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Abstract
Aim: Climate warming and biodiversity loss both alter plant productivity, yet we lack 
an understanding of how biodiversity regulates the responses of ecosystems to warm-
ing. In this study, we examine how plant diversity regulates the responses of grassland 
productivity to experimental warming using meta- analytic techniques.
Location: Global.
Major taxa studied: Grassland ecosystems.
Methods: Our meta- analysis is based on warming responses of 40 different plant com-
munities obtained from 20 independent studies on grasslands across five continents.
Results: Our results show that plant diversity and its responses to warming were 
the most important factors regulating the warming effects on plant productivity, 
among all the factors considered (plant diversity, climate and experimental settings). 
Specifically, warming increased plant productivity when plant diversity (indicated by 
effective number of species) in grasslands was lower than 10, whereas warming de-
creased plant productivity when plant diversity was greater than 10. Moreover, the 
structural equation modelling showed that the magnitude of warming enhanced plant 
productivity by increasing the performance of dominant plant species in grasslands 
of diversity lower than 10. The negative effects of warming on productivity in grass-
lands with plant diversity greater than 10 were partly explained by diversity- induced 
decline in plant dominance.
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1  |  INTRODUC TION

Climate warming is affecting ecosystems worldwide, often with detri-
mental effects on biodiversity (Gruner et al., 2017; Trisos et al., 2020) 
and on a range of ecosystem functions such as plant growth (Rustad 
et al., 2001), carbon sequestration (Lu et al., 2013), and disease sup-
pression (Altizer et al., 2013). Greater plant diversity generally enhances 
ecosystem productivity as it represents greater trait diversity that 
make a community more likely to efficiently use resources (e.g., com-
plementarity effects), or through a greater likelihood of the presence of 
more productive species, also referred to as selection effects (Tilman 
et al., 2014). Biodiversity loss may amplify the negative effects of cli-
mate warming on ecosystem functions, and thereby reduce the stabil-
ity of ecosystem functioning, such as productivity (Hautier et al., 2015; 
Liu et al., 2018). Given the importance of biodiversity in regulating 
ecosystem functioning, understanding whether and how biodiversity 
mediates the responses of ecosystem functioning to climate warming 
would facilitate the integration of biodiversity into ecosystem models 
and help produce more realistic simulations of ecosystem processes in 
a changing world (Grace et al., 2016; Mokany et al., 2016).

Recent evidence suggests that warming can affect plant diversity 
and biomass differently. For example, warming- induced changes in 
plant diversity and biomass were positively correlated in a temper-
ate steppe (Zhu et al., 2015) and a desert steppe (Wang et al., 2014). 
In contrast, experimental warming increased plant diversity but de-
creased plant biomass in a temperate meadow (Zhang et al., 2015). 
Moreover, an experiment conducted on a Tibetan Plateau grassland 
suggested that warming altered the composition of plant species with-
out affecting the total production of plant biomass (Liu et al., 2018). 
We still know little about underlying mechanisms that drive such con-
trasting effects of warming on plant diversity and plant biomass.

One of the possible mechanisms for variations in warming effects 
on plant diversity and biomass is how warming may alter the stabiliza-
tion effects of diversity (higher resistance to environmental changes 
or less temporal variation of environmental fluctuations in plant com-
munities). High- diversity plant communities usually exhibit smaller 
temporal fluctuations in total biomass production despite the year- to- 
year environmental fluctuations and changes in species compositions 
(Tilman et al., 2014). In fact, this so- called stabilization effect of plant 
diversity on production could arise from several mechanisms (Loreau 
& de Mazancourt, 2013). For instance, when a set of plant species per-
forms worse in a given year owing to unfavourable climatic conditions, 

other plant species thrive, and thereby the total biomass production is 
relatively invariant (Hector et al., 2010; Tilman, 1996). This asynchrony 
of species’ responses makes any given species less likely to become 
dominant in the backdrop of changing environments (Wittebolle 
et al., 2009). Moreover, the overyielding effect induced by high diver-
sity can reduce the strength of demographic stochasticity and thus 
stabilize the community productivity (Loreau & de Mazancourt, 2013). 
Owing to these mechanisms, high biodiversity can buffer ecosystem 
responses and thereby enhance resistance to climatic changes such as 
extreme drought (Isbell et al., 2015; Wagg et al., 2017).

