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1  |  INTRODUC TION

Global surface air temperatures have risen approximately 1°C above 
pre-industrial levels, and the climate warming is expected to reach 
3.3–5.7°C above pre-industrial levels by the end of the 21st century 
(IPCC,  2021). A growing body of evidence is showing that climate 

warming changes plant sexual reproduction performance, includ-
ing flowering phenology and reproductive effort (the proportion of 
the resources of an organism allocated to reproduction, e.g., flower 
number) and success (the final outcome of resource investment, 
e.g., fruit and/or seed number) (Arft et al., 1999; Bazzaz et al., 2000; 
Dorji et al.,  2013; Molau,  1993). Changes in sexual reproduction 
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Abstract
Climate warming is changing plant sexual reproduction, having consequences for spe-
cies distribution and community dynamics. However, the magnitude and direction 
of plant reproductive efforts (e.g., number of flowers) and success (e.g., number and 
mass of fruits or seeds) in response to warming have not been well-characterized. 
Here, we generated a global dataset of simulated warming experiments, consisting of 
477 pairwise comparisons for 164 terrestrial species. We found evidence that warm-
ing overall decreased fruit number and increased seed mass, but little evidence that 
warming influenced flower number, fruit mass, or seed number. The warming effects 
on seed mass were regulated by the pollination type, and insect-pollinated plants ex-
hibited a stronger response to warming than wind-pollinated plants. We found strong 
evidence that warming increased the mass of seeds for the nondominant species but 
no evidence of this for the dominant species. There was no evidence that phyloge-
netic relatedness explained the effects of warming on plant reproductive effort and 
success. In addition, the effects of warming on flowering onset negatively related 
to the responses in terms of the number of fruits and seeds to warming, revealing a 
cascading effect of plant reproductive development. These findings provide the first 
quantification of the response of terrestrial plant sexual reproduction to warming and 
suggest that plants may increase their fitness by producing heavier seeds under a 
warming climate.
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performance may affect plant demographics (Jones & Henry, 2003; 
Walker & Chapin, 1987; Welker et al., 1997), offspring genetic vari-
ability (Steltzer et al.,  2008), species distributional range (Dainese 
et al., 2017; Valdés et al., 2019), community composition, and many 
other ecosystem functions (Solomon et al., 2007; Walther et al., 2005). 
However, to date, the influence of climate warming on plant reproduc-
tive effort and success on a global scale remains poorly understood.

Climate warming affects the reproductive efforts in several ways. 
Climate warming often reduces flower number because higher tem-
peratures decrease floral transition by accelerating somatic growth 
(Liu et al., 2012; Tromp, 1984). Warming also decreases flower pro-
duction through a reduction in soil moisture (Hedhly et al.,  2009; 
Kuppler et al.,  2021), which is associated with flowering requiring 
the consumption of large amounts of water (Burkle & Runyon, 2016; 
Gallagher & Campbell,  2017; Kuppler et al.,  2021). In addition to 
changes in environmental conditions, warming may change plant 
reproductive effort via affecting flowering phenology. Rising tem-
peratures in spring tend to advance the onset of plant flowering by 
accelerating ecodormancy breaks in northern high-latitude ecosys-
tems (Wolkovich et al., 2012). Earlier flowering onset favors flower 
production by prolonging the duration of flowering, but negatively 
influences flower number due to the increased risks of frost dam-
age (Cook et al., 2012; Inouye, 2008; Prevey et al., 2019). In con-
trast, winter warming can delay the onset of flowering through 
devernalization, because many temperate and boreal species require 
prolonged winter chilling to initiate flowering (O'Neill et al., 2019; 
Penfield et al.,  2021). Late flowering onset negatively influences 
flower formation and development (O'Neill et al., 2019).

Climate warming can influence plant reproductive success by dis-
rupting fertilization. For instance, high-temperature stress shortens 
the duration when the stigmas of flowers are receptive to pollen, so 
reduces the chances of successful fertilization (Zinn et al., 2010). The 
number of fruits or seeds also decreases if climate warming reduces 
the quality and number of flowers (Bogdziewicz et al., 2020). Fruit 
and seed production requires fully developed flowers, and the num-
ber of flowers and ovules is a prerequisite for fruit and seed set per 
individual plant (Bykova et al., 2012). Additionally, the reproductive 
success of entomophilous species can be regulated by pollinators 
(Bennett et al., 2020; Rodger et al., 2021). When pollinators cannot 
track an earlier flowering phase under warming, the mismatch be-
tween the timing of flowering and pollinator occurrence leads to re-
ductions in seed and fruit production (CaraDonna et al., 2014; Gérard 
et al., 2020; Gezon et al., 2016; Kudo & Cooper, 2019; Rafferty & 
Ives, 2011). In addition to the number of fruits or seeds, climate warm-
ing may influence fruit or seed mass by changing plant phenology. 
An extended growing season under warming conditions enhances 
the investment of resources into reproduction and prompts heavier 
fruits and seeds (Bolmgren & Cowan,  2008; Menzel et al.,  2011; 
Moles & Westoby, 2003). Moreover, warming also potentially influ-
ences the fruit or seed mass of plants by altering their reproductive 
strategies. A trade-off between fruit and seed number and mass is 
ubiquitous for terrestrial species (Aarssen & Jordan, 2001; Dani & 
Kodandaramaiah, 2017; Henery & Westoby, 2001).

Previous manipulative experiments have produced inconsistent 
findings regarding how climate warming influences plant reproduc-
tive efforts and success, which may be owing to differences in eco-
logical and experimental factors. For instance, the pollination type 
of a plant regulates the effects of warming on reproductive success, 
as entomophilous species are often more sensitive to warming than 
anemophilous species (Fitter & Fitter,  2002). Reproductive effort 
and success are more affected by long-term than short-term warm-
ing because the former leads to the depletion of plant belowground 
carbohydrates and nutrient stores over time (Arft et al., 1999; Barrett 
& Hollister,  2016; Dorji et al.,  2013; Klady et al.,  2011; Lambrecht 
et al., 2007). In contrast, an understudied factor potentially influencing 
the responses of plant reproduction to warming is the species domi-
nance in a community. Generally, the dominant species monopolizes 
light, nutrients and water, and enough resources may allow them to 
exhibit a stronger reproductive response to warming than the rare 
species (Avolio et al., 2019; Liu et al., 2012). In addition, it also remains 
unclear whether the phylogenetic relatedness of plants regulates the 
effects of warming on reproductive effort and success, although the 
evolutionary history of a species partly explains its reproductive strat-
egy (Vargas et al., 2018).

Here, we conducted a global meta-analysis of 61 manipulative 
warming studies, focusing on 164 terrestrial species, to examine how 
climate warming influences plant reproductive effort and success 
(Figure 1). We tested the following hypotheses (Table 1): First, we pre-
dicted that warming decreases the reproductive effort (e.g., flower 
number) by reducing plant water availability and devernalization, and 
further reduces the number of fruits and seeds through cascading ef-
fects (Gérard et al., 2020; Kudo & Cooper, 2019; Liu et al., 2012). Second, 
we predicted that warming increases the mass of fruits and seeds, in 
addition to reducing fruit and seed number, because the offspring size 
and number tradeoffs are ubiquitous for many terrestrial species (Dani 
& Kodandaramaiah, 2017; Jakobsson & Eriksson, 2000; Moles, 2018). 
Finally, we predicted that the dominance and evolutionary history of 
species explain the effects of warming on reproductive effort and suc-
cess, as they partly reflect plant resource acquisition ability (Doudová & 
Douda, 2020) and reproductive strategy (Ashman et al., 2004).

2  |  METHODS

2.1  |  Data compilation

We collected data on the effects of experimental warming on re-
productive effort (e.g., flower number) and success (e.g., fruit num-
ber, fruit mass, seed number, and seed mass) from peer-reviewed 
articles published before December 31, 2020. Specifically, we 
conducted a systematic literature search on Web of Science 
(Thompson Reuters), Google Scholar (Google Inc.), and China 
National Knowledge Infrastructure (CNKI) using the terms (warm* 
OR increased temperature OR elevated temperature OR temper-
ature gradient OR heating) AND (reproduction OR seed OR fruit 
OR flower). We used the following criteria to extract data: (1) we 
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included species from natural terrestrial ecosystems, and we ex-
cluded species from agricultural (e.g., transplanted individuals 
and seed germination) or aquatic ecosystems; (2) the biotic (e.g., 
vegetation structure) and abiotic (e.g., climatic and soil proper-
ties) conditions in the control and warming plots were the same 
at the beginning of the experiments; (3) we selected only the data 
from control and warming plots in the multifactor experimen-
tal manipulation studies; and (4) we directly obtained the means, 
standard deviations, and sample sizes from tables or we indirectly 
extracted them from digitized figures. Based on the four standards, 
we obtained a meta-dataset covering 61 published papers, which 
consisted of 477 pairs of observations for 164 terrestrial species 
(Table S1). These observations comprised 177 pairs for flower num-
ber, 48 pairs for fruit number, 16 pairs for fruit mass, 100 pairs for 
seed number, and 136 pairs for seed mass.

As the phenology of flowering often influences reproductive ef-
fort and success, we extracted data on the onset (97 pairs) and du-
ration of flowering (53 pairs) from the 61 selected papers (Table S1). 
In addition, we collected ancillary ecological and experimental in-
formation, including latitude, longitude, elevation, annual mean air 
temperature (MAT), mean annual precipitation (MAP), ecosystem 
types (arctic/alpine tundras, boreal forests, [semi]arid grasslands, 
temperate grasslands, and temperate forests), warming methods 
(open-top chambers, infrared radiators, and greenhouses), warm-
ing season (year-round and seasonal warming), warming magnitude 
(<2 and ≥2°C; holding global warming at 2°C above pre-industrial 

temperature was considered as a “safe level” of warming; Joshi 
et al.,  2011), and experimental duration (≤2, 2–5, and >5 years; 
warming effects on vegetation composition were often detected 
in the first two experimental years (Walker et al., 2006), whereas 
most warming experiments lasted less than 5 years (Liu et al., 2021)) 
(Table S2). We obtained the MAT and MAP from the WorldClim v2.0 
database (http://www.world​clim.org/) when they were not reported 
in the source papers (Fick & Hijmans, 2017).

We also collected biological information on the study species, 
including species name, dominance (dominant species and non-
dominant species; the classification was based on the description 
of the study species in the papers), functional group (graminoids, 
leguminosaes, forbs, and woody species), and pollination type (en-
tomophily and anemophily; the study species were classified based 
on the papers or some websites, e.g., https://plants.usda.gov). We 
extracted the phylogenetic tree of these species from a global phy-
logenetic tree using Phylomatic software (version 3.0; http://phylo​
diver sity.net/phylo​matic) (Zanne et al., 2014).

