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Summary

� Evolutionary history shapes the interspecific relatedness and intraspecific variation, which

has a profound influence on plant functional traits and productivity. However, it is far from

clear how the phylogenetic relatedness among species and intraspecific variation could

contribute to the observed variance in plant biomass responses to climate warming.
� We compiled a dataset with 284 species from warming experiments to explore the relative

importance of phylogenetic, intraspecific, experimental and ecological factors to warming

effects on plant biomass, using phylogenetic eigenvector regression and variance decomposi-

tion.
� Our results showed that phylogenetic relatedness could account for about half the total

variance in biomass responses to warming, which were correlated with leaf economic traits at

the family level but not at species level. The intraspecific variation contributed to approxi-

mately one-third of the variance, whereas the experimental design and ecological characteris-

tics only explained 7–17%.
� These results suggest that intrinsic factors (evolutionary history) play more important roles

than extrinsic factors (experimental treatment and environment) in determining the

responses of plant biomass to warming at the global scale. This highlights the urgent need

for land surface models to include evolutionary aspects in predicting ecosystem functions

under climate change.

Introduction

Projections of Earth system models suggest a positive feedback
loop between the ecosystem carbon (C) cycle and global warm-
ing caused by the increasing anthropogenic CO2 emissions
(Jones et al., 2013). This feedback might be attenuated by
enhanced C sequestration from the climate-induced increase in
plant biomass. Plant biomass not only provides food and wood
and supports biodiversity, but it is also a primary driver of other
ecosystem processes such as production and decomposition.
Plant biomass responses to global warming are thus extremely
critical to maintaining ecosystem functions and sustaining
human welfare in the context of climate change (Jenkins, 2015;
Lohbeck et al., 2015). Although hundreds of manipulative exper-
iments world-wide have been carried out to examine the
responses of plant biomass to global warming, the results are
largely divergent (Lin et al., 2010; Way & Oren, 2010; Gornish
& Prather, 2014). For example, the biomass of prickly sida (Sida
spinosa) increased 40-fold when the growth temperature was ele-
vated from 23 to 36°C (Tungate et al., 2007), whereas a 15-fold
decrease was detected in perennial ryegrass (Lolium perenne)

when the temperature was elevated from 7 to 33°C (Hunt &
Halligan, 1981). Identifying the sources of this large variation
may provide insights into reducing model uncertainty and thus
deepen our understanding of ecosystem functioning under future
climate change.

Considerable efforts have been undertaken to assess the extent
to which experimental and ecological factors would affect
responses of plant biomass to warming (e.g. Lin et al., 2010; Way
& Oren, 2010). However, few studies have examined the impor-
tance of plant evolutionary history (e.g. interspecific relatedness
and intraspecific variation) in biomass responses to climate
warming. Global meta-analyses concluded that mean annual
temperature (MAT) and precipitation, warming magnitude,
experimental duration, nitrogen (N) addition and plant func-
tional type (PFT) all regulated biomass responses (Lin et al.,
2010; Way & Oren, 2010), but the relative importance of these
factors had not been quantified. Based on a dataset of 38 species,
Gornish & Prather (2014) suggested that leaf traits (e.g. leaf
longevity, N concentration and photosynthetic capacity) could
explain 21–46% of the total variance, leaving the majority of
variance to be resolved.
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The unresolved variance may result partly from the phyloge-
netic relatedness among species. At the community level, phylo-
genetic diversity represents the net amount of genetic changes in
a group of species and could be a significant driver of ecosystem
functioning (Cadotte, 2015). At the species level, phylogenetic
niche conservatism (PNC) drives closely related species to share
similar ecological and biological attributes in a suite of traits
related to plant morphology, phenology, leaf economics, water
conduction and nutrient utilization (Crisp & Cook, 2012;
Davies et al., 2013; Liu et al., 2015). The importance of these
plant traits to C sequestration and biomass accumulation has
been widely recognized (Bonan et al., 2012; Reich, 2014; Galm�es
et al., 2015). However, no studies have investigated to what
extent phylogenetic relatedness would explain the observed vari-
ance in the responses of plant biomass to warming, at either the
local or the global scale.