High diversity does not always imply a high stability of productiv-
ity. Species- rich grasslands could have low resistance to environmen-
tal perturbations (Pfisterer & Schmid, 2002). A recent experiment 
involving micro- ecosystems (i.e., using microcosms) also indicated 
that the ecosystem resistance to warming decreased with species 
richness (Pennekamp et al., 2018). The destabilizing effect of plant 
diversity (lower resistance to environmental changes or greater tem-
poral variation of environmental fluctuations in plant communities) 
could depend on biotic interactions, such as interspecific competi-
tion. Although competition among species is often considered as a 
stabilizing factor, recent evidence suggests that it could induce a de-
stabilizing effect on community properties, through greatly increas-
ing the population variability (Loreau & de Mazancourt, 2008, 2013).

To probe whether the observed variation of warming effects 
on plant productivity is regulated by different levels of plant diver-
sity, and if plant diversity levels have stabilizing (weaker response 
to warming) or destabilizing effects (stronger response to warming), 
we synthesized warming effects on plant diversity and productivity 
(more precisely community biomass) for 40 different plant communi-
ties in grasslands across five continents. We used structural equation 
modelling to delineate direct and indirect effects of warming on plant 
community biomass via shifts in plant community characteristics.

2  |  MATERIAL S AND METHODS

2.1  |  Data sources

The data used in this study were from peer- reviewed pa-
pers published before 2018. We searched for papers in Web  
of Science (http://www.webof knowl edge.com) and China 
National Knowledge Infrastructure (http://www.cnki.net, Chinese 

Main conclusions: Our findings suggest that the positive or negative effect of warming 
on grassland productivity depends on how biodiverse a grassland is. This may mainly 
be due to differences in how warming may affect plant dominance and subsequent 
shifts in interspecific interactions in grasslands of different plant diversity levels.

K E Y W O R D S
aboveground plant biomass, biodiversity loss, climate change, grassland, species dominance, 
stability
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literature). Keywords included “warming”, “elevated temperature”, 
“temperature rising/raising”, “temperature increase”, “increasing 
temperature” and “temperature regime”, and words describing 
relevant variables, such as “biomass”, “production” and “produc-
tivity”. Other relevant papers were also included by surveying 
the citations of the above searched papers. To be included in 
our analyses, the studies had to meet several criteria: (a) the re-
search was on grassland ecosystems; (b) the research included 
two or more growth temperature regimes, and the alternation 
of temperature was achieved by warming rather than cooling; (c) 
the warming experiment was carried out for at least one growing 
season; (d) the warming effects on biomass and biodiversity were 
directly reported or could be calculated. When a study included 
other treatments (e.g., CO2 enrichment, nitrogen addition, water 
manipulation and grazing), only the data from ambient and warm-
ing plots were used to avoid the possible confounding effects of 
other factors on plant diversity or community stability (Hautier 
et al., 2015). Furthermore, to minimize the (temporal) autocorre-
lation problem, when there were multiple published papers for a 
certain experiment, only the latest one was included. Similarly, for 
those studies reporting multi- year results, only the values from 
the last year were extracted. We also tabulated the auxiliary in-
formation, such as the location of the experiment, mean annual 
temperature and precipitation, warming facility (active or pas-
sive), warming magnitude, warming duration. In total, our dataset 
included 20 papers (a list of the data sources is given in Text S1.1 
of Supporting Information Appendix S1), describing 40 differ-
ent plant communities (Supporting Information Figure S1.1 and  
Data S1).