2.2  |  Statistical analyses

To quantify the warming effect on plant sexual reproduction, we used 
the Hedges' d metric as recommended by Gurevitch et al. (2001). We 
calculated the Hedges' d value of each reproductive index for each 
study:

F I G U R E  1  Geographical distribution of the experimental warming studies in our meta-analysis.

http://www.worldclim.org/
https://plants.usda.gov
http://phylodiver
http://phylodiver
http://sity.net/phylomatic
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where Xc and Xe are the mean values, Sc andSeare the standard devi-
ations, and Nc andNe are the sample sizes for the control and warm-
ing plots, respectively; Jis a weighting factor based on the sample size 
(Hedges, 1981). For studies that did not report the standard deviations, 
we used the Bracken (1992) approach to impute the missing standard 
deviations (the “impute_SD” function; R package “metagear,” version 
0.7).

We also calculated the within-case variation of Hedges' d:

In this study, we calculated Hedges' d values and their within-case vari-
ations using the “escals” function (R package “metafor,” version 3.0-2).

As some studies included multiple cases, we used hierarchical 
random-effects meta-analyses to quantify the mean effect sizes 
of warming and their confidence intervals (CIs). We performed the 
meta-analyses using the “rma.mv” function (R package “metafor,” 
version 3.0-2), taking the variable “Reference/ID” as a nesting fac-
tor (Nakagawa et al., 2017; Viechtbauer, 2010). We considered the 
mean effect sizes of warming to be significant if the 95% CIs did not 
overlap by zero.

We tested the heterogeneity of warming effect sizes across 
studies using Q statistics, which are the weighted square sums com-
pared with the χ2 distribution (Hedges & Olkin, 1985). We divided 
the total heterogeneity (QT) into the heterogeneity explained by the 
predictor variable examined in the model (QM) and residual hetero-
geneity (QE) using the “rma.mv” function (R package “metafor” ver-
sion 3.0-2; Harrison, 2011). For each continuous variable (latitude, 
MAT, MAP, and elevation), we examined their relationship with the 
effect of warming on reproductive effort and success. For each cat-
egorical variable (e.g., warming magnitude), we compared the warm-
ing effects on reproduction between its different categories (e.g., 
< 2 and ≥2°C). We considered that the predictor variable regulated 
the effect sizes of warming when the p-values for QM were <0.1. In 
addition, we assessed whether evolutionary history was a key pre-
dictor of the effects of warming on reproduction using Blomberg's K 
metric (R package “phytools,” version 4.1.3) (Blomberg et al., 2003; 
Chamberlain et al., 2012; Han & Zhu, 2021). A p-value for Blomberg's 
K lower than .05 indicated that evolutionary history contributed to 
the variance in the warming effect size.

To explore whether the linkages of reproductive indices exist 
under warming, we picked up the two groups of studies: (1) that 
simultaneously containing the data of the onset or duration of 
flowering and the reproductive effort or success and (2) that simul-
taneously including the information of number and mass of fruits 

or seeds. We further examined the relationships between flower-
ing phenology and reproductive effort or success and between off-
spring number and mass using the linear regression.

We tested for potential publication bias using Rosenberg fail-
safe numbers and funnel plots. If the fail-safe number is larger than 
5 × n + 10, where n is the sample size, publication bias does not exist 
(Rosenberg, 2005). In this study, we did not find any publication bias 
for most reproductive indices (Figure S1; Table S3). We conducted all 
statistical analyses using R 4.1.2 (R Core Team, 2021).

We presented our results using a gradual language of evidence, 
which has been recommended by Muff et al. (2021). Compared to 
significance testing with an arbitrary p-value cutoff, the language of 
evidence allows us to communicate scientific findings in a more nu-
anced form.

3  |  RESULTS

Across all species examined, we found strong or moderate evi-
dence that experimental warming decreases fruit number (Hedges' 
d  =  −0.65, p  =  .004) and increases seed mass (Hedges' d  =  0.40, 
p = .019; Figure 2). In contrast, we found little evidence that warm-
ing overall influences flower number (Hedges' d = −0.21, p = .135), 
fruit mass (Hedges' d  =  0.46, p  =  .298), or seed number (Hedges' 
d = −0.06, p = .749). However, the Q statistics showed that the evi-
dence is very strong that the variances in warming effects on flower 
number (Qt = 464.80; p < .001), fruit number (Qt = 198.75; p < .001), 
fruit mass (Qt  =  91.02; p < .0001), seed number (Qt  =  284.77; 
p < .001), and seed mass (Qt = 571.86; p < .0001) were large among 
the different studies (Figure S2).

Variances in the effects of warming on reproductive effort (i.e., 
flower number) across studies could be partly explained by latitude 
and elevation (Table 2). Specifically, we found very strong evidence 

(1)d =
Xe − Xc

√

(Ne − 1)S2e + (Nc − 1)S2c
Ne +Nc − 2

J

(2)J = 1 −
3

4
(

Ne + Nc − 2
)

(3)vd =
Ne + Nc

NeNc

+
d2

2
(

Ne + Nc

)

F I G U R E  2  Effect sizes (Hedges' d) of experimental warming on 
reproductive effort and success. Points indicate mean effect sizes 
across all studies, and the bars indicate 95% confidence intervals. 
Values on left represent sample sizes.
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that warming effects on flower number positively correlate with 
latitude (QM = 12.56, p < .001), but negatively correlate with eleva-
tion (QM = 7.94, p =  .005; Figure 3). In addition, we noted moder-
ate evidence that warming decreases flower number in (semi)arid 
grasslands (Hedges' d = −1.02, p = .012), but we found no evidence 
of this in other ecosystems (p > .1; Figure  4). There was moderate 
evidence that low-level warming (<2°C) decreases the flower num-
ber (Hedges' d = −0.37, p = .038), but little evidence that high-level 
warming influences the flower number (p = .195). The evidence was 
weak that the flower number reduces in studies that lasted longer 
than 5 years (Hedges' d = −0.63, p = .065), and we found no evidence 
of this in short-term studies (≤5 years; p > .1). We found no evidence 
that phylogenetic relatedness regulates the effects of warming on 
flower number (K = 0.08, p = .142; Figures 5; Table S4).

Key predictors of the effects of warming on reproductive suc-
cess differed among the indices. For fruit number, there was strong 
evidence that the negative effects of warming diminish with increas-
ing MAP (QM = 7.68, p =  .006; Figure 3). The evidence was strong 
that warming decreases the fruit number in Arctic/alpine tundras 
(Hedges' d = −0.68, p =  .006) but not in other ecosystems (p > .1; 
Figure 4). There was moderate evidence that warming decreases the 
fruit number in studies using infrared radiators (Hedges' d = −0.67, 
p =  .042), but no evidence of this in studies using open-top cham-
bers (p =  .124). In addition, we found moderate evidence that the 
fruit number decreases under high-level warming (≥2°C) (Hedges' 
d  =  −0.73, p  =  .014), but no evidence under low-level warming 
(<2°C) (p =  .200; Figure 4). The evidence was very strong that the 
fruit number of entomophilous species reduces under climate warm-
ing (Hedges' d = −0.66, p < .001) and weak that the fruit number of 
anemophilous species decreases under warming (Hedges' d = −1.46, 
p = .059). We also found moderate evidence that warming reduces the 

fruit number of the dominant species (Hedges' d = −0.71, p = .014), 
but not for the nondominant species (p > .1; Figure 4). In contrast, we 
found no evidence that the warming effects on seed number were 
modulated by the examined predictor variables (Table 2).

For fruit mass, we found strong evidence that warming effects 
positively correlate with MAP (QM  =  21.12, p < .001) and eleva-
tion (QM = 7.32, p = .007; Figure 3). We noted moderate evidence 
that warming enhances the fruit mass of forb species (Hedges' 
d  =  1.21, p  =  .017), but reduced it for woody species (Hedges' 
d  =  −0.50, p  =  .045; Figure  4). In addition, we did not find any 
evidence that phylogenetic relatedness influences the effects of 
warming on fruit mass (K = 0.39, p = .355; Figure 5, Table S4). For 
seed mass, the evidence was strong that warming effects posi-
tively correlate with latitude (QM = 9.95, p = .002) and negatively 
correlate with elevation (QM = 6.70, p =  .010; Figure 3). We also 
found strong evidence that warming increases seed mass for ento-
mophilous species (Hedges' d = 0.53, p = .004) and nondominant 
species (Hedges' d = 0.54, p = .009; Figure 4), but no evidence that 
warming influences the seed mass of anemophilous species and 
dominant species (p > .1).

We found weak evidence that warming advances flowering 
onset across the examined studies (Hedges' d  =  −0.38, p  =  .056; 
Figure  S3). The effect sizes of warming on flowering onset nega-
tively correlated with the effect sizes of flower number (p =  .016), 
fruit number (p = .045), and seed number (p = .001) (Figure S4). In 
contrast, there was no evidence that warming changes flowering du-
ration (Hedges' d = 0.05, p = .791; Figure S3). In addition, we found 
very strong evidence that the effect sizes of warming on flower 
number positively correlate with those of fruit number (p < .001) 
and seed number (p < .001), and moderate evidence that the effects 

TA B L E  2  Q-statistics results for whether the effect of experimental warming on reproductive effort and success is regulated by the 
examined predictor variables

Predictor variable

Flower number Fruit number Fruit mass Seed number Seed mass

QM p QM p QM p QM p QM p

Latitude 12.56 <.001 1.13 .287 2.61 .106 2.05 .152 9.95 .002

Mean annual temperature 1.87 .172 0.23 .634 0.21 .645 0.57 .449 1.88 .170

Mean annual precipitation 2.52 .113 7.68 .006 21.12 <.001 0.06 .803 0.07 .796

Elevation 7.94 .005 0.01 .919 7.32 .007 0.01 .916 6.70 .010

Ecosystem type 5.89 .207 1.30 .862 — — 0.10 .953 5.31 .151

Warming method 0.27 .602 8.75 .013 13.05 .002 0.03 .985 0.16 .924

Warming magnitude 2.10 .147 0.25 .615 — — 0.01 .921 0.00 .981

Warming season 0.02 .876 1.93 .164 0.54 .464 0.39 .533 1.03 .310

Experimental duration 1.81 .405 1.13 .568 — — 0.90 .235 0.18 .914

Functional group 3.96 .266 1.31 .728 17.58 <.001 1.55 .672 2.66 .447

Pollination type 0.07 .798 1.01 .315 — — 0.50 .481 2.88 .090

Species dominance 1.22 .270 0.21 .645 15.15 <.001 0.00 .986 1.34 .247

Note: Note that bold sizes are shown when there are weak (p < .1), moderate (p < .05), strong (p < .01), or very strong evidence (p < .001) for the 
regulatory effects of predictor variables. “—” indicates that data are not available because the predictor variables are less than two categories.



    |  847ZI et al.

of warming on seed number positively correlate with those of seed 
mass (p = .037; Figure S5).

4  |  DISCUSSION

Our meta-analysis provides the first quantification of the effects of 
climate warming on plant reproductive effort and success on a global 
scale. Our first hypothesis received mixed support from the global 
meta-analysis, with strong evidence that warming overall reduced 
fruit number but little evidence for a reduction in flower number 
(Figure 2). There was moderate evidence that warming resulted in 
heavier seeds across terrestrial species, which supported the sec-
ond hypothesis. Regarding our third hypothesis, we found evidence 
that the dominance of species modulated the effect of warming on 
fruit mass, and no evidence that the evolutionary history of species 
regulated warming effects on reproductive indices. These find-
ings deepen our understanding of plant sexual reproduction in a 
warmer world, and suggest that climate warming may benefit the 

reproduction of terrestrial species by resulting in their producing 
heavier seeds.

