with 112 

the magnitude of warming from 0 to 9 ℃ in a whole-ecosystem warming experiment 113 

(Richardson et al., 2018). The uncertainty regarding whether plant phenological 114 
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responses level off along warming gradients poses a significant challenge for 115 

predicting plant dynamics.  116 

Another key issue affecting our understanding of future changes is whether the 117 

warming effects on plant phenology decrease over time. Photosynthesis and plant 118 

respiration can acclimate to warming over time (Reich et al., 2016; Smith and 119 

Keenan, 2020), possibly because of changes in resource availability, phenotypic 120 

plasticity, and genetic adaptation (Luo et al., 2001; Leuzinger et al., 2011). However, 121 

whether plant phenology exhibits similar behavior is still unclear. Moreover, the 122 

temporal trends in phenological response to warming may vary between plant types, 123 

because herbaceous species possess larger proportions of belowground biomass stores 124 

and shorter generation times compared to woody species (Arft et al., 1999; Shaver & 125 

Laundre, 1997; Smith & Donoghue, 2008; Chmura et al., 2019).  126 

A further complication to future predictions is the fact that the impact of climate 127 

warming depends highly on local climate and plant types (Liu et al., 2021; Stuble et 128 

al., 2021). For instance, plants may benefit more from warming in wetter regions 129 

because they are not additionally constrained by water availability (Gao et al., 2020; 130 

Liu et al., 2022a). The response of phenology to warming may also vary between 131 

species because, for example, herbaceous plants have shallower root distributions and 132 

more flexible morphology than woody species (Shaver & Laundre, 1997; Šímová et 133 

al., 2018). Thus, further investigation is required to understand how these factors 134 

mediate the warming effect on plant phenology across various magnitudes of warming 135 

and over prolonged periods. 136 

For this meta-analysis, we compiled a dataset on four phenophases (leaf-out, first 137 

flowering, last flowering, and leaf coloring) recorded from 103 experimental warming 138 

studies (Fig. 1). We hypothesize that: (1) the magnitude of phenological response to 139 

warming will level off as greater degrees of warming are reached because larger 140 

phenological shifts are more likely be constrained by water or nutrient availability 141 

(Shen et al., 2015); (2) the magnitude of phenological responses will decline over 142 

time because of depletion of the plant belowground resources or plant acclimation (Fu 143 
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et al., 2014; Duputié et al., 2015); (3) prevailing regional climate factors may 144 

modulate the response of phenology to warming magnitude and experimental 145 

duration. For example, the decelerated rate of phenological response with increasing 146 

warming may be more pronounced in dry regions, as plants in these regions are more 147 

vulnerable to water stress caused by warming (Xu et al., 2013). 148 

Materials and Methods 149 

Data compilation 150 

Peer-reviewed literature published before January 2021 was searched using 151 

Google Scholar, Web of Science, and China National Knowledge Infrastructure. The 152 

search keywords included: (warming OR heat* OR increase* temperature OR 153 

elevate* temperature OR climate change) AND (bud* OR “bud burst” OR leaf-out 154 

OR “leaf unfold*” OR “growing season” OR phenolog* OR reproducti* OR 155 

flowering OR senescence OR anthesis OR “leaf color” OR “leaf colour”) AND 156 

(experiment* OR treatment* OR control*). Studies were included in our meta-157 

analysis if they met the following criteria: (i) the temperature difference between 158 

experimental treatments was achieved by warming rather than cooling; (ii) control 159 

and warming plots had the same initial conditions including vegetation structure, 160 

microclimate, and soil type; and (iii) experiments were focused on species in natural 161 

terrestrial ecosystems. Overall, we identified 103 published articles that met these 162 

criteria (Fig. S1). 163 

We gathered data from each publication, focusing specifically on the average 164 

timing of phenophase occurrence (measured in days of the year) and the phenological 165 

differences (in days) observed between the warming and control treatments. 166 

Phenological data were either obtained directly from tables or extracted from figures 167 

by using GetData Graph Digitizer (Version 2.24). The sample sizes and the species 168 

names associated with each study were also compiled. Additionally, we obtained 169 

relevant data on the phenological responses of alpine or arctic plants to warming 170 

directly from researchers. In total, we compiled 8023 phenology observations in 171 

warming experiments and paired control plots, mainly distributed in the northern 172 
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hemisphere, and focused predominately in deciduous forests and on short-lived herbs 173 

(https://figshare.com/s/2be8ded2ccaa03f3f435). To identify the key predictors for the 174 

response of phenology to experimental warming, we gathered data on experimental 175 

variables, including warming magnitude, duration, and method, as well as ecological 176 

variables like latitude and ecosystem types, based on Whittaker’s biome classification 177 