2.2  |  Biodiversity and warming response metrics

The plant diversity was quantified by the effective number of spe-
cies (ENS), which indicate the species richness of a perfectly even 
community with the same diversity index (Shannon’s diversity index, 
SDI) as the original community (Jost, 2006):

where SDI is:

where pi is the biomass proportion of species i relative to the 
total community biomass. Species richness, SDI and ENS were 
all used to explore the relationship between plant diversity and 
the responses of plant biomass to warming, but the results re-
ported here are mainly focused on ENS, because (a) ENS had a 
significant relationship with biomass responses, (b) the SDI can be 
transformed to ENS and (c) ENS as a measure of biodiversity is 
least affected by the rarity or the commonness of species pres-
ent within a community (Jost, 2006). Essentially, the results based 

on ENS are consistent with those based on SDI, because ENS is a 
monotonic function of SDI (Equation 1). We are aware that species 
richness is commonly used as the diversity index in other studies 
(e.g., Hautier et al., 2015; Isbell et al., 2015). As long as the vari-
ation in community evenness is constrained within a small range 
(which was the case for most of the studied biodiversity manipu-
lative experiments), results based on ENS do not largely deviate 
from those based on richness. For situations with large variation 
in community evenness (Supporting Information Figure S1.2), ENS 
might be a more effective measure of biodiversity, probably be-
cause one or two species might still be dominant in a community 
despite the high level of richness (Grime, 1998).

To investigate the warming- induced changes in community 
composition, the Simpson’s dominance index was used to indicate 
the contribution of dominant species to the total biomass (Smith & 
Wilson, 1996):

Higher dominance means that an ecosystem is largely composed 
of a few dominant species, implying lower community evenness. 
Note that a few studies reported the SDI but not the biomass of 
every species, which reduced the plant communities to 27 when the 
analysis involved the dominance.

The response of each variable to experimental warming was 
quantified by the natural logarithm of the response ratio (lnRR; 
Hedges et al., 1999):

where Xt and Xc are the means of a certain variable in the warming and 
control groups, respectively. lnRR can be converted to the percentage 
change by

The lnRR was also an indicator of ecosystem resistance to warm-
ing, with values close to zero indicating high resistance (implying 
weak response to warming). Therefore, the plant diversity showed 
a stabilization effect on productivity if the lnRR was closer to zero, 
whereas it exerted a destabilization effect if the lnRR was more posi-
tive or negative. Note that all the biodiversity and warming response 
metrics refer to the average values aggregated from experiment 
replicates.

2.3  |  Generalized additive mixed- effects model

The overall responses of plant diversity (ENS) and (community) 
aboveground biomass (AGB), the relationships between AGB, ENS 
and their responses to warming were examined by a generalized 

(1)ENS = eSDI

(2)SDI = −

n
∑

i=1

pilogpi

(3)Dominance = −

n
∑

i=1

p2
i

(4)lnRR = ln

(

Xt

Xc

)

= log(Xt) − log(Xc)

(5)Percentage change = (elnRR − 1) × 100%
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additive mixed- effects model (GAMM). Generalized additive mixed- 
effects modelling is a technique combining generalized additive and 
linear mixed- effects modelling into a single statistical framework, 
which can flexibly simulate nonlinear patterns and incorporate ran-
dom effects (Zuur et al., 2009). Community ID (experiments con-
ducted in the same community shared the same community ID) was 
considered as a random effect while other explanatory variables (e.g. 
warming and diversity) were used as fixed effects. As an example, 
the R code of the GAMM model (the R package details are provided 
in the Software section below) for the relationship between the AGB 
response and plant diversity was:

where AGB_yi is the AGB response and s() is the smoother of the 
GAMM. The marginal r2, which is the proportion of variance explained 
by the fixed effects, was used to indicate the predictive power of the 
explanatory variables. The total predictive power of both fixed and 
random effects was represented by the conditional r2. The normality 
assumption of model residuals was tested by the Shapiro– Wilk test. 
The variance homogeneity assumption of model residuals was tested 
by Fligner– Killeen tests between low-  and high- diversity communities. 
p values larger than .05 indicate no violation of normality or homoge-
neity assumptions.

