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Abstract 23 

Climate warming is changing above-ground phenology of plants around the 24 

world1, 2. However, warming effects on below-ground phenology of plants are 25 

unclear despite that roots play a vital role in carbon cycling3. By conducting a 26 

global meta-analysis, we show a phenological mismatch between above- and 27 

below-ground plant responses to climate warming. Herbaceous plants advanced 28 

both the start and end of the growing season based on their above-ground 29 

responses, resulting into a shorter growing season. Below-ground phenophases 30 

did not exhibit any obvious changes in herbaceous plants. In contrast, climate 31 

warming did not affect the length of above-ground growing season but extended 32 

the below-ground growing season of woody plants. These results highlight that 33 

climate warming can differentially affect above- and below-ground plant 34 

phenology with mismatches arising in herbaceous plants via less responsive 35 

below-ground phenology whereas mismatches in woody plants via more 36 

responsive below-ground phenology. Mismatches in above- and below-ground 37 

plant phenology imply that terrestrial carbon cycling models exclusively based 38 

on above-ground responses are less accurate, which highlight the urgent need to 39 

incorporate below-ground plant phenology into future Earth system models. 40 

41 
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Introduction 42 

The timing of life-history events of organisms (e.g., phenology) is crucial for their 43 

fitness and survival4. There is an increasing consensus that anthropogenic climate 44 

change has shifted the phenology of several organisms often with detrimental 45 

consequences for ecosystem functioning5. Our current understanding of plant 46 

phenological shifts to climate warming heavily relies on the above-ground part of 47 

plants6, and the terrestrial biosphere models accordingly use above-ground plant 48 

phenology as a surrogate of whole plant phenology3. Yet, how below-ground 49 

phenology responds to climate warming and whether those responses match with 50 

shifts in above-ground plant phenology remain little understood7, 8. 51 

 52 

Climate warming typically shifts above-ground phenology of plants by advancing the 53 

start of the growing season and delaying the end of the growing season9, 10. The 54 

warming effects on the start of growing season have been well documented6, 11. 55 

However, the mechanisms of how the end of the growing season respond to warming 56 

remains less clear, despite that the shifts at the start of growing season would have 57 

cascading effects on the end of the growing season12, 13. Based on functional 58 

equilibrium theory, symmetric shifts in above- and below-ground plant phenology 59 

should be observed because of their physiological coupling14. However, recent 60 

experimental evidence suggests that above- and below-ground plant phenology may 61 

respond differently to warming8, 15. While the underlying reasons for such a mismatch 62 

is less known, it could likely depend on how various functional groups of plant 63 

compete for limited resources, and how climate warming could alter those resources. 64 



4 
 

For instance, woody plants face stronger above-ground competition for light 65 

availability and herbaceous plants face stronger below-ground competition for soil 66 

nutrients16. Moreover, given our limited understanding of below-ground phenological 67 

responses to warming, we suspect that our current predictions of ecosystem processes 68 

(e.g., soil carbon dynamics) under climate change scenario merely using above-69 

ground phenology could be lesser reliable. 70 

 71 

Here we aim to unravel how climate warming alters both above- and below-ground 72 

plant phenology and whether these responses match each other. We do so for woody 73 

and herbaceous plants and investigate what may underlie match or mismatch in 74 

responses between above- and below-ground plant phenology. Towards this end, we 75 

performed a global meta-analysis of 75 independent studies to find general patterns of 76 

phenological responses of herbaceous and woody plants to experimental warming 77 

(Figure 1). Our results provide a compelling evidence for mismatches between above- 78 

and below-ground plant phenology, but also differences in phenological responses 79 

between herbaceous and woody plants to climate warming. 80 

Results 81 

Warming effects on above- and below-ground phenology 82 

Climate warming significantly advanced the start and the end of the growing season 83 

by 2.88 (95% CI: -1.85~-3.91) and 5.1 days (95% CI: -2.84~-7.11) based on above-84 

ground herbaceous plant responses (Fig. 2A and C; Table S1), respectively. The 85 

stronger advancement of the end of growing season resulted in a shorter growing 86 
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season (Fig. 2E, P < 0.05). In contrast, warming did not affect any below-ground 87 

phenophases including the start, the end and the length of the growing season of 88 

herbaceous plants (Fig. 2A, C and E, all P > 0.05). 89 

 90 

For above-ground phenology of woody plants, climate warming slightly advanced the 91 

start but did not affect the end and the length of the growing season (Fig. 2B, D, F). 92 