(Whittaker, 1975; Fig. 1 and Table S1).  178 

Climatic variables, such as mean annual temperature (MAT), mean annual 179 

precipitation (MAP), potential evapotranspiration, and monthly climate values (2001-180 

2014), were extracted from the Centre for Environmental Data Analysis according to 181 

the geographic coordinates of the reported study sites (version CRUTS 4.00, 182 

https://catalogue.ceda.ac.uk). The monthly and annual aridity index was calculated as 183 

the ratio of potential evapotranspiration to precipitation. We also calculated the 184 

temperature, precipitation, and aridity index during the preseason. We defined the 185 

preseason as the three months preceding the average month in which the phenophase 186 

occurs at each respective site in our study (Fu et al., 2015). Following commonly used 187 

criterion (Knapp et al., 2015; Liu et al., 2022b), we classified regions as warm or cold 188 

based on a threshold of 0 ℃ of mean annual temperature, and as wet or dry based on a 189 

threshold of 500 mm of annual precipitation. 190 

Meta-analysis 191 

We quantified the response of four phenophases of plant phenology (leaf-out, 192 

first flowering, last flowering, and leaf coloring) by computing the number of days of 193 

shift induced by warming, which is a commonly used metric in meta-analysis to 194 

assess phenological responses (Arft et al., 1999; Liu et al., 2021; Stuble et al., 2021): 195 

𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 = 𝑋𝑋𝑤𝑤 − 𝑋𝑋𝑐𝑐 196 

where Xw and Xc are the day of the year when the phenophase occurs in the 197 

warming and control treatments, respectively. Negative values of the effect size 198 

indicate an advancement of phenophases under warming, while positive values 199 

indicate a delay.  200 

https://catalogue.ceda.ac.uk/
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We conducted hierarchical meta-analyses using the “rma.mv” function in R 201 

package “metafor” 2.4-0 to control for non-independence due to multiple observations 202 

per site and species (Viechtbauer, 2010; Nakagawa & Santos, 2012; Benítez-López et 203 

al., 2017). All analyses were conducted for overall shifts of the four phenophases 204 

listed above, and separately for herbaceous and woody species. We included site 205 

identity, observation identity (ID), and species identity as random factors in the 206 

hierarchical models. The random effect structure for herbaceous and woody species 207 

was set as (1|Sites/ID) +(1|Species) using the syntax for the R function “rma.mv” 208 

(Viechtbauer, 2010). We used a sample size-based weighting scheme instead of 209 

inverse variance weighting to avoid an undue influence on parameter estimates from a 210 

few studies that showed minimal variation among replicates. The weights were 211 

calculated following previous works (Adams et al., 1997; Peng et al., 2017; Liu et al., 212 

2022a):  213 

𝑤𝑤 =
𝑁𝑁𝑐𝑐𝑁𝑁𝑤𝑤
𝑁𝑁𝑐𝑐+𝑁𝑁𝑤𝑤

 214 

where Nc and Nw are the sample sizes for control and warming treatments 215 

respectively. The hierarchical random-effect meta-analysis was used to assess the 216 

overall phenological responses of herbaceous and woody plants to warming across all 217 

studies. If the 95% confidence intervals of the overall responses did not overlap zero, 218 

the warming effects were considered significant at the P < 0.05 level. 219 

Q-statistics were used to assess the heterogeneity of responses of phenology 220 

explained by each experimental and ecological variable in our dataset, using 221 

hierarchical mixed-effect meta-analyses (Hedges & Olkin, 1985; Viechtbauer, 2010). 222 

The total heterogeneity was divided into the heterogeneity explained by the moderator 223 

(Qm) and residual heterogeneity. When the P value for Qm was less than 0.05, we 224 

considered the significant contributions of moderators to the total heterogeneity in 225 

effect sizes. Linear and nonlinear models were compared using the Akaike 226 

information criterion (AIC) to determine the most appropriate model structure to 227 

predict the relationships between phenological responses and warming 228 

magnitude/experimental duration. 229 



10 

Finally, we investigated whether the sensitivity of plant phenology to warming 230 

(expressed as days per ℃) varied with the duration of the experiments. We calculated 231 

the slope coefficients of warming magnitude as a measure of phenological sensitivity 232 

using meta-regression models, where the experimental duration was treated as an 233 

interaction term. We examined the relationships between climatic variables, latitude, 234 

and phenological responses by incorporating the magnitude of warming and the 235 

duration of experiments as fixed terms in the mixed-effects model. We also included 236 