Intraspecific variation, which arises from genetic diversity and
phenotypic plasticity (Violle et al., 2012; Moran et al., 2016),
might be another factor in affecting plant biomass responses to
global warming. A recent synthesis quantified the variation of
intraspecific traits as 25% of the total trait variation within com-
munities and 32% among communities (Siefert et al., 2015). By
conducting manipulative experiments (Lep�s et al., 2011; Jung
et al., 2014; Malyshev et al., 2015) and synthesizing multiple
experimental results (de Dios et al., 2016), intraspecific variations
have been shown to regulate plant responses to environmental
changes such as warming, elevated CO2, drought, nutrient
enrichment and grazing. In the global warming experiments,
strong intraspecific responses were found among genotypes or
ecotypes for photosynthesis, growth and biomass in trees, herbs
and crops, suggesting differential tolerances or sensitivities to
global warming (Gesch et al., 2003; Bauerle et al., 2007; Glaubitz
et al., 2014). However, intraspecific variation is usually neglected
in examining the broad-scale patterns of plant responses to cli-
mate change, irrespective of the fact that it is an important com-
ponent of biodiversity and functional diversity (Hulshof et al.,
2013; Siefert et al., 2015; Moran et al., 2016).

In this study, we compiled a dataset of warming experiments
consisting of 1765 entries with 284 species. Based on the dataset,
we primarily aimed to quantify the relative contribution of phy-
logenetic relatedness among species (indicated by the phyloge-
netic information, i.e. the species relatedness expressed by a
phylogenetic tree), intraspecific variation, experimental design
and ecological characteristics to the total variance in responses of
plant biomass to warming. We also partitioned the biomass
responses into phylogenetic, intraspecific, experimental and eco-
logical components and explored the patterns and drivers of each
component to further develop a comprehensive understanding of
the variation of plant biomass response to global warming.

Materials and Methods

Data source and preprocessing

The data used in this study were extracted from peer-reviewed
papers published before October 2016 (Supporting Information

Notes S1), which were searched for in the Web of Science (www.
webofknowledge.com) and China National Knowledge Infras-
tructure (www.cnki.net) in relation to the English and Chinese
literature, respectively. The keywords included experimental
warming (‘warming’, ‘elevated temperature’, ‘temperature rais-
ing’, ‘temperature increase’, ‘increasing temperature’ or ‘tempera-
ture regime’) and biomass (‘biomass’, ‘growth’, ‘production’ or
‘productivity’). We searched for the three terms – ‘growth’, ‘pro-
duction’ and ‘productivity’ – for biomass, as many studies have
used plant biomass as the indicator of plant growth or productiv-
ity, especially in grasslands and croplands. Although these studies
focused on growth or productivity, their measurements of
biomass met our requirements. Only studies meeting the follow-
ing criteria were selected: the study species were terrestrial plants;
the study included two or more temperature regimes, and the
altered temperature regime was achieved by warming rather than
cooling (for experiments that had more than two temperature
regimes, the one closest to the natural growth temperature was
regarded as the control, and all higher temperature regimes were
considered as treatments); and the recorded variables included at
least one of the following variables: total biomass, root biomass,
shoot biomass, stem biomass or leaf biomass. For those studies
reporting multiyear results, only the values from the last year
were extracted.

The compiled dataset consisted of 1765 entries from 284
species, which were from 185 genera and 63 families in
bryophytes, gymnosperms, monocots and eudicots (Fig. S1;
Tables S1, S2). As some experiments were conducted on commu-
nities and some on individuals or populations, we separated the
dataset into Dataset Com (for species grown in communities)
and Dataset Ind (for species grown individually or in popula-
tions). This separation was necessary because for plants in a com-
munity, interspecific competition may regulate biomass
responses to warming.