4.1  |  Limited change in flower number 
under warming

The results of our meta-analysis showed no evidence that experimen-
tal warming changed the flower number across all terrestrial species 
(Figure 2). This limited warming effect may be related to the num-
ber of flowers set before flowering (Molau, 1993; Sorensen, 1941). 
The flower buds of many species form one or several seasons before 
flowering (Diggle, 1997). This speculation also means that long-term 
experimental warming may produce a more pronounced effect on 
flower number, which is supported by our result that in studies last-
ing longer than 5 years, researchers observed a larger reduction in 
flower number than those conducting short-term studies (Figure 4a). 
In addition, the limited change in flower number may be associ-
ated with our finding that experimental warming did not change 

F I G U R E  3  Relationships between warming effect sizes of reproductive effort and success and latitude, mean annual temperature, mean 
annual precipitation, and elevation. The reproductive indices include flower number (a–d), fruit number (e–h), fruit mass (i–l), seed number 
(m–p), and seed mass (q–t). Point size is proportional to weight in the meta-analysis. Regression lines and 95% confidence intervals are shown 
when there are weak (p < .1), moderate (p < .05), strong (p < .01), or very strong evidence (p < .001) for the regulatory effects of predictor 
variables.
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flowering duration (Figure S3). Flowering duration is an important 
factor influencing the number of flowers because a longer flower-
ing period provides an opportunity for more flowers to be produced 
(Dorji et al., 2020; Nagahama et al., 2018).

However, we found moderate evidence that flower number de-
creased in response to experimental warming in (semi)arid ecosys-
tems (Figure  4a), which likely occurred because warming reduced 
plant water availability and thus negatively influenced flower pro-
duction (Dolezal et al., 2021; Dorji et al., 2013; Sherry et al., 2007). 
In contrast, we found no evidence that warming changed the flower 
number in Arctic/alpine tundras or temperate grasslands, although 
rising temperatures caused an earlier flowering onset (Figure  S6). 
This likely occurred because the positive effect of earlier flower-
ing on flower number was counteracted by the negative effect of 
increased risk of frost damage (Inouye,  2008; Wipf et al.,  2009). 
Additionally, we found strong evidence that the warming effect size 
on the number of flowers positively correlated with latitude and 
negatively correlated with elevation (Figure 3a, d), suggesting that 
climate warming may result in a larger flower number shift at lower 
latitudes and higher elevations.

4.2  |  Reduced fruit number and unchanged seed 
number under warming

Our result showed strong evidence that experimental warming 
overall reduced the fruit number, which is consistent with pre-
vious findings in Tibetan alpine (Liu et al.,  2012) and semiarid 
Mediterranean grasslands (Valencia et al., 2016). One explanation 
for the negative effect of warming on fruit number is that high-
temperature stress disrupts the development of the embryo and 
endosperm (Srinivasan et al., 1999). This speculation is supported 
by our finding that a reduced fruit number occurred only when 
experimental warming increased more than 2°C (Figure 4b). This 
reduction in fruit number was also likely related to changes in re-
productive efforts under warming. Although we found that exper-
imental warming caused limited changes in flower number in the 
present meta-analysis, it may have reduced the quality of flowers, 
which, in turn, reduced fruit production. It has been reported that 
climate warming decreases the number of fully developed flow-
ers in the subalpine meadows of the Colorado Rocky Mountains 
(Saavedra et al., 2003).

F I G U R E  4  Comparisons of warming effects on reproductive effort and success among different categories of predictor variables. 
Reproductive indices include flower number (a), fruit number (b), fruit mass (c), seed number (d), and seed mass (e). Predictor variables 
include ecosystem type, warming method, warming magnitude, warming season, experimental duration, functional group, pollination type, 
and dominance of species. Solid points and error bars indicate mean effect sizes and 95% confidence intervals, respectively. Values on left 
represent number of synthesized cases. Black points are shown when there is no evidence of warming effects (p > .1); other colors are shown 
when there are weak (p < .1), moderate (p < .05), strong (p < .01), or very strong evidence (p < .001).



    |  849ZI et al.

There was no evidence from our global meta-analysis that 
warming overall changed the seed number, which is inconsistent 
with previous findings based on herbarium specimens in China 
that climate warming has increased the seed number per pod of 
legume species over the past century (Duan et al., 2019). The dis-
crepancy between the two findings may be associated with the 
researchers applying different seed number observation methods. 
Duan et al. (2019) only focused on the number of seeds per pod, 
whereas most researchers in our meta-analysis quantified the 
number of seeds by monitoring the seeds per unit area or per in-
dividual plant.

4.3  |  Increased seed mass under warming

We found moderate evidence that warming increased seed 
mass across terrestrial species, which may have resulted from a 
larger reproductive investment associated with an enhancement 
in biomass production. It is well known that rising temperatures 

stimulate the photosynthetic activity and biomass production by 
accelerating the rate of Rubisco carboxylation (Crous et al., 2018; 
Gunderson et al., 2010). In addition, increased seed mass is likely 
associated with earlier seed development following earlier flow-
ering onset. Seed development often requires completion before 
frost damage occurs in autumn (Ida & Kudo, 2021). Earlier-onset 
seed development can provide plants with more time to produce 
heavier seeds.

Our finding of a positive relationship between seed mass and 
seed number did not support the offspring number and mass trade-
off. In contrast, the increased seed mass but unchanged seed num-
ber we found revealed another plant reproductive strategy under 
a warmer climate, that is, the mother plants not only allocate more 
resources to reproduction but also prefer to improve seed mass 
(Dani & Kodandaramaiah,  2017). An explanation for the observed 
reproductive strategy is that the offsprings of larger seeds have ad-
vantages in terms of survival and growth potential compared with 
smaller seeds, so have a higher probability of survival (Bergholz 
et al.,  2015; Metz et al.,  2010; Thompson & Hodgson,  1993). For 

F I G U R E  5  Phylogenetic trees of studied species and effects of warming on their reproductive effort and success. Warming effects on 
flower number, fruit number, fruit mass, seed number and seed mass are shown following the order from inner cycle to outer cycle. Length 
of bar is proportional to effect size of warming, which represents a positive (negative) value if the bar points toward outer (inner) cycle. 
Branch colors of phylogenetic tree represent family. Background colors of tip labels represent plant life form.



850  |    ZI et al.

instance, an increase in seed mass may more easily satiate seed 
predators, thus leading to plants to experience a lower proportion 
of seed predation (i.e., “predator satiation hypothesis”; Bogdziewicz 
et al., 2020; Jansen et al., 2004; Janzen, 1971; Linhart et al., 2014). 
In addition, the observed reproductive strategy may favor the mi-
gration and diffusion of species under climate warming. Generally, 
terrestrial plants shift their distribution ranges to keep track with 
their climatic niches by seed dispersal, and most species rely on an-
imals to disperse their seeds because animal-dispersed seeds are 
dispersed farther (Fricke et al.,  2022; Gallagher,  2013; González-
Varo et al., 2017; Tamme et al., 2014). In this study, plant seeds with 
a heavier mass under warming could attract more seed dispersers 
and have wider dispersal and hoard (i.e., “animal dispersal hypothe-
sis”; Fricke et al., 2022; Gallagher, 2013; González-Varo et al., 2017; 
Janzen, 1971; Kelly, 1994; Vander Wall, 2002).

Notably, from this meta-analysis, we found strong evidence that 
warming overall increased the seed mass of the nondominant spe-
cies but no evidence of this for the dominant species. Although this 
result did not derive from the same plant communities, it suggested 
that climate warming may exert different impacts on the fitness of 
the dominant and nondominant species. Further research is required 
to explore how climate warming differentially influences the repro-
duction of dominant species and nondominant species, given that it 
may be a key to shifts in community composition and biodiversity 
under a changing climate. In contrast, we did not find an important 
role for the evolutionary history of species in regulating the effects 
of warming on reproductive effort and success. This indicated that 
the response of plant reproduction to climate warming may not be 
phylogenetically conserved (Liu et al., 2022). Therefore, using simple 
phylogenetic relatedness to predict the dynamics of terrestrial spe-
cies' sexual reproduction and its consequences in warmer climates 
may be inappropriate.

Overall, our global meta-analysis suggested that climate warming 
reduced fruit number of terrestrial plants but increased their seed 
mass. These findings have three important implications. First, our 
findings did not support the trade-off between offspring size and 
mass under warming conditions, but revealed a potentially increased 
fitness of terrestrial species due to their production of heavier 
seeds. Second, our findings provided evidence that the effects of 
warming on plant sexual reproduction are regulated by species dom-
inance. Thus, examining whether the reproduction of rare species 
responds differently from dominant species may improve biodi-
versity conservation outcomes. Finally, we found complex linkages 
between flowering phenology and reproductive effort and success 
(Figure 6), suggesting the necessity of elucidating the whole plant 
life history for predicting the future dynamics of plant populations 
and communities.

However, our dataset lacks evidence from subtropical and 
tropical ecosystems, although it covers a wide range of terres-
trial plants. Our study was also limited by the lack of some po-
tentially important measurements (i.e., height and biomass of 
plant and quantity or quality of pollen) for completely elucidat-
ing the mechanisms underlying the effects of climate warming on 

plant sexual reproduction. For instance, plant height and biomass 
often positively correlate with reproductive effort (Bolmgren & 
Cowan, 2008); however, a reduction in pollen quantity or quality 
reduces reproductive success (Ashman et al., 2004). In addition, 
self-compatibility is an important biological character, and the 
reproduction of only self-incompatible plants may be negatively 
influenced by the phenological mismatch between pollinator oc-
currence and flowering under climate warming. So far, how this bi-
ological character of species regulates the reproductive responses 
of terrestrial plants to warming remains poorly understood. Filling 
these gaps will help us to identify broad patterns of plant repro-
ductive efforts and success in climate warming across geography 
and taxonomy.

ACKNOWLEDG MENTS
This study was supported by the State's Key Project of R & D 
Plan (grant no. 2019YFC0507700), the National Natural Science 
Foundation of China (grant nos. 32130065 and 32192461), and the 
Research Grant from Wuhan Botanic Garden, Chinese Academy of 
Sciences (grant no. E1559902).

F I G U R E  6  Overview of the effects of warming on plant sexual 
reproductive effort and success across terrestrial species. Mean 
effect sizes of warming (Hedges' d) and 95% confidence intervals are 
shown for flowering phenology (onset and duration of flowering), 
reproductive effort (flower number), and reproductive success (fruit 
and seed number and mass). Red and blue arrows indicate that warming 
increased and decreased reproductive effort and success, delayed and 
advanced flowering onset, or extended and shortened the flowering 
duration, respectively. Solid and dashed arrows beside numbers are 
shown when there is evidence (p < .1) or no evidence of warming effects 
(p > .1), respectively. We use Phytolacca americana as an example.



    |  851ZI et al.

CONFLIC T OF INTERE S T
The authors declare no conflict of interest.

DATA AVAIL ABILIT Y S TATEMENT
The data that support the findings of this study are openly available 
in Figshare at https://doi.org/10.6084/m9.figsh​are.21302​934.v1.