MAT and MAP as interaction terms (e.g. MAT×experimental duration) in our models 237 

to test whether the relationships between phenological responses and warming 238 

magnitude, as well as experimental duration, are influenced by climatic factors. We 239 

used Rosenberg’s fail-safe number and Trim-and-fill tests to assess the publication 240 

bias in our meta-analysis. All statistical analyses were carried out using the R 241 

programming environment (R Development Core Team, 2023).  242 
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Results 243 

Responses of phenology to warming magnitude and experimental duration 244 

Despite the fact that all phenophases exhibited large variations (Fig. S2, Table 245 

S2), experimental warming significantly advanced leaf-out by an average of -3.5 days 246 

(95% CI -5.0 to -2.0 days, P<0.001), first flowering by -3.9 days (95% CI -4.8 to -3.0 247 

days, P<0.001), and last flowering by -3.0 days (95% CI -4.1 to -1.8 days, P<0.001). 248 

In contrast, experimental warming delayed leaf coloring by 2.8 days (95% CI 1.1 to 249 

4.4 days, P=0.001) across the entire dataset (Fig. 2a). This overall trend of 250 

phenological changes was present even when considering the woody and herbaceous 251 

plants separately (Fig. 2b&c). However, the advancement of leaf-out was non-252 

significant for evergreen woody plants (95% CI -4.6 to 0.4 days, P=0.103), but 253 

strongly significant for deciduous woody plants (95% CI -6.3 to -2.8 days, P<0.001), 254 

(Fig. S3). These results were not affected by publication bias (Table S3).  255 

The advancement of leaf-out and first flowering for herbaceous plants level off 256 

with the magnitude of warming (Fig. 3a). The logarithmic models were better than 257 

linear models at predicting the responses of both leaf-out (AIC: 9468.9 vs. 9469.5) 258 

and first flowering (AIC: 15491.1 vs. 15494.0) of herbaceous species (Table S4). 259 

Conversely, the advancement of leaf-out, first/last flowering, and the delay of leaf 260 

coloring were linearly correlated with rising warming magnitude for woody species 261 

(Fig. 3b), and these models performed better than logarithmic models (Table S4). The 262 

patterns were similar for those experiments that applied multiple levels of warming 263 

(span more than 4 ℃) at the same site (Fig. S4). 264 

The variations in phenological responses to warming could partly be explained 265 

by experimental duration (Table S4). Specifically, the advancement of herbaceous 266 

first flowering under warming became less pronounced over time (Fig. 3c). The 267 

advancement of woody leaf-out and the delay of leaf coloring also weakened over 268 

time (Fig. 3d). The shifts in plant phenology per degree warming (sensitivity) also 269 

weakened in long-term experiments (Fig. 4). Specifically, the sensitivity of flowering 270 

phenophases and leaf coloring to warming for herbaceous species diminished with 271 
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increased experimental duration (Fig. 4a-c). Moreover, the sensitivity of leaf-out to 272 

warming for woody species diminished with the experimental duration (Fig. 4e). 273 

Other factors influencing responses of phenology to experimental warming 274 

Besides warming magnitude and experimental duration, several other variables 275 

affected the responses of phenology to warming (Table S5, Table S6, Table S7). For 276 

herbaceous species, the advancement of leaf-out and the delay of leaf coloring became 277 

stronger with increasing MAT (Fig. 5a), the advancement of leaf-out and first 278 

flowering became stronger with increasing MAP (Fig. 5c), and the delay of leaf 279 

coloring decreased with latitude (Fig. S5a). For woody species, the advancement of 280 

first flowering became stronger with increasing MAT (Fig. 5b), and the advancement 281 

of leaf out and last flowering for woody species became stronger with increasing 282 

aridity index (Fig. S5b&c). In addition, the responses of leaf-out for herbaceous 283 

species in boreal forest and temperate grassland were greater than those located in 284 

tundra, and the responses of first flowering for woody species in temperate forest were 285 

greater than those in other ecosystem types (Fig. S6). There was also an experimental 286 

methodology pattern, with studies using infrared heaters exhibited greater 287 

phenological responses than those using open-top chambers and heater cables (Fig. 288 

S7).  289 

The phenological response to the magnitude of warming varied between climatic 290 

regions (Fig. S8, Table S8). In particular, the advancement of leaf-out for herbaceous 291 

plants and first flowering for woody species became more pronounced with increased 292 

warming magnitude in warm regions, but there was no trend in cold regions (Fig. 293 