Compared to the above-ground responses, woody plants exhibited stronger below-93 

ground responses. Warming significantly advanced the start of the below-ground 94 

growing season by 6.47 days (95% CI: -2.36~-10.58) and accordingly extended the 95 

growing season length by 2.26 days (95% CI: -4.20~8.73), despite the end of the 96 

below-ground growing season was unresponsive (Table S1). 97 

 98 

Environmental and ecological controls of above- and below-ground phenophases 99 

For herbaceous plants, the start of the growing season was not significantly affected 100 

by any examined factors based on above-ground responses (Fig. 3A). However, the 101 

response of the end of the above-ground growing season was strongly affected by that 102 

of the start of the growing season (Fig. 3C), with positive relationships observed (Fig. 103 

4A). Model selection showed that experimental duration was the most important 104 

driver for the start of the growing season based on the below-ground response (Fig. 105 

3E), the advancement of the start of the growing season diminished and was further 106 

delayed after the initial 4 years (Fig. 4B). Despite our model selection identifying 107 

MAP as an important driver (Fig. 3C), meta-regression analysis did not detect any 108 
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significant relationships (Fig. 4C; P > 0.1). 109 

 110 

For woody plants, we found that the start of the growing season based on above-111 

ground response was clearly affected by experimental duration (Fig. 3B), with a 112 

greater advancement observed over the experimental duration (Fig. 4D). However, the 113 

below-ground phenophases of woody plants were not influenced by any factors 114 

examined in our study (Fig. 3). 115 

Discussion 116 

Understanding of climate warming-induced phenological shifts in organisms is central 117 

for advancing climate change biology. Several recent studies have pointed the 118 

importance of how phenological mismatches across trophic groups can alter the 119 

balance of ecosystem functions17, 18. Here, two important findings emerged in our 120 

global quantitative synthesis. First, we found that below-ground phenology responds 121 

differently to warming among different functional groups, that is, below-ground 122 

phenology of herbaceous plants was less sensitive to warming than woody plants. 123 

Second, we demonstrate that even within the same trophic group (i.e., plants), 124 

phenological mismatches may occur due to climate warming. Such mismatches in 125 

plant above- and below-ground phenological responses can have far-reaching 126 

consequences for ecosystem stability and functioning.  127 

 128 
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For herbaceous plants, above-ground phenophases were more sensitive to climate 129 

warming than below-ground phenophases. The advanced start of above-ground 130 

growing season in herbaceous plants in our meta-analysis has been commonly 131 

reported, which often relates to warming-induced advancing of the accumulated 132 

temperature requirements in plants6, 10, 19. By contrast, the lesser sensitive below-133 

ground phenophases in herbaceous plants are likely to be driven by more complex 134 

endogenous and exogenous factors such as photosynthate supply to roots, and soil 135 

moisture that would mediate the overall below-ground responses to warming7. As the 136 

above-ground growing season length advanced and thereby potentially exploited a 137 

large proportion of stored carbohydrates20, we suspect that a relatively stable start of 138 

below-ground growing season could be a net effect of the positive effects of warming 139 

on root growth combined with the negative effects from the competition of 140 

photosynthesis with above-ground parts7, 21. This is purely a speculation and merits 141 

further examination in future experimental (plant) phenology studies.  142 

 143 

The early termination of above-ground and unaltered end of below-ground growing 144 

season in herbaceous plants could further be due to different strategies to cope with 145 

warming effects between above- and below-ground plant organs. For instance, when 146 

warming advanced the start of the growing season, a plants’ demand for nutrients and 147 

water also elevates earlier in the year22. As a result, soil nutrient pools may become 148 