ORCID
Hongbiao Zi   https://orcid.org/0000-0001-8963-4939 
Xin Jing   https://orcid.org/0000-0002-7146-7180 
Si-Chong Chen   https://orcid.org/0000-0002-6855-2595 
Hao Wang   https://orcid.org/0000-0001-9115-1290 
Jin-Sheng He   https://orcid.org/0000-0001-5081-3569 

R E FE R E N C E S
Aarssen, L. W., & Jordan, C. (2001). Between-species patterns of co-

variation in plant size, seed size and fecundity in monocarpic 
herbs. Écoscience, 8(4), 471–477. https://doi.org/10.1080/11956​
860.2001.11682677

Arft, A., Walker, M., Gurevitch, J., Alatalo, J., Bret-Harte, M., Dale, M., 
Diemer, M., Gugerli, F., Henry, G. H. R., Jones, M. H., Hollister, R. 
D., Jónsdóttir, I. S., Laine, K., Lévesque, E., Marion, G. M., Molau, 
U., Mølgaard, P., Nordenhäll, U., Raszhivin, V., … Wookey, P. A. 
(1999). Responses of tundra plants to experimental warming: 
Meta-analysis of the international tundra experiment. Ecological 
Monographs, 69(4), 491–511. https://doi.org/10.1890/0012-
9615(1999)069[0491:ROTPT​E]2.0.CO;2

Ashman, T. L., Knight, T. M., Steets, J. A., Amarasekare, P., Burd, M., 
Campbell, D. R., Dudash, M. R., Johnston, M. O., Mazer, S. J., 
Mitchell, R. J., Morgan, M. T., & Wilson, W. G. (2004). Pollen 
limitation of plant reproduction: Ecological and evolutionary 
causes and consequences. Ecology, 85(9), 2408–2421. https://doi.
org/10.1890/03-8024

Avolio, M. L., Forrestel, E. J., Chang, C. C., La Pierre, K. J., Burghardt, 
K. T., & Smith, M. D. (2019). Demystifying dominant species. 
New Phytologist, 223(3), 1106–1126. https://doi.org/10.1111/
nph.15789

Barrett, R. T., & Hollister, R. D. (2016). Arctic plants are capable of sus-
tained responses to long-term warming. Polar Research, 35(1), 
25405. https://doi.org/10.3402/polar.v35.25405

Bazzaz, F. A., Ackerly, D. D., & Reekie, E. G. (2000). Reproductive alloca-
tion in plants. In M. Fenner (Ed.), Seeds, the ecology of regeneration in 
plant communities (pp. 1–30). CABI Publishing Oxon.

Bennett, J. M., Steets, J. A., Burns, J. H., Burkle, L. A., Vamosi, J. C., Wolowski, 
M., Arceo-Gómez, G., Burd, M., Durka, W., Ellis, A. G., Freitas, L., Li, 
J. M., Rodger, J. G., Stefan, V., Xia, J., Knight, T. M., & Ashman, T.-L. 
(2020). Land use and pollinator dependency drives global patterns of 
pollen limitation in the Anthropocene. Nature Communications, 11(1), 
1–6. https://doi.org/10.1038/s4146​7-020-17751​-y

Bergholz, K., Jeltsch, F., Weiss, L., Pottek, J., Geissler, K., & Ristow, M. 
(2015). Fertilization affects the establishment ability of species dif-
fering in seed mass via direct nutrient addition and indirect compe-
tition effects. Oikos, 124(11), 1547–1554. https://doi.org/10.1111/
oik.02193

Bheemanahalli, R., Sunoj, V. S. J., Saripalli, G., Prasad, P. V. V., Balyan, 
H. S., Gupta, P. K., Grant, N., Gill, K. S., & Jagadish, S. V. K. (2019). 
Quantifying the impact of heat stress on pollen germination, seed 
set, and grain filling in spring wheat. Crop Science, 59(2), 684–696. 
https://doi.org/10.2135/crops​ci2018.05.0292

Blomberg, S. P., Garland, T., Jr., & Ives, A. R. (2003). Testing for phy-
logenetic signal in comparative data: Behavioral traits are 

more labile. Evolution, 57(4), 717–745. https://doi.org/10.1111/
j.0014-3820.2003.tb002​85.x

Bogdziewicz, M., Kelly, D., Thomas, P. A., Lageard, J. G., & Hacket-Pain, 
A. (2020). Climate warming disrupts mast seeding and its fitness 
benefits in European beech. Nature Plants, 6(2), 88–94. https://doi.
org/10.1038/s4147​7-020-0592-8

Bolmgren, K., & Cowan, P. D. (2008). Time—size tradeoffs: A phyloge-
netic comparative study of flowering time, plant height and seed 
mass in a north-temperate flora. Oikos, 117(3), 424–429. https://
doi.org/10.1111/j.2007.0030-1299.16142.x

Bracken, M. B. (1992). In J. C. Sinclair & M. B. Bracken (Eds.), Effective care 
of the newborn infant (pp. 13–20). Oxford University Press.

Burkle, L. A., & Runyon, J. B. (2016). Drought and leaf herbivory influ-
ence floral volatiles and pollinator attraction. Global Change Biology, 
22(4), 1644–1654. https://doi.org/10.1111/gcb.13149

Bykova, O., Chuine, I., Morin, X., Higgins, S. I., & Linder, P. (2012). 
Temperature dependence of the reproduction niche and its rele-
vance for plant species distributions. Journal of Biogeography, 39(12), 
2191–2200. https://doi.org/10.1111/j.1365-2699.2012.02764.x

CaraDonna, P. J., Iler, A. M., & Inouye, D. W. (2014). Shifts in flowering 
phenology reshape a subalpine plant community. Proceedings of the 
National Academy of Sciences of the United States of America, 111(13), 
4916–4921. https://doi.org/10.1073/pnas.13230​7311

Chamberlain, S. A., Hovick, S. M., Dibble, C. J., Rasmussen, N. L., 
Van Allen, B. G., Maitner, B. S., Ahern, J. R., Bell-Dereske, L. P., 
Roy, C. L., Meza-Lopez, M., Carrillo, J., Siemann, E., Lajeunesse, 
M. J., & Whitney, K. D. (2012). Does phylogeny matter? 
Assessing the impact of phylogenetic information in ecologi-
cal meta-analysis. Ecology Letters, 15(6), 627–636. https://doi.
org/10.1111/j.1461-0248.2012.01776.x

Cook, B. I., Wolkovich, E. M., & Parmesan, C. (2012). Divergent responses 
to spring and winter warming drive community level flowering 
trends. Proceedings of the National Academy of Sciences of the United 
States of America, 109(23), 9000–9005. https://doi.org/10.1073/
pnas.11183​64109

Crous, K. Y., Drake, J. E., Aspinwall, M. J., Sharwood, R. E., Tjoelker, M. 
G., & Ghannoum, O. (2018). Photosynthetic capacity and leaf nitro-
gen decline along a controlled climate gradient in provenances of 
two widely distributed Eucalyptus species. Global Change Biology, 
24(10), 4626–4644. https://doi.org/10.1111/gcb.14330

Dainese, M., Aikio, S., Hulme, P. E., Bertolli, A., Prosser, F., & Marini, L. 
(2017). Human disturbance and upward expansion of plants in a 
warming climate. Nature Climate Change, 7(8), 577–580. https:// 
https://doi.org/10.1038/nclim​ate3337

Dani, K. G. S., & Kodandaramaiah, U. (2017). Plant and animal reproduc-
tive strategies: Lessons from offspring size and number tradeoffs. 
Frontiers in Ecology and Evolution, 5, 38. https://doi.org/10.3389/
fevo.2017.00038

Diggle, P. K. (1997). Extreme preformation in alpine Polygonum vi-
viparum: An architectural and developmental analysis. American 
Journal of Botany, 84(2), 154–169.

Dolezal, J., Jandova, V., Macek, M., Mudrak, O., Altman, J., Schweingruber, 
F. H., & Liancourt, P. (2021). Climate warming drives Himalayan 
alpine plant growth and recruitment dynamics. Journal of Ecology, 
109(1), 179–190. https://doi.org/10.1111/1365-2745.13459

Dorji, T., Hopping, K. A., Meng, F., Wang, S., Jiang, L., & Klein, J. A. (2020). 
Impacts of climate change on flowering phenology and production 
in alpine plants: The importance of end of flowering. Agriculture, 
Ecosystems & Environment, 291, 106795. https://doi.org/10.1016/j.
agee.2019.106795

Dorji, T., Totland, O., Moe, S. R., Hopping, K. A., Pan, J., & Klein, J. A. 
(2013). Plant functional traits mediate reproductive phenology 
and success in response to experimental warming and snow ad-
dition in Tibet. Global Change Biology, 19(2), 459–472. https://doi.
org/10.1111/gcb.12059

https://doi.org/10.6084/m9.figshare.21302934.v1
https://orcid.org/0000-0001-8963-4939
https://orcid.org/0000-0001-8963-4939
https://orcid.org/0000-0002-7146-7180
https://orcid.org/0000-0002-7146-7180
https://orcid.org/0000-0002-6855-2595
https://orcid.org/0000-0002-6855-2595
https://orcid.org/0000-0001-9115-1290
https://orcid.org/0000-0001-9115-1290
https://orcid.org/0000-0001-5081-3569
https://orcid.org/0000-0001-5081-3569
https://doi.org/10.1080/11956860.2001.11682677
https://doi.org/10.1080/11956860.2001.11682677
https://doi.org/10.1890/0012-9615(1999)069%5B0491:ROTPTE%5D2.0.CO;2
https://doi.org/10.1890/0012-9615(1999)069%5B0491:ROTPTE%5D2.0.CO;2
https://doi.org/10.1890/03-8024
https://doi.org/10.1890/03-8024
https://doi.org/10.1111/nph.15789
https://doi.org/10.1111/nph.15789
https://doi.org/10.3402/polar.v35.25405
https://doi.org/10.1038/s41467-020-17751-y
https://doi.org/10.1111/oik.02193
https://doi.org/10.1111/oik.02193
https://doi.org/10.2135/cropsci2018.05.0292
https://doi.org/10.1111/j.0014-3820.2003.tb00285.x
https://doi.org/10.1111/j.0014-3820.2003.tb00285.x
https://doi.org/10.1038/s41477-020-0592-8
https://doi.org/10.1038/s41477-020-0592-8
https://doi.org/10.1111/j.2007.0030-1299.16142.x
https://doi.org/10.1111/j.2007.0030-1299.16142.x
https://doi.org/10.1111/gcb.13149
https://doi.org/10.1111/j.1365-2699.2012.02764.x
https://doi.org/10.1073/pnas.132307311
https://doi.org/10.1111/j.1461-0248.2012.01776.x
https://doi.org/10.1111/j.1461-0248.2012.01776.x
https://doi.org/10.1073/pnas.1118364109
https://doi.org/10.1073/pnas.1118364109
https://doi.org/10.1111/gcb.14330
https://doi.org/10.1038/nclimate3337
https://doi.org/10.3389/fevo.2017.00038
https://doi.org/10.3389/fevo.2017.00038
https://doi.org/10.1111/1365-2745.13459
https://doi.org/10.1016/j.agee.2019.106795
https://doi.org/10.1016/j.agee.2019.106795
https://doi.org/10.1111/gcb.12059
https://doi.org/10.1111/gcb.12059


852  |    ZI et al.