2.4  |  Relative importance of multiple factors

Besides plant diversity effects, we also examined the effects of other 
confounding factors such as site- specific climatic characteristics 
(e.g., temperature, precipitation and aridity) and warming conditions 
used in the experiments (e.g., warming facility, magnitude and dura-
tion) to better understand the variation in AGB responses to warm-
ing (Lu et al., 2013; Shao et al., 2019). Moreover, the plant diversity 
was measured based on different plot sizes among study sites. As 
the sampled species may increase with sampling area at small spatial 
scales (Connor & McCoy, 1979), the plot size was also considered 
as a potential covariate in order to account for the imperfect esti-
mate of plant diversity. As there was no nonlinear pattern observed 
based on GAMM results for the separated low-  and high- diversity 
communities, linear mixed- effects models (LMMs) were conducted 
to investigate the relative importance of potential factors (including 
plant diversity) in explaining AGB responses to warming. Because 
of the insufficient data, we were unable to conduct a multiple LMM 
with all the explanatory variables. Therefore, to avoid the overfit-
ting problem, a two- step approach was applied. In the first step, the 
relationship between lnRR(AGB) and each variable was investigated 
separately by simple LMMs. The result suggested that only the ENS, 
the lnRR(ENS) and the (ΔT) were significantly related to lnRR(AGB). In 
the second step, a multiple LMM was conducted with ENS, lnRR(ENS) 
and ΔT as three explanatory variables. The difference in the marginal 

r2 between multiple LMMs with and without a given variable was 
considered as the partial r2, which quantified the relative importance 
of that variable (Hu et al., 2018). Similar to the GAMMs, the normal-
ity and homogeneity assumptions were tested for simple and multi-
ple LMMs. In simple LMMs, the homogeneity test was conducted by 
applying the Fligner– Killeen test between groups with low and high 
values of corresponding explanatory variables. In multiple LMMs, 
the Fligner– Killeen test was applied between groups with low and 
high fitted values. These low and high value groups were determined 
by the median. The variance inflation factor (VIF) was also calculated 
in the multiple LMMs in order to examine multicollinearity among 
the explanatory variables.

2.5  |  Direct and indirect effects on 
warming responses

To further investigate the direct and indirect effects of ΔT, ENS, 
lnRR(ENS) and lnRR(Dominance) on lnRR(AGB), we used a multi-
ple group structural equation model (SEM; Shipley, 2004). The 
AGB response was linked to warming magnitude, diversity, and 
the dominance response. The dominance response was regulated 
by diversity and warming magnitude, while the diversity response 
was regulated by warming magnitude and the dominance response. 
The covariation between the diversity response and the AGB re-
sponse was also included in the SEMs. The maximum likelihood 
method was used to obtain the SEM results. A χ2 test was used to 
examine if the hypothesized SEM was rejected by the data. The 
standardized path coefficient (ρ, the path coefficient when all the 
variables were standardized), which is analogous to the correlation 
coefficient, was used to quantify the effect size of one variable 
on another. To test whether causal relationships were comparable 
between ENS < 10 and ENS > 10 (these two categories of diversity 
levels emerged in our GAMM, details in Section 3.1), two multi-
ple group SEMs were used. The ρ of a concerned relationship was 
set to be different between groups for the first SEM and be the 
same for the second SEM. If the difference between the Akaike 
information criterion (AIC) values of the two SEMs was smaller 
than 2, the SEM with the same ρ was considered as a better model. 
Residual correlation matrices were calculated to examine if the 
interrelationships between different variables were appropriately 
explained by the SEM.

2.6  |  Software

All the analyses were conducted in the R software environment (ver-
sion 3.2.1, R Core Team, 2015). The LMMs, GAMMs, and the calcula-
tion of their test- statistics and fit to data were conducted with the 
R packages lme4 (Bates et al., 2015), mgcv (Wood, 2004), lmerTest 
(Kuznetsova et al., 2017), MuMIn (Bartoń, 2020), respectively. We 
ran the SEMs with the lavaan package (Rosseel, 2012).

(6)

mod < −gamm(AGB_yi∼ s(ENS), random= list(CommunityID= ∼1),

data=Data)
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3  |  RESULTS

3.1  |  Responses of plant diversity and aboveground 
biomass to warming

The responses of biodiversity to warming were −3.6% [the 95% con-
fidence interval (CI) was −43.3% to 13.4%, the percentage change 
was based on Equation 5], −5.0% (CI: −27.2% to 16.9%) and −8.3% 
(CI: −48.3% to 31.5%) for species richness, SDI and ENS, respectively 
(Figure 1). The response of AGB to warming was 2.6% (CI: −23.6% 
to 82.7%, Figure 1a). The AGB response to warming was not cor-
related to species richness but showed hump- shaped relationships 
with both SDI and ENS according to the GAMMs (Figure 2). Because 
the studied communities appeared to be divided naturally along the 
ENS axis into two clusters (Figure 2a,b), we classified them as either 
low-  (ENS < 10) or high- diversity plant communities (ENS > 10).