S8a&c). The delays in leaf coloring for woody species increased with warming 294 

magnitude in wet regions but not in dry regions (Fig. S8i). Furthermore, warming-295 

induced delays of leaf coloring in woody plants decreased over time in warm and wet 296 

regions, but not in cold and dry regions (Fig. S9, Table S9). 297 

  298 
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Discussion 299 

Most terrestrial ecosystems have experienced rapid climate warming over the 300 

past decades (IPCC, 2023), and plant phenological responses to warming have been a 301 

central focus of climate change research (Post et al., 2009; Liu et al., 2022a). 302 

However, our research provides two particularly novel insights that distinguish it from 303 

previous phenological research in this area. First, we demonstrate that responses of 304 

plant phenology for herbaceous species, but not woody species, level off with the 305 

increasing simulated warming magnitude. Second, we show that responses of plant 306 

phenology to warming attenuate with experimental duration. Short-term responses to 307 

warming can likely be attributed to plant plasticity (Ramirez-Parada et al., 2024). As 308 

we observed a gradual decrease in the variance of phenological changes with the 309 

extension of experiment duration, this implies that as time passes and plasticity 310 

becomes inadequate, plants may undergo evolutionary responses to better adapt to 311 

changing conditions (Wu et al., 2012; Mathiasen & Premoli, 2016).  312 

Differential trends of plant phenology to increasing warming magnitude 313 

Our first hypothesis was partially supported as the responses of leaf-out, first 314 

flowering, last flowering and leaf coloring plateaued with rising warming magnitude 315 

for herbaceous species, but not for woody species (Table S4). The linear responses of 316 

woody species may have occurred because high-level warming can continuously 317 

stimulate mineralization rates and soil nutrient availability (Schaeffer et al., 2013). In 318 

addition, longer growing seasons caused by high-level warming may produce more 319 

photosynthate and lead to larger root nutrient reservoirs, which may support shifts in 320 

phenology (Fu et al., 2014). 321 

Although herbaceous plants can also benefit from increased resources or 322 

nutrients released by warmer temperatures, their phenological responses may be more 323 

constrained by other factors than woody plants, such as water availability and 324 

photoperiod (Fu et al., 2015; Richardson et al., 2018). Our analysis results further 325 

support this idea by demonstrating that the responses of herbaceous plants to warming 326 

are constrained by precipitation, whereas those of woody plants are not (Fig. 5). The 327 
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shallow root systems of herbaceous plants, in contrast to the deeper systems of woody 328 

plants, likely make them more susceptible to water stress caused by high-level 329 

warming, potentially leading to constraints on the ability to respond phenologically 330 

(Schenk & Jackson, 2002; Xu et al., 2013; Naumann et al., 2018). This diminished 331 

response implies a potential reduction in frost damage risk for herbaceous plants, 332 

especially if warming is accompanied by occasional cold temperature episodes in 333 

early spring (Inouye, 2008; Wipf et al., 2009; Inouye & Wielgolaski, 2013). 334 

The differential responses of woody and herbaceous plants to high-level 335 

warming may lead to greater benefits for woody plants under warming conditions 336 

(Lin et al., 2010). Previous research indicates that in communities where both types 337 

coexist, woody plants tended to initiate growth earlier than herbaceous species, aiding 338 

in niche occupation and suppressing herbaceous growth through shading effects 339 

(Castro & Freitas, 2009). This tendency together with the patterns revealed by our 340 

study provides a potential explanation for the prevalent phenomenon of shrub 341 

encroachment currently observed (Saintilan & Rogers, 2015), and we encourage long-342 

term monitoring that focuses on trait-based responses to continued warming. 343 

Decreased phenological responses with long-term experimental warming 344 

A crucial finding in our study is that responses of plant phenology for both 345 

woody and herbaceous species became less pronounced over time, supporting our 346 

second hypothesis. Our results were consistent with a previous study that 347 

demonstrated diminished responses of plant reproductive phenology to warming over 348 

several years (Barrett & Hollister, 2016). This long-term attenuating response can be 349 

explained by the fact that accelerated changes in plant phenology consume large 350 

amounts of nutrients and non-structural carbohydrates in underground storage at the 351 

early warming stage (Wu et al., 2012; Fu et al., 2014; Naumann et al., 2018). 352 

Furthermore, temperature may not be the most important contributing factor for plant 353 

phenology as the warming continues, and other constraints may become more 354 

important over longer time scales (Wookey et al., 1995; Welker et al., 1997; Barrett & 355 

Hollister, 2016). For instance, previous studies suggest that the dominant controls of 356 
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plant phenology gradually shifted from temperature to soil nutrient availability in 357 

infertile ecosystems, or to light availability in forest systems (Ernakovich et al., 2014; 358 