Doudová, J., & Douda, J. (2020). Along with intraspecific functional trait 
variation, individual performance is key to resolving community as-
sembly processes. Functional Ecology, 34(11), 2362–2374. https://
doi.org/10.1111/1365-2435.13646

Duan, Y.-W., Ren, H., Li, T., Wang, L.-L., Zhang, Z.-Q., Tu, Y.-L., & Yang, 
Y.-P. (2019). A century of pollination success revealed by herbar-
ium specimens of seed pods. New Phytologist, 224(4), 1512–1517. 
https://doi.org/10.1111/nph.16119

Fick, S. E., & Hijmans, R. J. (2017). WorldClim 2: New 1-km spatial reso-
lution climate surfaces for global land areas. International Journal 
of Climatology, 37(12), 4302–4315. https://doi.org/10.1002/
joc.5086

Fitter, A. H., & Fitter, R. S. R. (2002). Rapid changes in flowering time 
in British plants. Science, 296(5573), 1689–1691. https://doi.
org/10.1126/scien​ce.1071617

Fricke, E. C., Ordonez, A., Rogers, H. S., & Svenning, J.-C. (2022). The 
effects of defaunation on plants' capacity to track climate change. 
Science, 375(6577), 210–214. https://doi.org/10.1126/scien​ce.​
abk3510

Gallagher, M. K., & Campbell, D. R. (2017). Shifts in water availability 
mediate plant-pollinator interactions. New Phytologist, 215(2), 792–
802. https://doi.org/10.1111/nph.14602

Gallagher, R. S. (2013). Seeds: The ecology of regeneration in plant commu-
nities. Cabi.

Gezon, Z. J., Inouye, D. W., & Irwin, R. E. (2016). Phenological change 
in a spring ephemeral: Implications for pollination and plant re-
production. Global Change Biology, 22(5), 1779–1793. https://doi.
org/10.1111/gcb.13209

González-Varo, J. P., López-Bao, J. V., & Guitián, J. (2017). Seed dispers-
ers help plants to escape global warming. Oikos, 126(11), 1600–
1606. https://doi.org/10.1111/oik.04508

Gunderson, C. A., O'hara, K. H., Campion, C. M., Walker, A. V., & 
Edwards, N. T. (2010). Thermal plasticity of photosynthesis: 
The role of acclimation in forest responses to a warming cli-
mate. Global Change Biology, 16(8), 2272–2286. https://doi.org/​
10.1111/j.1365-2486.2009.02090.x

Gurevitch, J., Curtis, P. S., & Jones, M. H. (2001). Meta-analysis in ecol-
ogy. Advances in Ecological Research, 32, 199–247. https://doi.
org/10.1016/S0065​-2504(01)32013​-5

Gérard, M., Vanderplanck, M., Wood, T., & Michez, D. (2020). Global 
warming and plant-pollinator mismatches. Emerging Topics in Life 
Sciences, 4(1), 77–86. https://doi.org/10.1042/ETLS2​0190139

Han, M., & Zhu, B. (2021). Linking root respiration to chemistry and 
morphology across species. Global Change Biology, 27(1), 190–201. 
https://doi.org/10.1111/gcb.15391

Harrison, F. (2011). Getting started with meta-analysis. Methods in 
Ecology and Evolution, 2(1), 1–10. https://doi.org/10.1111/j.2041-
210X.​2010.00056.x

Hedges, L. V. (1981). Distribution theory for Glass's estimator of effect 
size and related estimators. Journal of Educational Statistics, 6(2), 
107–128. https://doi.org/10.3102/10769​98600​6002107

Hedges, L. V., & Olkin, I. (1985). Statistical methods for meta-analysis. 
Academic Press.

Hedhly, A., Hormaza, J. I., & Herrero, M. (2009). Global warming and sex-
ual plant reproduction. Trends in Plant Science, 14(1), 30–36. https://
doi.org/10.1016/j.tplan​ts.2008.11.001

Hegland, S. J., Nielsen, A., Lazaro, A., Bjerknes, A. L., & Totland, O. 
(2009). How does climate warming affect plant-pollinator inter-
actions? Ecology Letters, 12(2), 184–195. https://doi.org/10.1111/​
j.1461-0248.2008.01269.x

Henery, M. L., & Westoby, M. (2001). Seed mass and seed nutrient 
content as predictors of seed output variation between species. 
Oikos, 92(3), 479–490. https://doi.org/10.1034/j.1600-0706.​
2001.920309.x

Ida, T. Y., & Kudo, G. (2021). Seasonal variation in air temperature 
drives reproductive phenology of entomophilous plants in a 

cool-temperate mire community. Botany, 99(7), 433–447. https://
doi.org/10.1139/cjb-2021-002

Inouye, D. W. (2008). Effects of climate change on phenology, frost dam-
age, and floral abundance of montane wildflowers. Ecology, 89(2), 
353–362. https://doi.org/10.1890/06-2128.1

IPCC (2021). Climate change 2021: The physical science basis. In V. 
Masson-Delmotte, P. Zhai, A. Pirani, S. L. Connors, C. Péan, S. 
Berger, N. Caud, Y. Chen, L. Goldfarb, M. I. Gomis, M. Huang, K. 
Leitzell, E. Lonnoy, J. B. R. Matthews, T. K. Maycock, T. Waterfield, 
O. Yelekçi, R. Yu, & B. Zhou (Eds.), Contribution of working group I to 
the sixth assessment report of the intergovernmental panel on climate 
change. Cambridge University Press.

Jacques, M.-H., Lapointe, L., Rice, K., Ontgomery, E. A. M., Stefanski, 
A., & Reich, P. B. (2015). Responses of two understory herbs, 
Maianthemum canadense and Eurybia macrophylla, to experimen-
tal forest warming: Early emergence is the key to enhanced repro-
ductive output. American Journal of Botany, 102(10), 1610–1624. 
https://doi.org/10.3732/ajb.1500046

Jakobsson, A., & Eriksson, O. (2000). A comparative study of seed num-
ber, seed size, seedling size and recruitment in grassland plants. 
Oikos, 88(3), 494–502. https://doi.org/10.1034/j.1600-0706.2000.​
880304.x

Jansen, P. A., Bongers, F., & Hemerik, L. (2004). Seed mass and mast 
seeding enhance dispersal by a neotropical scatter-hoarding ro-
dent. Ecological Monographs, 74(4), 569–589. https://doi.org/​
10.1890/03-4042

Janzen, D. H. (1971). Seed predation by animals. Annual Review of Ecology 
and Systematics, 2, 465–492. https://doi.org/10.1146/annur​ev.es.​
02.​110171.002341

Jones, G. A., & Henry, G. H. (2003). Primary plant succession on re-
cently deglaciated terrain in the Canadian High Arctic. Journal of 
Biogeography, 30(2), 277–296. https://doi.org/10.1046/j.1365-2699.​
2003.00818.x

Joshi, M., Hawkins, E., Sutton, R., Lowe, J., & Frame, D. (2011). 
Projections of when temperature change will exceed 2 C above pre-
industrial levels. Nature Climate Change, 1(8), 407–412. https://doi.
org/10.1038/nclim​ate1261

Kelly, D. (1994). The evolutionary ecology of mast seeding. Trends in 
Ecology & Evolution, 9(12), 465–470. https://doi.org/​10.1016/0169-
5347(94)90310​-7

Klady, R. A., Henry, G. H. R., & Lemay, V. (2011). Changes in high arctic 
tundra plant reproduction in response to long-term experimen-
tal warming. Global Change Biology, 17(4), 1611–1624. https://doi.
org/10.1111/j.1365-2486.2010.02319.x

Kudo, G., & Cooper, E. J. (2019). When spring ephemerals fail to meet 
pollinators: Mechanism of phenological mismatch and its im-
pact on plant reproduction. Proceedings of the Royal Society B: 
Biological Sciences, 286(1904), 20190573. https://doi.org/10.1098/
rspb.2019.0573

Kuppler, J., Wieland, J., Junker, R. R., & Ayasse, M. (2021). Drought-
induced reduction in flower size and abundance correlates with 
reduced flower visits by bumble bees. AoB Plants, 13(1), plab001. 
https://doi.org/10.1093/aobpl​a/plab001

Lambrecht, S. C., Loik, M. E., Inouye, D. W., & Harte, J. (2007). 
Reproductive and physiological responses to simulated climate 
warming for four subalpine species. New Phytologist, 173(1), 121–
134. https://doi.org/10.1111/j.1469-8137.2006.01892.x

Linhart, Y. B., Moreira, X., Snyder, M. A., & Mooney, K. A. (2014). 
Variability in seed cone production and functional response of seed 
predators to seed cone availability: Support for the predator sati-
ation hypothesis. Journal of Ecology, 102(3), 576–583. https://doi.
org/10.1111/1365-2745.12231

Liu, H. Y., Lu, C. Y., Wang, S. D., Ren, F., & Wang, H. (2021). Climate 
warming extends growing season but not reproductive phase of 
terrestrial plants. Global Ecology and Biogeography, 30(5), 950–960. 
https://doi.org/10.1111/geb.13269

https://doi.org/10.1111/1365-2435.13646
https://doi.org/10.1111/1365-2435.13646
https://doi.org/10.1111/nph.16119
https://doi.org/10.1002/joc.5086
https://doi.org/10.1002/joc.5086
https://doi.org/10.1126/science.1071617
https://doi.org/10.1126/science.1071617
https://doi.org/10.1126/science.abk3510
https://doi.org/10.1126/science.abk3510
https://doi.org/10.1111/nph.14602
https://doi.org/10.1111/gcb.13209
https://doi.org/10.1111/gcb.13209
https://doi.org/10.1111/oik.04508
https://doi.org/10.1111/j.1365-2486.2009.02090.x
https://doi.org/10.1111/j.1365-2486.2009.02090.x
https://doi.org/10.1016/S0065-2504(01)32013-5
https://doi.org/10.1016/S0065-2504(01)32013-5
https://doi.org/10.1042/ETLS20190139
https://doi.org/10.1111/gcb.15391
https://doi.org/10.1111/j.2041-210X.2010.00056.x
https://doi.org/10.1111/j.2041-210X.2010.00056.x
https://doi.org/10.3102/10769986006002107
https://doi.org/10.1016/j.tplants.2008.11.001
https://doi.org/10.1016/j.tplants.2008.11.001
https://doi.org/10.1111/j.1461-0248.2008.01269.x
https://doi.org/10.1111/j.1461-0248.2008.01269.x
https://doi.org/10.1034/j.1600-0706.2001.920309.x
https://doi.org/10.1034/j.1600-0706.2001.920309.x
https://doi.org/10.1139/cjb-2021-002
https://doi.org/10.1139/cjb-2021-002
https://doi.org/10.1890/06-2128.1
https://doi.org/10.3732/ajb.1500046
https://doi.org/10.1034/j.1600-0706.2000.880304.x
https://doi.org/10.1034/j.1600-0706.2000.880304.x
https://doi.org/10.1890/03-4042
https://doi.org/10.1890/03-4042
https://doi.org/10.1146/annurev.es.02.110171.002341
https://doi.org/10.1146/annurev.es.02.110171.002341
https://doi.org/10.1046/j.1365-2699.2003.00818.x
https://doi.org/10.1046/j.1365-2699.2003.00818.x
https://doi.org/10.1038/nclimate1261
https://doi.org/10.1038/nclimate1261
https://doi.org/10.1016/0169-5347(94)90310-7
https://doi.org/10.1016/0169-5347(94)90310-7
https://doi.org/10.1111/j.1365-2486.2010.02319.x
https://doi.org/10.1111/j.1365-2486.2010.02319.x
https://doi.org/10.1098/rspb.2019.0573
https://doi.org/10.1098/rspb.2019.0573
https://doi.org/10.1093/aobpla/plab001
https://doi.org/10.1111/j.1469-8137.2006.01892.x
https://doi.org/10.1111/1365-2745.12231
https://doi.org/10.1111/1365-2745.12231
https://doi.org/10.1111/geb.13269


    |  853ZI et al.