When the dataset was analysed for low-  and high- diversity plant 
communities separately, GAMM results suggested that the degrees 
of freedom (df) value of the smoother was close to 1, indicating lin-
ear models were sufficient to describe the pattern. Therefore, LMMs 
were applied and the results showed that with the increase in ENS, 
the warming effects on AGB dramatically increased in low- diversity 
grasslands (marginal r2 = .47, conditional r2 = .62, p = .002), but de-
creased in high- diversity grasslands (marginal r2 = .38, conditional 
r2 = .38, p = .004, Figure 2b).

3.2  |  Influence of other factors

Overall, factors other than plant diversity had little influence on 
the AGB responses to warming (Supporting Information Table S1.1). 
According to simple LMMs, ENS explained much larger variance in 

AGB response of low- diversity ecosystems than other climatic and 
experimental factors did (Figure 3a). In high- diversity plant commu-
nities, ENS, response of ENS to warming and warming magnitude 
were significantly related to the AGB response while other factors 
were not (Figure 3b).

To further quantify the relative contributions of ENS, the re-
sponse of ENS and warming magnitude to explaining the variation 
in AGB responses to warming, multiple LMMs were applied. The 
results highlighted the importance of ENS in low- diversity plant 
communities (partial r2 = .325, p = .011, Table 1). In high- diversity 
plant communities, however, all three of the factors were signif-
icant, although again the ENS response was the most important 
one (partial r2 = .428, p < .001), followed by warming magnitude 
(partial r2 = .119, p = .004) and ENS (partial r2 = .055, p = .036, 
Table 1). We did not find any violation of normality or homoge-
neity assumptions for the simple or multiple LMMs used in our 
analyses, except for the simple LMM relationships between lnR-
R(AGB) and ‘Facility’, as well as among warming magnitude, MAT 
and MAP; both were only presented in high- diversity communities 
(Supporting Information Table S1.2). The VIFs were 1.00, 1.06 and 
1.06 for ENS, lnRR(ENS) and ΔT, respectively, in the multiple LMM 
for low- diversity communities, and the values were 1.45, 1.08 and 
1.37 for high- diversity communities, suggesting no multicollinear-
ity in our mixed models.

3.3  |  Direct and indirect effects of multiple factors

Multiple group structural equation modelling showed that in low- 
diversity plant communities (ENS < 10), the plant diversity directly 
regulated the AGB response (path coefficient ρ = .63, p < .001, 
Figure 4a). Warming magnitude strongly regulated the plant 

F I G U R E  1  Summary of the responses of plant diversity and aboveground biomass (AGB) to warming. (a) Responses of effective number 
of species (ENS) and AGB to warming in low-  (ENS < 10) and high- diversity (ENS > 10) communities. (b) Responses of species richness and 
Shannon’s diversity index (SDI) to warming. Error bars represent the 95% confidence intervals (CIs) derived from the linear random effects 
models. Numbers above the error bars are the sample sizes. In high- diversity communities, the sample size for ENS and SDI (20) is smaller 
than that for AGB and richness (21) because there was no report of ENS or SDI change in one community. lnRR, natural logarithm of the 
response ratio
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    |  593SHAO et Al.

dominance responses (ρ = .56, p = .002), which in turn, negatively 
affected the diversity responses (ρ = −.44, p = .001) and positively 
affected the AGB response to warming (ρ = .24, p = .036). Overall, 
our model explained 36%, 22% and 53% of the variance in the re-
sponses of community dominance, diversity and AGB, respectively.