Forkel et.al., 2015). All of these mechanisms may potentially contribute to a decrease 359 

in plant phenological responses over time, and further experimentation is necessary to 360 

quantify their respective significance. 361 

Based on theory and previous studies, it can be inferred that the observed short-362 

term changes in phenology are predominantly driven by plant plasticity (Ramirez-363 

Parada et al., 2024). However, as the experimental duration increased, the variance of 364 

phenological changes gradually decreased (Fig S10), suggesting a reduction in the 365 

level of plant plasticity (Salmela, 2014). The predictive theory suggests that if a 366 

species' plastic phenological responses become inadequate, plants may undergo 367 

evolutionary changes to better adapt to shifting conditions. Alternatively, a shift in 368 

reaction norms could lead to the replacement of less adaptive species by more suitable 369 

ones (Chevin et al., 2010; Cleland et al., 2012; Zeng & Wolkovich, 2024). Herbaceous 370 

species, with their higher evolutionary rates and shorter generation times, are more 371 

likely to exhibit rapid evolutionary responses compared to woody plants (Smith & 372 

Donoghue, 2008). We did not detect particularly strong differences between the two 373 

groups of species, suggesting that the ability to adapt to new conditions is inherent for 374 

both types. In any case, this finding indicates that plants may be more phenologically 375 

adaptable to climate change than previously thought, and that future long-term studies 376 

of climate warming should consider more abiotic constraints to plant fitness than just 377 

temperature. 378 

Climatic factors that regulate plant phenology in response to climate warming 379 

Supporting our third hypothesis, we found that the decelerated rates of 380 

phenological response with increasing warming magnitude were more pronounced in 381 

dry regions compared to wet regions. Warming increases evapotranspiration, and in 382 

more arid regions the impact on plant water availability may inhibit the ability of 383 

plants to capitalize on warmer temperatures (Welker et al., 2004; Dorji et al., 2013; 384 

Xu et al., 2013). Furthermore, changes in plant phenology could be limited by their 385 



16 

intrinsic life cycles (Forrest & Miller-Rushing, 2010; Piao et al., 2019). Short-lived 386 

plants that inhabit dry locations with brief seasonal windows have limited 387 

opportunities to expand phenophases under conditions of significant warming 388 

(Hereford et al., 2017). We also found that the species living in cold regions respond 389 

less to a high magnitude of warming compared to those in warm areas. This suggests 390 

that the higher magnitudes of warming may exceed the maximum thresholds that the 391 

species can capitalize in under cold regions (Elmendorf & Hollister, 2023).  392 

Considering warming may increase evapotranspiration and lead to soil drought, 393 

it is plausible that water availability will constrain plant phenological responses over 394 

time, especially in dry regions (Welker et al., 2004; Dorji et al., 2013; Su et al., 2018). 395 

However, we seldom observed significant effects of MAP on temporal trends of the 396 

warming effect. This suggests that warming-induced soil drought may not play a 397 

major role in the attenuation of phenological responses over time. We suggest that it is 398 

necessary to incorporate temporal trends of other indicators, such as soil nutrients and 399 

plant non-structural carbohydrates, to accurately assess the drivers influencing plant 400 

responses over time (Wang et al., 2014).  401 

Concluding Remarks 402 

Understanding the trajectory of plant phenology is crucial for projecting 403 

ecosystem dynamics and functioning under future scenarios of climate warming. Our 404 

meta-analysis reveals a compelling correlation between the phenological responses of 405 

terrestrial plant species and the increasing warming magnitude or experimental 406 

duration. Notably, these associations vary across different plant types and are 407 

mediated by climatic factors. However, most plant phenology models do not consider 408 

changes in phenological responses due to the increasing magnitude of warming and 409 

the duration of experiments (Chuine & Régnière, 2017). Our results suggest that next-410 

generation phenology models could be improved by explicitly incorporating the 411 

taxon- and phenophase-specific responses to rising temperatures over longer periods. 412 

We recommend that future experimental investigations prioritize regions that are 413 

currently underrepresented in our dataset. It is worth noting that the majority of 414 
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warming experiments have been concentrated in North America, Europe, and China, 415 

with only a limited number of experiments conducted in the Southern Hemisphere. In 416 

addition, our dataset lacks sufficient decadal warming experiments at low latitudes 417 

and does not include phenological data for tropical ecosystems. There is an urgent 418 

need for long-term experiments in low-latitude regions to deepen our understanding 419 

of terrestrial plants’ phenological responses to warming. This will also enable us to 420 

improve global predictions of ecosystem functioning as our climate continues to 421 

change. 422 
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