Liu, H., Ye, Q., Simpson, K. J., Cui, E., & Xia, J. (2022). Can evolution-
ary history predict plant plastic responses to climate change? New 
Phytologist, 235(3), 1260–1271. https://doi.org/10.1111/nph.18194

Liu, Y., Mu, J., Niklas, K. J., Li, G., & Sun, S. (2012). Global warming re-
duces plant reproductive output for temperate multi-inflorescence 
species on the Tibetan plateau. New Phytologist, 195(2), 427–436. 
https://doi.org/10.1111/j.1469-8137.2012.04178.x

Lobell, D. B., Hammer, G. L., Chenu, K., Zheng, B., McLean, G., & Chapman, 
S. C. (2015). The shifting influence of drought and heat stress for 
crops in northeast Australia. Global Change Biology, 21(11), 4115–
4127. https://doi.org/10.1111/gcb.13022

Menzel, A., Seifert, H., & Estrella, N. (2011). Effects of recent warm and 
cold spells on European plant phenology. International Journal of 
Biometeorology, 55(6), 921–932. https://doi.org/10.1007/s0048​
4-011-0466-x

Metz, J., Liancourt, P., Kigel, J., Harel, D., Sternberg, M., & Tielboerger, K. 
(2010). Plant survival in relation to seed size along environmental 
gradients: A long-term study from semi-arid and Mediterranean an-
nual plant communities. Journal of Ecology, 98(3), 697–704. https://
doi.org/10.1111/j.1365-2745.2010.01652.x

Molau, U. (1993). Relationships between flowering phenology and life 
history strategies in tundra plants. Arctic & Alpine Research, 25(4), 
391–402. https://doi.org/10.1080/00040​851.1993.12003025

Moles, A. T. (2018). Being John Harper: Using evolutionary ideas to im-
prove understanding of global patterns in plant traits. Journal of 
Ecology, 106(1), 1–18. https://doi.org/10.1111/1365-2745.12887

Moles, A. T., & Westoby, M. (2003). Latitude, seed predation and 
seed mass. Journal of Biogeography, 30(1), 105–128. https://doi.
org/10.1046/j.1365-2699.2003.00781.x

Muff, S., Nilsen, E. B., O’Hara, R. B., & Nater, C. R. (2021). Rewriting results 
sections in the language of evidence. Trends in Ecology & Evolution, 
37(3), 203–210. https://doi.org/10.1016/j.tree.2021.10.009

Nagahama, A., Kubota, Y., & Satake, A. (2018). Climate warming shortens 
flowering duration: A comprehensive assessment of plant pheno-
logical responses based on gene expression analyses and mathe-
matical modeling. Ecological Research, 33(5), 1059–1068. https://
doi.org/10.1007/s1128​4-018-1625-x

Nakagawa, S., Johnson, P. C. D., & Schielzeth, H. (2017). The coefficient 
of determination R(2) and intra-class correlation coefficient from 
generalized linear mixed-effects models revisited and expanded. 
Journal of the Royal Society Interface, 14(134), 20170213. https://
doi.org/10.1098/rsif.2017.0213

O'Neill, C. M., Lu, X., Calderwood, A., Tudor, E. H., Robinson, P., Wells, 
R., Morris, R., & Penfield, S. (2019). Vernalization and floral tran-
sition in autumn drive winter annual life history in oilseed rape. 
Current Biology, 29(24), 4300–4306. https://doi.org/10.1016/j.
cub.2019.10.051

Penfield, S., Warner, S., & Wilkinson, L. (2021). Molecular responses to 
chilling in a warming climate and their impacts on plant reproduc-
tive development and yield. Journal of Experimental Botany, 72(21), 
7374–7383. https://doi.org/10.1093/jxb/erab375

Prevey, J. S., Rixen, C., Rueger, N., Hoye, T. T., Bjorkman, A. D., Myers-
Smith, I. H., Elmendorf, S. C., Ashton, I. W., Cannone, N., Chisholm, 
C. L., Clark, K., Cooper, E. J., Elberling, B., Fosaa, A. M., Henry, G. 
H. R., Hollister, R. D., Jonsdottir, I. S., Klanderud, K., Kopp, C. W., 
… Wipf, S. (2019). Warming shortens flowering seasons of tundra 
plant communities. Nature Ecology & Evolution, 3(1), 45–52. https://
doi.org/10.1038/s4155​9-018-0745-6

R Core Team (2021). R: A language and environment for statistical 
computing. R Foundation for Statistical Computing. https://ww-
w.R-proje​ct.org/.

Rafferty, N. E., & Ives, A. R. (2011). Effects of experimental shifts in flow-
ering phenology on plant-pollinator interactions. Ecology Letters, 
14(1), 69–74. https://doi.org/10.1111/j.1461-0248.2010.01557.x

Rodger, J. G., Bennett, J. M., Razanajatovo, M., Knight, T. M., van 
Kleunen, M., Ashman, T. L., Steets, J. A., Hui, C., Arceo-Gómez, G., 

Burd, M., Burkle, L. A., Burns, J. H., Durka, W., Freitas, L., Kemp1, J. 
E., Li, J., Pauw, A., Vamosi, J. C., Wolowski, M., … Ellis, A. G. (2021). 
Widespread vulnerability of flowering plant seed production to 
pollinator declines. Science Advances, 7(42), eabd3524. https://doi.
org/10.1126/sciadv.abd3524

Rosenberg, M. S. (2005). The file-drawer problem revisited: A gen-
eral weighted method for calculating fail-safe numbers in meta-
analysis. Evolution, 59(2), 464–468. https://doi.org/10.1111/
j.0014-3820.2005.tb010​04.x

Saavedra, F., Inouye, D. W., Price, M. V., & Harte, J. (2003). Changes 
in flowering and abundance of Delphinium nuttallianum 
(Ranunculaceae) in response to a subalpine climate warming 
experiment. Global Change Biology, 9(6), 885–894. https://doi.
org/10.1046/j.1365-2486.2003.00635.x

Sherry, R. A., Zhou, X., Gu, S., Arnone, J. A., Schimel, D. S., Verburg, P. S., 
Wallace, L. L., & Luo, Y. (2007). Divergence of reproductive phenol-
ogy under climate warming. Proceedings of the National Academy of 
Sciences of the United States of America, 104(1), 198–202. https://
doi.org/10.1073/pnas.06056​42104

Smith, C. C., & Fretwell, S. D. (1974). The optimal balance between size 
and number of offspring. The American Naturalist, 108(962), 499–
506. https://doi.org/10.1086/282929

Solomon, S., Qin, D., Manning, M., Chen, Z., Marquis, M., Averyt, K. B., 
Tignor, M., & Miller, H. L. (2007). IPCC, 2007: The physical science 
basis. In Contribution of working group I to the fourth assessment re-
port of the intergovernmental panel on climate change. Cambridge 
University Press

Sorensen, T. (1941). Temperature relations and phenology of the north-
east Greenland flowering plants. Meddelelser om Gronland, 125, 
1–304.

Srinivasan, A., Saxena, N., & Johansen, C. (1999). Cold tolerance 
during early reproductive growth of chickpea (Cicer arietinum 
L.): Genetic variation in gamete development and function. Field 
Crops Research, 60(3), 209–222. https://doi.org/10.1016/S0378-​
4290(98)00126​-9

Steltzer, H., Hufbauer, R. A., Welker, J. M., Casalis, M., Sullivan, P. F., 
& Chimner, R. (2008). Frequent sexual reproduction and high 
intraspecific variation inSalix arctica: Implications for a terrestrial 
feedback to climate change in the High Arctic. Journal of Geophy
sical Research, 113(G3), G03S10. https://doi.org/10.1029/2007j​
g000503

Tamme, R., Götzenberger, L., Zobel, M., Bullock, J. M., Hooftman, D. A., 
Kaasik, A., & Pärtel, M. (2014). Predicting species' maximum dis-
persal distances from simple plant traits. Ecology, 95(2), 505–513. 
https:// https://doi.org/10.1890/13-1000.1

Thompson, K., & Hodgson, S. (1993). Seed size and shape predict per-
sistence in soil. Functional Ecology, 7(2), 236–241. https://doi.
org/10.2307/2389893

Tromp, J. (1984). Floral-bud formation in apple as affected by air and 
root temperature, air humidity, light intensity, and day length. 
Acta Horticulturae, 149(3), 39–47. https://doi.org/10.17660/​ActaH​
ortic.1984.149.3

Valdés, A., Marteinsdóttir, B., & Ehrlén, J. (2019). A natural heating ex-
periment: Phenotypic and genotypic responses of plant phenology 
to geothermal soil warming. Global Change Biology, 25(3), 954–962. 
https://doi.org/10.17660/​ActaH​ortic.1984.149.3

Valencia, E., Méndez, M., Saavedra, N., & Maestre, F. T. (2016). Plant size 
and leaf area influence phenological and reproductive responses 
to warming in semiarid Mediterranean species. Perspectives in 
Plant Ecology, Evolution and Systematics, 21, 31–40. https://doi.
org/10.1016/j.ppees.2016.05.003

Vander Wall, S. B. (2002). Masting in animal-dispersed pines facili-
tates seed dispersal. Ecology, 83(12), 3508–3516. https://doi.
org/10.1890/0012-9658(2002)083[3508:MIADP​F]2.0.CO;2