In high- diversity grasslands (ENS > 10), the diversity did not 
affect the AGB response directly but indirectly via decreasing the 
dominance response (ρ = −.42, p = .017, Figure 4b). The plant dom-
inance was relatively stable as warming magnitude did not have 
any significant effects on it (ρ = −.19, p = .274). AGB response was 
directly regulated by warming magnitude (ρ = −.44, p = .001) in 
contrast to indirect warming effects in low- diversity grasslands. 
A negative correlation was found between responses of diversity 
and AGB (ρ = −.41, p = .002). Overall, the SEM explained 25%, 
20% and 42% of the variance in the responses of community dom-
inance, diversity and AGB, respectively. The residual correlation 
matrices of the SEMs in low-  and high- diversity communities in-
dicated the SEMs appropriately represented the interrelationship 
among different variables (Supporting Information Tables S1.3 and 
S1.4).

4  |  DISCUSSION

Climate warming can have profound effects on both biodiversity 
and ecosystem functions (Lu et al., 2013; Rustad et al., 2001; Trisos 
et al., 2020). But how the responses of biodiversity and ecosystem 
functions to warming are linked, and what mechanisms underlie this 

relationship remain unclear (De Laender et al., 2016). Indeed, the 
responses of ecosystem functions to warming can be influenced by 
a number of factors, such as climatic conditions, biodiversity levels 
and even the experimental design (Liu et al., 2018; Lu et al., 2013). 
Our meta- analysis suggests that the level of plant diversity itself 
and how the plant diversity respond to warming collectively deter-
mine grassland AGB responses to experimental warming (Figure 3 
and Table 1). Specifically, diversity nonlinearly regulated the AGB 
responses to warming, with a positive effect in low- diversity com-
munities (ENS < 10) and a negative effect in high- diversity ones 
(ENS > 10) (Figure 2a,b). Moreover, our results suggest the impor-
tance of shifts in plant dominance due to warming (or a lack of it) in 
determining how warming may affect plant biomass in grasslands 
(Figure 4).

Several possible mechanisms can be suggested for the increas-
ing AGB responses to warming in low- diversity plant communi-
ties. First, the selection effect might make the presence likelihood 
of species with strong responses increase with plant diversity 
(Tilman et al., 2014). Second, the gradual addition of species to 
low- diversity communities will likely enhance the niche hypervol-
ume and improve resource acquisition, and thereby an overall effi-
cient utilization of resources for the whole plant community (Liang 
et al., 2015; Tilman et al., 2001). As a result, the enriched nutri-
ent availability due to warming (Bai et al., 2013) could increase the 
complementarity effect with increasing plant diversity (van Zuidam 
et al., 2019). Third, increases in plant diversity could enhance the 
biomass responses to warming through increases in soil moisture 
(Cowles et al., 2016).

F I G U R E  2  Relationship between 
biodiversity and responses of 
aboveground biomass (AGB) to warming. 
(a) Relationship between effective 
number of species (ENS) and the natural 
logarithm of the response ratio of AGB 
[lnRR(AGB)] in low-  and high- diversity 
communities. The regression line is based 
on the generalized additive mixed- effect 
model (GAMM). Conditional r2 = .65. (b) 
The same as (a) but the regression lines 
are derived from separate linear mixed- 
effects models (LMMs). The conditional 
r2 was  .62 and .38 for low-  and high- 
diversity communities, respectively. 
(c) Relationship between richness and 
lnRR(AGB). No significant relationship was 
found. (d) Relationship between Shannon’s 
diversity index (SDI) and lnRR(AGB). The 
regression line is based on the GAMM. 
Conditional r2 = .71. Black, red and blue 
dashed lines indicate the 95% confidence 
intervals (CIs). *p < .05
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The increasing AGB will eventually induce a stabilizing effect 
called the ‘overyielding effect’, that is, the enhanced total biomass 
will reduce the strength of demographic stochasticity (Tilman, 1999). 
We suspect that if the increase in plant diversity consistently reduces 
the demographic stochasticity, it could eventually partly contribute 
to the decreasing AGB responses in plant communities with ENS 
lower than 20 (Figure 2a,b). Moreover, the stabilizing pattern might 

also be derived from the insurance effect, that is, the synchrony in 
species responses to warming may decrease at high plant diversity 
(Loreau & de Mazancourt, 2013; Yachi & Loreau, 1999).