further depleted by the end of the growing season in nutrient-limited ecosystems. In 149 

such cases, above-ground plant production slows down, or senescence starts earlier23. 150 
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In contrast, warming may not slow down below-ground biomass production because 151 

plants tend to allocate more photosynthetic products to below-ground to utilize 152 

limiting resources during the growing season. In addtion, the earlier start of the 153 

growing season also resulted in an earlier end of the growing season because of the 154 

limited leaf longevity and programmed cell death in plants24, 25.  155 

 156 

For woody plants, the below-ground phenophases were more sensitive to climate 157 

warming than above-ground phenophases. Comapred to the herbaceous plants which 158 

distributed in more arid regions, woody plants in our study were from the more humid 159 

regions (average of annual precipitation was 1026 mm for woody plants and 901 mm 160 

for herabceous plants). The abundant soil water could make woody plants extend both 161 

above- and below-ground growing season under warming. The greater extension of 162 

below-ground phenology of woody plants indicated plants allocate more nutrients to 163 

below-ground rather than above-ground organs under warming, which may relate to 164 

the fact that the growth of the whole plants require more nutrients.. Interestingly, we 165 

found that the response of the start of the below-ground growing season for woody 166 

plants became stronger over experimental duration. On one hand, soil’s ability to 167 

buffer high temperature could result in a lagged response of below-ground 168 

phenology26. On the other hand, the longer below-gournd growing season of woody 169 

plants could accumulate an increasing larger nutrient reseviors over years, including 170 

nonstructural carbohydrates, which may promote a more positive responses of plant 171 

phenology to warming through nutrient and carbohydrate supply20. In addition, based 172 
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on the “transient maxima hypothesis”, the short-term reponse of plant phenology to 173 

warming may be due to the transient increase under the non-equilibrium condition27. 174 

 175 

Understanding the (a)synchrony between above- and below-ground phenology under 176 

climate warming is crucial for predicting the whole ecosystem responses in a changing 177 

world. Our meta-analysis provides a compelling evidence of mismatches between 178 

above- and below-ground plant phenology and further the differences in those 179 

mismatches between herbaceous and woody plants. These results therefore suggest that 180 

above-ground phenology is a poor proxy for below-ground phenology. Most of the 181 

contemporary Earth system models still either use above-ground phenology as a proxy 182 

of below-ground phenology or do not take below-ground phenology into account at 183 

all28. Our results accordingly encourage next-generation Earth system models to 184 

explicitly incorporate below-ground plant phenology but also to consider the 185 

differences between woody and non-woody plants to make predictions with greater 186 

accuracy for carbon dynamics in terrestrial ecosystems in response to anthropogenic 187 

climate change. 188 

Methods 189 

Data compilation 190 

We used meta-analysis to assess the effect of experimental warming on above- and 191 

below-ground plant phenology. We searched for journal articles using ISI Web of 192 

Science and China National Knowledge Infrastructure, with the following keyword 193 

combinations: (warming OR heat* OR increas* temperature OR elevate* 194 
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temperature) AND (effect* OR respon* OR affect* OR impact* OR increas* OR 195 

decreas* OR alter*) AND (below-ground phenology OR root phenology OR root 196 

allocation OR root growth) AND (shoot phenology OR growth OR above-ground 197 

biomass) from 1980 to 2020. We also included literature cited in the papers we found. 198 

Papers had to meet the following criteria to be included in our dataset: (i) warming 199 

experiments were conducted in terrestrial ecosystems; (ii) initial environmental 200 

conditions including climate, soil type and species composition in control plots were 201 

the same as in warming plots; (iii) at least two temperature regimes were included in a 202 

given experiment. To fulfill the criteria of independence of observations, we only 203 

considered treatment effects from the latest reported year. We acquired data regarding 204 

plant growth dynamics directly from text or tables in original papers or extracted data 205 

indirectly from figures by using GetData software (version 2.22). In total, our dataset 206 

included 272 paired observations from 75 studies. Among these observations, there 207 

were 182 pairs of above-ground phenological observations and 90 pairs of below-208 

ground phenological observations (Figure 1; Figure S1: PRISMA diagram; Table S3). 209 