Vargas, P., Fernández-Mazuecos, M., & Heleno, R. (2018). Phylogenetic 
evidence for a Miocene origin of Mediterranean lineages: Species 

https://doi.org/10.1111/nph.18194
https://doi.org/10.1111/j.1469-8137.2012.04178.x
https://doi.org/10.1111/gcb.13022
https://doi.org/10.1007/s00484-011-0466-x
https://doi.org/10.1007/s00484-011-0466-x
https://doi.org/10.1111/j.1365-2745.2010.01652.x
https://doi.org/10.1111/j.1365-2745.2010.01652.x
https://doi.org/10.1080/00040851.1993.12003025
https://doi.org/10.1111/1365-2745.12887
https://doi.org/10.1046/j.1365-2699.2003.00781.x
https://doi.org/10.1046/j.1365-2699.2003.00781.x
https://doi.org/10.1016/j.tree.2021.10.009
https://doi.org/10.1007/s11284-018-1625-x
https://doi.org/10.1007/s11284-018-1625-x
https://doi.org/10.1098/rsif.2017.0213
https://doi.org/10.1098/rsif.2017.0213
https://doi.org/10.1016/j.cub.2019.10.051
https://doi.org/10.1016/j.cub.2019.10.051
https://doi.org/10.1093/jxb/erab375
https://doi.org/10.1038/s41559-018-0745-6
https://doi.org/10.1038/s41559-018-0745-6
https://www.r-project.org/
https://www.r-project.org/
https://doi.org/10.1111/j.1461-0248.2010.01557.x
https://doi.org/10.1126/sciadv.abd3524
https://doi.org/10.1126/sciadv.abd3524
https://doi.org/10.1111/j.0014-3820.2005.tb01004.x
https://doi.org/10.1111/j.0014-3820.2005.tb01004.x
https://doi.org/10.1046/j.1365-2486.2003.00635.x
https://doi.org/10.1046/j.1365-2486.2003.00635.x
https://doi.org/10.1073/pnas.0605642104
https://doi.org/10.1073/pnas.0605642104
https://doi.org/10.1086/282929
https://doi.org/10.1016/S0378-4290(98)00126-9
https://doi.org/10.1016/S0378-4290(98)00126-9
https://doi.org/10.1029/2007jg000503
https://doi.org/10.1029/2007jg000503
https://doi.org/10.1890/13-1000.1
https://doi.org/10.2307/2389893
https://doi.org/10.2307/2389893
https://doi.org/10.17660/ActaHortic.1984.149.3
https://doi.org/10.17660/ActaHortic.1984.149.3
https://doi.org/10.17660/ActaHortic.1984.149.3
https://doi.org/10.1016/j.ppees.2016.05.003
https://doi.org/10.1016/j.ppees.2016.05.003
https://doi.org/10.1890/0012-9658(2002)083%5B3508:MIADPF%5D2.0.CO;2
https://doi.org/10.1890/0012-9658(2002)083%5B3508:MIADPF%5D2.0.CO;2


854  |    ZI et al.

diversity, reproductive traits and geographical isolation. Plant 
Biology, 20, 157–165. https://doi.org/10.1111/plb.12626

Viechtbauer, W. (2010). Conducting meta-analyses in R with the meta-
for package. Journal of Statistical Software, 36(3), 1–48. https://doi.
org/10.1111/gcb.14525

Walker, L. R., & Chapin, F. S. (1987). Interactions among processes con-
trolling successional change. Oikos, 50(1), 131–135. https://doi.
org/10.2307/3565409

Walker, M. D., Wahren, C. H., Hollister, R. D., Henry, G. H. R., Ahlquist, 
L. E., Alatalo, J. M., Bret-Harte, M. S., Calef, M. P., Callaghan, T. V., 
Carroll, A. B., Epstein, H. E., Jónsdóttir, I. S., Klein, J. A., Magnússon, 
B., Molau, U., Oberbauer, S. F., Rewa, S. P., Robinson, C. H., Shaver, 
G. R., … Wookey, P. A. (2006). Plant community responses to ex-
perimental warming across the tundra biome. Proceedings of the 
National Academy of Sciences of the United States of America, 103(5), 
1342–1346. https://doi.org/10.1073/pnas.05031​98103

Walther, G. R., Beißner, S., & Burga, C. A. (2005). Trends in the upward 
shift of alpine plants. Journal of Vegetation Science, 16(5), 541–548. 
https://doi.org/10.1111/j.1654-1103.2005.tb023​94.x

Welker, J. M., Molau, U., Parsons, A. N., Robinson, C. H., & Wookey, P. (1997). 
Responses of Dryas octopetala to ITEX environmental manipulations: A 
synthesis with circumpolar comparisons. Global Change Biology, 3(S1), 
61–73. https://doi.org/10.1111/j.1365-2486.1997.gcb143.x

Wipf, S., Stoeckli, V., & Bebi, P. (2009). Winter climate change in alpine 
tundra: Plant responses to changes in snow depth and snowmelt 
timing. Climatic Change, 94(1), 105–121.

Wolkovich, E. M., Cook, B. I., Allen, J. M., Crimmins, T. M., Betancourt, J. L., 
Travers, S. E., Pau, S., Regetz, J., Davies, T. J., Kraft, N. J. B., Ault, T. R., 
Bolmgren, K., Mazer, S. J., McCabe, G. J., McGill, B. J., Parmesan, C., 
Salamin, N., Schwartz, M. D., & Cleland, E. E. (2012). Warming exper-
iments underpredict plant phenological responses to climate change. 
Nature, 485(7399), 494–497. https://doi.org/​10.1038/natur​e11014

Zanne, A. E., Tank, D. C., Cornwell, W. K., Eastman, J. M., Smith, S. A., 
FitzJohn, R. G., McGlinn, D. J., O'Meara, B. C., Moles, A. T., Reich, P. 
B., Royer, D. L., Soltis, D. E., Stevens, P. F., Westoby, M., Wright, I. J., 
Aarssen, L., Bertin, R. I., Calaminus, A., Govaerts, R., … Beaulieu, J. 
M. (2014). Three keys to the radiation of angiosperms into freezing 
environments. Nature, 506(7486), 89–92. https://doi.org/10.1038/
natur​e12872

Zinn, K. E., Tunc-Ozdemir, M., & Harper, J. F. (2010). Temperature stress 
and plant sexual reproduction: Uncovering the weakest links. 
Journal of Experimental Botany, 61(7), 1959–1968. https://doi.org/​
10.1093/jxb/erq053

DATA S O U RC E S
Aerts, R., Cornelissen, J. H. C., Dorrepaal, E., Van Logtestijn, R. S. P., & Callaghan, 

T. V. (2004). Effects of experimentally imposed climate scenarios on flower-
ing phenology and flower production of subarctic bog species. Global Change 
Biology, 10(9), 1599–1609.

Alatalo, J. M., & Little, C. J. (2014). Simulated global change: contrasting short and 
medium term growth and reproductive responses of a common alpine/Arctic 
cushion plant to experimental warming and nutrient enhancement. Springer 
Plus, 3(1), 1–10.

Alatalo, J. M., & Totland, Ø. (1997). Response to simulated climatic change in an 
alpine and subarctic pollen-risk strategist, Silene acaulis. Global Change Biology, 
3(S1), 74–79.

Barrett, R. T., & Hollister, R. D. (2016). Arctic plants are capable of sustained re-
sponses to long-term warming. Polar Research, 35(1), 25405.

Bokhorst, S., Bjerke, J. W., Bowles, F. W., Melillo, J., Callaghan, T. V., & Phoenix, 
G. K. (2008). Impacts of extreme winter warming in the sub-Arctic: growing 
season responses of dwarf shrub heathland. Global Change Biology, 14(11), 
2603–2612.

Bokhorst, S., Bjerke, J. W., Street, L. E., Callaghan, T. V., & Phoenix, G. K. (2011). 
Impacts of multiple extreme winter warming events on sub-Arctic heathland: 
phenology, reproduction, growth, and CO2 flux responses. Global Change 
Biology, 17(9), 2817–2830.

Cranston, B. H., Monks, A., Whigham, P. A., & Dickinson, K. J. (2015). Variation and 
response to experimental warming in a New Zealand cushion plant species. 
Austral Ecology, 40(6), 642–650.

Cui, S. J., Meng, F. D., Suonan, J., Wang, Q., Li, B. W., Liu, P. P., Renzeng, W. M., Lv, W. 
W., Jiang, L. L., Zhang, L. R., Li, X., Li, Y. M., Zhang, Z. H., Luo, C. Y., Tsechoe, D., 
& Wang, S. P. (2017). Responses of phenology and seed production of annual 
Koenigia islandica to warming in a desertified alpine meadow. Agricultural and 
Forest Meteorology, 247, 376–384.

Day, T. A., Ruhland, C. T., Grobe, C. W., & Xiong, F. (1999). Growth and reproduction 
of Antarctic vascular plants in response to warming and UV radiation reduc-
tions in the field. Oecologia, 119(1), 24–35.

de Valpine, P., & Harte, J. (2001). Plant responses to experimental warming in a 
montane meadow. Ecology, 82(3), 637–648.

del Cacho, M., Peñuelas, J., & Lloret, F. (2013). Reproductive output in 
Mediterranean shrubs under climate change experimentally induced by 
drought and warming. Perspectives in Plant Ecology, Evolution and Systematics, 
15(6), 319–327.

Dorji, T., Totland, Ø., Moe, S. R., Hopping, K. A., Pan, J., & Klein, J. A. (2013). Plant 
functional traits mediate reproductive phenology and success in response to 
experimental warming and snow addition in Tibet. Global Change Biology, 19(2), 
459–472.

Farnsworth, E. J., Nunez-Farfan, J., Careaga, S. A., & Bazzaz, F. A. (1995). Phenology 
and growth of three temperate forest life forms in response to artificial soil 
warming. Journal of Ecology, 83, 967–977.

Fox, L. R., Ribeiro, S. P., Brown, V. K., Masters, G. J., & Clarke, I. P. (1999). Direct and 
indirect effects of climate change on St John's wort, Hypericum perforatum L. 
(Hypericaceae). Oecologia, 120(1), 113–122.

Gao, F. G. (2010). Effect of warming and N addition to sexual reproduction of Stipa 
breviflora. Inner Mongolia Agricultural University.

Gao, S. (2017). Effects of warming and nitrogen addition on structure and function of 
Leymus chinensis community in Songnen grassland. Northeast Normal University.

Hobbie, S. E., Shevtsova, A., & Chapin, F. S., III. (1999). Plant responses to spe-
cies removal and experimental warming in Alaskan tussock tundra. Oikos, 84, 
417–434.

Hovenden, M. J., Wills, K. E., Chaplin, R. E., Vander Schoor, J. K., Williams, A. L., 
Osanai, Y. U. I., & Newton, P. C. (2008). Warming and elevated CO2 affect 
the relationship between seed mass, germinability and seedling growth in 
Austrodanthonia caespitosa, a dominant Australian grass. Global Change Biology, 
14(7), 1633–1641.

Hovenden, M. J., Wills, K. E., Vander Schoor, J. K., Chaplin, R. E., Williams, A. L., 
Nolan, M. J., & Newton, P. C. (2007). Flowering, seed production and seed mass 
in a species-rich temperate grassland exposed to FACE and warming. Australian 
Journal of Botany, 55(8), 780–794.

Jacques, M. H., Lapointe, L., Rice, K., Montgomery, R. A., Stefanski, A., & Reich, 
P. B. (2015). Responses of two understory herbs, Maianthemum canadense 
and Eurybia macrophylla, to experimental forest warming: Early emergence is 
the key to enhanced reproductive output. American Journal of Botany, 102(10), 
1610–1624.

Kang, B. Y., Xu, H. K., Jiang, F. Y., & Shao, X. Q. (2019). Responses of the sexual re-
productive of typical alpine plants to long-term warming. Acta Agrestia Sinica, 
27(02), 364–370.