However, our speculations concerning the overyielding and in-
surance effects do not apply to the results when ENS was larger than 
c. 20, where we observed a destabilizing pattern in plant biomass 
(i.e., stronger negative biomass response to warming: Figure 2a,b). 
We suspect that this finding may be related to interspecific com-
petition in high- diversity plots. While interspecific competition 
has traditionally been treated as a stabilizing factor within diverse 
plant communities, recent studies indicate that it can decrease the 
community temporal stability by increasing the variability of indi-
vidual species responses (de Mazancourt et al., 2013; Loreau & de 
Mazancourt, 2008, 2013). Therefore, we suspect that, in communi-
ties with ENS larger than 20, species with small population sizes were 
potentially more vulnerable to environmental perturbations, even-
tually decreasing the resistance of such plant communities (in terms 
of biomass production) to warming (Loreau & de Mazancourt, 2013).

The structural equation modelling showed that plant diversity 
can indirectly regulate AGB responses through the variation in com-
munity dominance in high-  but not in low- diversity communities 
(Figure 4). Warming- induced shifts in plant dominance may depend 
on species- specific responses to higher temperatures. Indeed, we 
cannot conclude if dominance- driven biomass responses in high- 
diversity communities could be entirely independent of shifts in 
species interactions, given that interspecific interactions can deter-
mine both overyielding and insurance effects (Loreau et al., 2021). 
Moreover, the exhausted soil resources and increased water stress 
due to high transpiration (Paquette et al., 2018) could intensify the 
interspecific competition and thereby destabilizing the community 
biomass, at least when the ENS > c. 20 (Figure 2a,b).

There are several uncertainties around the main finding of our 
study. First, in the context of nutrient enrichment, it has been re-
ported that the increase of nutrient availability can initially enhance 
plant biomass and reduce plant diversity, but the loss of diversity 
over time eventually can diminish the positive effect of nutrient en-
richment on biomass (Isbell et al., 2013). We still know little about 
whether such a temporally dependent relationship exists for cli-
mate warming effects on plant diversity and productivity given the 

F I G U R E  3  Importance of biodiversity, experimental design and 
climate to the variance in the natural logarithm of the response 
ratio of aboveground biomass [lnRR(AGB)] in low-  (a) and high- 
diversity (b) plant communities. The importance was quantified 
by the marginal r2 of linear mixed effects models with lnRR(AGB) 
as the response variable and biodiversity measures, experimental 
duration and climatic factors as the explanatory variables. The blue 
and red bars indicate positive and negative effects, respectively. 
Note that grey bars are drawn for only facility, because it is a 
categorical factor. ENS, effective number of species; Plot size, 
size of the experimental plot; Facility, warming facility (active 
or passive); ΔT, warming magnitude; Duration, experimental 
duration (days); MAT, mean annual temperature; MAP, mean 
annual precipitation; Aridity, aridity index as the ratio between 
precipitation and potential evapotranspiration. *p < .05

(a) (b)

ENS < 10 ENS > 10

Coefficient 95% CI r2 Coefficient 95% CI r2

Fixed

ΔT .051 [−.039, .142] .049 −.086 [−.131, −.040] .119

ENS .164 [.063, .264] .325 −.051 [−.094, −.009] .055

lnRR(ENS) −.017 [−.111, .076] .000 −.111 [−.146, −.075] .428

Total .428 .853

Random .257 .067

Total .685 .920

Abbreviations: ENS, effective number of species; lnRR, natural logarithm of the response ratio; ΔT, 
warming magnitude.

TA B L E  1  Standardized coefficients, 
95% confidence intervals (CIs) and partial 
r2 of multiple linear mixed- effects models 
for responses of aboveground biomass 
to warming. r2 of each fixed factor 
represents the relative contribution after 
controlling the other variables
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paucity of long- term warming studies. In some systems, the plant 
diversity was shown to be resistant to warming in the first several 
years, but changed in the later years (Shi et al., 2015). A long- term 
experiment (it ran for 18 years) showed that the plant diversity in 
warmed plots was comparable to that in ambient temperature plots 
but with different community composition (Zhang et al., 2017). 
Therefore, although both our study and an earlier meta- analysis 
(Gruner et al., 2017) indicated non- significant effects of experimen-
tal duration on the responses of diversity or biomass to warming 
(Supporting Information Table S1.1), we cannot rule out the possi-
bility of temporal dependency of warming effects on plant diversity 
or plant biomass production, given that temporal effects of plant 
diversity themselves can affect diversity– productivity relationships 
through several biotic processes (Thakur et al., 2021).