 210 

Ancillary site information including latitude, longitude, annual mean air temperature, 211 

and mean annual precipitation were also compiled. Annual mean air temperature and 212 

annual precipitation were taken directly from original papers or from the cited papers. 213 

If these data were not presented, we extracted them from the “worldclim” database 214 

(www.worldclim.com). 215 

Phenological parameters extraction 216 
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Similar to previous studies29, 30, the start and the end of the above-ground growing 217 

season were defined as the Julian days at which 10% and 90% of annual growth in 218 

above-ground dry matter, stem height, stem diameter or leaf biomass were 219 

accumulated, while those of the below-ground growing season were defined as the 220 

Julian days when 10% and 90% of annual growth in root dry matter or root length 221 

were accumulated. Here, we used the production between the first sampling time and 222 

the last sampling time within a year as the annual production. Before extracting the 223 

phenological parameters, we standardized the production at the sampling dates by 224 

subtracting the production at the first experimental time to remove the effects of pre-225 

year production.  226 

Statistical analysis 227 

Because the response ratio changes depending on when the phenological event 228 

happened, it is not the most suitable metric for the date type variables (e.g., the 229 

difference between average value in control and warming is 10 in both cases, 230 

however, response ratios are different for 15/5 and 135/125)11. To address this issue, 231 

we used absolute value to assess warming effects for the date type variables (e.g., 232 

2007/12/1). Effect size of start and end of growing season was then calculated as 233 

follows: 234 

Effect size 𝑋 𝑋   Eqn. 1 235 

where Xw and Xc are means values of plant phenological parameter at warming 236 

and control plots, respectively.  237 

 238 
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Estimates of response magnitudes from meta-analyses could be contingent on how 239 

individual studies are weighted. Thus, we weighted studies by the number of 240 

replicates as following31: 241 Wr Nc Nw / Nc Nw  Eqn. 2 242 

where Wr is the weight assigned to each observation, weighting more the studies 243 

having higher sampling size, and Nc and Nw are the number of replicates for ambient 244 

and elevated temperature treatments, respectively.  245 

 246 

We used “rma.mv” function in the “metafor” package in R software to calculate 247 

weighted effect sizes and their 95% bootstrapped confidence intervals. The meta-248 

analysis model included the variable “publication” as a random factor as some studies 249 

resulted into more than one effect size. Warming effects on plant phenological 250 

parameters were considered to be statistically significant when the 95% confidence 251 

intervals of effect sizes did not overlap with 0.  252 

 253 

Model selections were used to assess the relative importance of predictors to above- 254 

and below-ground phenological parameters using multi-level meta-analyses. Firstly, 255 

all the examined factors were combined in a mixed-effect meta-regression model by 256 

using the “glmulti” package in R software. We then computed a model sets based on 257 

delta (Δ) corrected Akaike information criterion < 2. The importance of each predictor 258 

was finally computed as the sum of Akaike weights for models including the given 259 

factor. A cutoff of 0.8 was set to distinguish the essential and nonessential predictors 260 
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in current study32. Here, we included mean annual temperature (MAT), mean annual 261 

precipitation (MAP), experimental duration, warming magnitude and warming 262 

method to predict the start of growing season for both above- and below-ground plant 263 

responses. As the start of growing season could affect the end of growing season, we 264 

also added the start of growing season as a predictor of the end of growing season. 265 

After the essential predictors were identified by using model selections, we further 266 

used a between-group Q statistical test to compare the heterogeneity of the warming-267 

induced shifts in phenological events among different categories of the predictors. 268 

Egger’s regression and Fail-Safe Analysis were used to test the publication bias (Table 269 