Kang, F. X. (2020). Influence of Arbuscular Mycorrhizal Fungi on plant reproduc-
tion characteristics, yield and quality under warming and nitrogen deposition in 
Songnen Meadow. Northeast Normal University.

Klady, R. A., Henry, G. H., & Lemay, V. (2011). Changes in high arctic tundra plant 
reproduction in response to long-term experimental warming. Global Change 
Biology, 17(4), 1611–1624.

Klanderud, K. (2005). Climate change effects on species interactions in an alpine 
plant community. Journal of Ecology, 93(1), 127–137.

Klanderud, K., & Totland, Ø. (2005). The relative importance of neighbours and 
abiotic environmental conditions for population dynamic parameters of two 
alpine plant species. Journal of Ecology, 93, 493–501.

Kudo, G., & Suzuki, S. (2003). Warming effects on growth, production, and vege-
tation structure of alpine shrubs: A five-year experiment in northern Japan. 
Oecologia, 135(2), 280–287.

Lee, J. S. (2011). Combined effect of elevated CO2 and temperature on the growth 
and phenology of two annual C3 and C4 weedy species. Agriculture, Ecosystems 
and Environment, 140(3-4), 484–491.

Li, X. Y., Zhang, Y. B., Pan, K. W., Sun, C. R., Wang, K. Y., Wang, J. C., & Qi, D. 
M. (2009). Effects of elevated temperature on reproductive phenology and 
growth of Allium xichuanense and Anemone rivularis in timber line ecotone. 
Chinese Journal of Ecology, 28(1), 12–18.

https://doi.org/10.1111/plb.12626
https://doi.org/10.1111/gcb.14525
https://doi.org/10.1111/gcb.14525
https://doi.org/10.2307/3565409
https://doi.org/10.2307/3565409
https://doi.org/10.1073/pnas.0503198103
https://doi.org/10.1111/j.1654-1103.2005.tb02394.x
https://doi.org/10.1111/j.1365-2486.1997.gcb143.x
https://doi.org/10.1038/nature11014
https://doi.org/10.1038/nature12872
https://doi.org/10.1038/nature12872
https://doi.org/10.1093/jxb/erq053
https://doi.org/10.1093/jxb/erq053


    |  855ZI et al.

Liancourt, P., Spence, L. A., Boldgiv, B., Lkhagva, A., Helliker, B. R., Casper, B. B., & 
Petraitis, P. S. (2012). Vulnerability of the northern Mongolian steppe to climate 
change: insights from flower production and phenology. Ecology, 93(4), ​815–824.

Liu, Y., Mu, J., Niklas, K. J., Li, G., & Sun, S. (2012). Global warming reduces plant 
reproductive output for temperate multi-inflorescence species on the Tibetan 
plateau. New Phytologist, 195(2), 427–436.

Liu, Y., Reich, P. B., Li, G., & Sun, S. (2011). Shifting phenology and abundance under 
experimental warming alters trophic relationships and plant reproductive ca-
pacity. Ecology, 92(6), 1201–1207.

Llorens, L., & Penuelas, J. (2005). Experimental evidence of future drier and warmer 
conditions affecting flowering of two co-occurring Mediterranean shrubs. 
International Journal of Plant Sciences, 166(2), 235–245.

Molau, U. (1997). Responses to natural climatic variation and experimental warming 
in two tundra plant species with contrasting life forms: Cassiope tetragona and 
Ranunculus nivalis. Global Change Biology, 3(S1), 97–107.

Molau, U., & Shaver, G. R. (1997). Controls on seed production and seed germinabil-
ity inEriophorum vaginatum. Global Change Biology, 3(S1), 80–88.

Mølgaard, P., & Christensen, K. (1997). Response to experimental warming in a 
population of Papaver radicatum in Greenland. Global Change Biology, 3(S1), 
116–124.

Mu, J., Peng, Y., Xi, X., Wu, X., Li, G., Niklas, K. J., & Sun, S. (2015). Artificial asym-
metric warming reduces nectar yield in a Tibetan alpine species of Asteraceae. 
Annals of Botany, 116(6), 899–906.

Nyléhn, J., & Totland, Ø. (1999). Effects of temperature and natural distur-
bance on growth, reproduction, and population density in the alpine annual 
hemiparasite Euphrasia frigida. Arctic, Antarctic, and Alpine Research, 31(3), 
259–263.

Pan, C. C., Feng, Q., Zhao, H. L., Liu, L. D., Li, Y. L., Li, Y. Q., Zhang, T. H., & Yu, X. 
Y. (2017). Earlier flowering did not alter pollen limitation in an early flowering 
shrub under short-term experimental warming. Scientific Reports, 7(1), 1–6.

Pieper, S. J., Loewen, V., Gill, M., & Johnstone, J. F. (2011). Plant responses to natural 
and experimental variations in temperature in alpine tundra, southern Yukon, 
Canada. Arctic, Antarctic, and Alpine Research, 43(3), 442–456.

Pugnaire, F. I., Pistón, N., Macek, P., Schöb, C., Estruch, C., & Armas, C. (2020). 
Warming enhances growth but does not affect plant interactions in an alpine 
cushion species. Perspectives in Plant Ecology, Evolution and Systematics, 44, 
125530.

Saavedra, F., Inouye, D. W., Price, M. V., & Harte, J. (2003). Changes in flowering 
and abundance of Delphinium nuttallianum (Ranunculaceae) in response to a 
subalpine climate warming experiment. Global Change Biology, 9(6), 885–894.

Sandvik, S. M. (2001). Somatic and demographic costs under different tempera-
ture regimes in the late-flowering alpine perennial herb Saxifraga stellaris 
(Saxifragaceae). Oikos, 93(2), 303–311.

Sandvik, S. M., & Eide, W. (2009). Costs of reproduction in circumpolar Parnassia 
palustris L. in light of global warming. Plant Ecology, 205(1), 1–11.

Sandvik, S. M., & Totland, Ø. (2000). Short-term effects of simulated environmen-
tal changes on phenology, reproduction, and growth in the late-flowering 
snowbed herb Saxifraga stellaris L. Ecoscience, 7(2), 201–213.

Song, X. Y., Wang, G. X., Ran, F., Yang, Y., Zhang, L., & Xiao, Y. (2018). Flowering 
phenology and growth of typical shrub grass plants in response to simulated 
warmer and drier climate in early succession Taiga forests in the Da Hinggan 
Ling of northeast China. Chinese Journal of Plant Ecology, 42(5), 539.

Stenström, A. I. S. J., & Jónsdóttir, I. S. (1997). Responses of the clonal sedge, Carex 
bigelowii, to two seasons of simulated climate change. Global Change Biology, 
3(S1), 89–96.

Stenström, A., & Jónsdóttir, I. S. (2006). Effects of simulated climate change on 
phenology and life history traits in Carex bigelowii. Nordic Journal of Botany, 
24(3), 355–371.

Suzuki, S., & Kudo, G. (2000). Responses of alpine shrubs to simulated environmen-
tal change during three years in the mid-latitude mountain, northern Japan. 
Ecography, 23(5), 553–564.

Totland, Ø. (1997). Effects of flowering time and temperature on growth and re-
production in Leontodon autumnalis var. taraxaci, a late-flowering alpine plant. 
Arctic and Alpine Research, 29(3), 285–290.

Totland, Ø. (1999). Effects of temperature on performance and phenotypic selec-
tion on plant traits in alpine Ranunculus acris. Oecologia, 120(2), 242–251.

Totland, Ø., & Alatalo, J. M. (2002). Effects of temperature and date of snowmelt 
on growth, reproduction, and flowering phenology in the arctic/alpine herb, 
Ranunculus glacialis. Oecologia, 133(2), 168–175.

Totland, Ø., & Nyléhn, J. (1998). Assessment of the effects of environmental change 
on the performance and density of Bistorta vivipara: The use of multivariate 
analysis and experimental manipulation. Journal of Ecology, 86(6), 989–998.

Villellas, J., García, M. B., & Morris, W. F. (2019). Geographic location, local environ-
ment, and individual size mediate the effects of climate warming and neighbors 
on a benefactor plant. Oecologia, 189(1), 243–253.

Welker, J. M., Molau, U., Parsons, A. N., Robinson, C. H., & Wookey, P. A. (1997). 
Responses of Dryas octopetala to ITEX environmental manipulations: a syn-
thesis with circumpolar comparisons. Global Change Biology, 3(S1), 61–73.

Williams, A. L., Wills, K. E., Janes, J. K., Vander Schoor, J. K., Newton, P. C., & 
Hovenden, M. J. (2007). Warming and free-air CO2 enrichment alter demo-
graphics in four co-occurring grassland species. New Phytologist, 176(2), 
365–374.

Wookey, P. A., Parsons, A. N., Welker, J. M., Potter, J. A., Callaghan, T. V., Lee, J. A., 
& Press, M. C. (1993). Comparative responses of phenology and reproductive 
development to simulated environmental change in sub-arctic and high arctic 
plants. Oikos, 67, 490–502.

Wookey, P. A., Robinson, C. H., Parsons, A. N., Welker, J. M., Press, M. C., Callaghan, 
T. V., & Lee, J. A. (1995). Environmental constraints on the growth, photosyn-
thesis and reproductive development of Dryas octopetala at a high Arctic polar 
semi-desert, Svalbard. Oecologia, 102(4), 478–489.

Xu, Z. F., Hu, T. X., Wang, K. Y., Zhang, Y. B., & Xian, J. R. (2009). Short-term re-
sponses of phenology, shoot growth and leaf traits of four alpine shrubs in 
a timberline ecotone to simulated global warming, Eastern Tibetan Plateau, 
China. Plant Species Biology, 24(1), 27–34.

Yang, Y. (2017). Effects of nitrogen addition and warming on plant reproductive strat-
egy in an alpine meadow on the Tibetan Plateau. Nanjing Agricultural University.

Zhang, C., Ma, Z., Zhou, H., & Zhao, X. (2019). Long-term warming results in species-
specific shifts in seed mass in alpine communities. PeerJ, 7, e7416.

Zhao, Y. H., Wei, X. H., Shen, Z. X., Sun, L., & Sun, X. Y. (2011). Effect of simulated 
warming on the reproductive ecology of Carex thibetica Franch'. Ecology and 
Environmental Sciences, 19(8), 1783–1788.

SUPPORTING INFORMATION

Additional supporting information can be found online in the 
Supporting Information section at the end of this article.

How to cite this article: Zi, H., Jing, X., Liu, A., Fan, X., Chen, 
S.-C., Wang, H., & He, J.-S. (2023). Simulated climate warming 
decreases fruit number but increases seed mass. Global Change 
Biology, 29, 841–855. https://doi.org/10.1111/gcb.16498

https://doi.org/10.1111/gcb.16498

	Simulated climate warming decreases fruit number but increases seed mass
	Abstract
	1|INTRODUCTION
	2|METHODS
	2.1|Data compilation
	2.2|Statistical analyses

	3|RESULTS
	4|DISCUSSION
	4.1|Limited change in flower number under warming
	4.2|Reduced fruit number and unchanged seed number under warming
	4.3|Increased seed mass under warming

	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST
	DATA AVAILABILITY STATEMENT