Second, the grasslands included in this study had an ENS up 
to 30, which is in general lower than the species richness in many 
natural grasslands, especially in tropical areas where species rich-
ness can be more than 70 per 100– 1,000 m2 (Faber- Langendoen 
& Josse, 2010). Given the recent insights about the varying role 

of interspecific competition in (de)stabilizing ecosystem func-
tions (de Mazancourt et al., 2013; Loreau & de Mazancourt, 2008, 
2013), we encourage future studies to examine how the role of in-
terspecific competition may vary among grasslands that are highly 
species- rich versus ones that are moderately rich (as in our study). 
Moreover, we need studies with a longer gradient of biodiversity 
especially in tropical areas, along with a sophisticated experimen-
tal design consisting of additional monocultures of each plant spe-
cies, in order to disentangle and quantify the exact contribution of 
interspecific competition to ecosystem functioning under climate 
change.

Finally, we also caution readers that owing to the limited sample 
size (40 plant communities from 20 studies) and the uneven distribu-
tion of warming experiments (only one experiment each in Australia 
and Antarctica), our main results are premature for any generaliza-
tion at the global scale. Despite the hundreds of manipulative warm-
ing experiments that have examined plant productivity responses 
to warming across the world (Song et al., 2019), many of these ex-
periments do not report the productivity (or biomass) of every plant 

F I G U R E  4  The direct and indirect effects of diversity, community dominance and warming magnitude on warming- induced changes 
in aboveground biomass (AGB) in low-  (a) and high- diversity communities (b). The results are based on the multiple group structural 
equation model (df = 11, χ2 = 10.45, p = .491, CFI (comparative fit index) = 1.00, RMSEA (root mean square error of approximation) = 0.00). 
Single arrows are causal relationships while double arrows represent covarying ones. Blue and red lines represent positive and negative 
relationships, respectively, while solid and dashed lines indicate significant (p < .05) and non- significant (p > .05) relationships, respectively. 
The thickness of the arrows is proportional to the magnitude of the relationships. The values beside the arrows are the standardized path 
coefficients, which represent the effect size of one variable on another. Parentheses around a path coefficient indicate that there was no 
difference between low-  and high- diversity communities according to the Akaike information criterion
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Diversity

Dominance response
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Diversity response

AGB response
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species, which subsequently prevented us from conducting any de-
tailed analyses on stabilization effects of plant diversity on produc-
tivity in warming experiments. Nevertheless, the nonlinear diversity 
effect and corresponding mechanisms (e.g., shifts in dominant plant 
species in response to warming and diversity) found in this study 
provide a potential explanation for the diversity– ecosystem func-
tion relationships obverved in warmer environments (Ammer, 2019; 
Paquette et al., 2018).

The paramount importance of biodiversity in regulating eco-
system functions under climate change found in our and other 
studies (Hautier et al., 2015; Hooper et al., 2012; Liu et al., 2018; 
Thakur et al., 2015) highlights the necessity of incorporating di-
versity effects into current ecosystem models for predicting eco-
system functions in a changing world (Grace et al., 2016). Climate 
warming generally causes species loss, which has been shown 
to threaten the provisioning of various ecosystem functions 
(Harrison, 2020; Klein et al., 2004). The link between biodiversity 
and ecosystem functions in responses to warming could in fact de-
pend on biodiversity itself, at least across grasslands. The nonlin-
ear diversity effect found in this study could very well depend on 
how underlying biotic and abiotic mechanisms differ between low 
(less than ENS c. 10 in our study) and high (higher than ENS c. 10 
in our study) diversity grassland systems. We have speculated that 
mechanisms involving species interactions through shifts in plant 
dominance might become relatively more important in grasslands, 
which will need both theoretical and experimental scrutiny in fu-
ture studies. We therefore encourage the incorporation of both 
plant diversity and dynamics of species interactions as two crucial 
biotic factors to help improve predictions of warming effects on 
grassland productivity and stability.
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