S2). All the statistical analysis was conducted by R 3.6.1. 270 

 271 
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 287 

Figure 1 The global distribution of warming experiments selected in this meta-288 

analysis. The blue and red circles indicate which experiment provided seasonality data 289 

of herbaceous and woody plants, respectively.  290 

  291 
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 292 

 293 

Figure 2 Response of above- and below-ground phenological events to warming in 294 

herbaceous (A, C, E) and woody (B, D, F) plants. SOS, EOS and length represent 295 

start, end and length of growing season, respectively. Error bars indicate 95% 296 

bootstrapped confidence intervals (CI). The vertical dotted lines are drawn at effect 297 

size equals 0. The warming effect was considered significant if the 95% CI of the 298 

effect size did not overlap with zero. The observation numbers were shown in 299 

brackets. *, P < 0.05; **, P < 0.01; ***, P<0.001. 300 
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 302 

Figure 3 Model-averaged importance of the predictors of the warming-induced shifts 303 

in the above- and below-ground phenophases in herbaceous (A, C, E, G) and woody 304 

(B, D, F, H) plants. Model-averaged importance was calculated by the sum of the 305 

Akaike weights based on the model selection method using corrected Akaike’s 306 

information criteria. The cutoff 0.8 was shown to determine the essential and 307 

nonessential predictors. MAP, mean annual precipitation; MAT, mean annual 308 

temperature; Magnitude, warming magnitude; Duration, experimental duration; 309 

Method, warming method; SOS, start of growing season; EOS, end of growing 310 

season.  311 
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 313 

Figure 4 Contributors identified from model selection for the warming-induced shifts 314 

in above- and below-ground phenophases in herbaceous (A-C) and woody (D) plants. 315 

The size of the circles was proportional to the weights of the observation. The 316 

relationships between the warming-induced shifts in the start of above-ground 317 

growing season and warming-induced shifts in the end of above-ground growing 318 

season in herbaceous plants (A). The relationships between experimental duration and 319 

warming-induced shifts in start of below-ground growing season (B). The 320 

relationships between MAP and warming-induced shifts in start of below-ground 321 

growing season (C). The relationships between experimental duration and warming-322 

induced shifts in start of above-ground growing season (D). SOS, start of the growing 323 

season; EOS, end of the growing season.  324 
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Figures

Figure 1

The global distribution of warming experiments selected in this meta analysis. The blue and red circles
indicate which experiment provided seasonality data of herbaceous and woody plants, respectively. Note:
The designations employed and the presentation of the material on this map do not imply the expression
of any opinion whatsoever on the part of Research Square concerning the legal status of any country,
territory, city or area or of its authorities, or concerning the delimitation of its frontiers or boundaries. This
map has been provided by the authors.



Figure 2

Response of above- and below-ground phenological events to warming in herbaceous (A, C, E) and woody
(B, D, F) plants. SOS, EOS and length represent start, end and length of growing season, respectively. Error
bars indicate 95% bootstrapped con�dence intervals (CI). The vertical dotted lines are drawn at effect size
equals 0. The warming effect was considered signi�cant if the 95% CI of the effect size did not overlap
with zero. The observation numbers were shown in brackets. *, P < 0.05; **, P < 0.01; ***, P<0.001.



Figure 3

Model-averaged importance of the predictors of the warming-induced shifts in the above- and below-
ground phenophases in herbaceous (A, C, E, G) and woody (B, D, F, H) plants. Model-averaged importance
was calculated by the sum of the Akaike weights based on the model selection method using corrected
Akaike’s information criteria. The cutoff 0.8 was shown to determine the essential and nonessential
predictors. MAP, mean annual precipitation; MAT, mean annual temperature; Magnitude, warming



magnitude; Duration, experimental duration; Method, warming method; SOS, start of growing season;
EOS, end of growing season.

Figure 4

Contributors identi�ed from model selection for the warming-induced shifts in above- and below-ground
phenophases in herbaceous (A-C) and woody (D) plants. The size of the circles was proportional to the
weights of the observation. The relationships between the warming-induced shifts in the start of above-
ground growing season and warming-induced shifts in the end of above-ground growing season in
herbaceous plants (A). The relationships between experimental duration and warming-induced shifts in
start of below-ground growing season (B). The relationships between MAP and warming-induced shifts in
start of below-ground growing season (C). The relationships between experimental duration and
warming323 induced shifts in start of above-ground growing season (D). SOS, start of the
growing season; EOS, end of the growing season.
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