The magnitude of biomass responses to warming was quanti-
fied by the natural logarithm of the response ratio (logeRR)
(Hedges et al., 1999):

loge RR ¼ loge
Xt

Xc

� �
Eqn 1

where Xt and Xc are the biomass of the treatment and control
groups, respectively. If there was no report on total biomass, the
logeRR of biomass in different plant organs (i.e. root, shoot, stem
and leaf biomass) was converted to that of total biomass via the
linear relationships between them across the whole dataset. The
best fit was used to convert in the order of the r2 of regression
models: shoot biomass (r2 = 0.92), followed by leaf (r2 = 0.91),
stem (r2 = 0.87) and root (r2 = 0.86) biomass (Fig. S2). As these
linear models had high r2 values, the conversion would not signif-
icantly influence the subsequent results. LogeRR can be translated
to a percentage change in biomass by using [exp(logeRR)
� 1]9 100%.

To investigate the relationships between phylogenetic compo-
nents and leaf traits, we collected the leaf traits data from TRY
datasets (www.try-db.org) for each species. The relevant variables
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included specific leaf area (SLA), leaf dry mass content (LDMC),
leaf C concentration based on mass (leafCmass) and area
(leafCarea), leaf N concentration based on mass (leafNmass) and
area (leafNarea), leaf C : N ratio, leaf longevity (LL), and maxi-
mum carboxylation rate at 25°C based on mass (Vcmax,mass) and
area (Vcmax,area). Each species-specific leaf trait was calculated as
the average value across the TRY dataset for each species. We
applied this approach rather than using distinct leaf traits from
warming experiments for two reasons. First, our purpose was to
relate the phylogenetic components to species-specific leaf traits.
However, the values of leaf traits from warming experiments
could have large intraspecific variation, which could bias the
results. The average values across numerous observations could
reduce the influence of intraspecific variation and derive more
robust results. Second, only few warming experiments reported
these leaf traits. Therefore, the TRY dataset was appropriate and
feasible for our study. TRY provides the most complete dataset
for leaf traits around the world. Although it is not possible to
completely eliminate the uncertainty from intraspecific variation,
we might be able to ignore the effects because a previous global
synthesis indicated that the leaf traits were relatively unchanged
compared with the variation in plant size (Price et al., 2014).

Partitioning the total variance

The total variance in biomass responses to experimental warming
(logeRR) was partitioned into phylogenetic, intraspecific, experi-
mental and ecological categories. The main challenge was to dis-
entangle the phylogenetic effects from other ones. Many methods
had been proposed to account for the phylogenetic effects, such
as phylogenetic signals (M€unkem€uller et al., 2012), phylogenetic
independent contrasts (Ackerly, 2009), phylogenetic generalized
least-squares model (Revell, 2010), phylogenetic mixed model
(Housworth et al., 2004) and phylogenetic eigenvector maps
(Gu�enard et al., 2013). These methods relied on the underlying
evolutionary models such as Brownian motion and Ornstein–
Uhlenbeck models. However, as the evolutionary processes might
be more complicated than the model assumption (Castiglione
et al., 2018; Revell et al., 2018), these methods could underesti-
mate the contribution of phylogenetic effects (Cadotte et al.,
2017). For that reason, we applied a purely data-driven variance
partitioning approach, the phylogenetic eigenvector regression
(PVR; Diniz-Filho et al., 1998; Desdevises et al., 2003), to parti-
tion the total variance in biomass responses. PVR was based on
multiple linear regression models with the explanatory variables
being both phylogenetic and nonphylogenetic ones (experimental
and ecological in this study). This method has the potential to
extract as many phylogenetic effects as possible. Specifically, the
phylogenetic variables were species scores along eigenvectors.
These eigenvectors were derived from phylogenetic distance
matrix by applying principal coordinate analysis. The distance
matrix was calculated from the phylogenetic tree of the 284
species being studied (Desdevises et al., 2003). The phylogenetic
tree was extracted from a global phylogenetic tree with 31 749
plant species using the online software PHYLOMATIC v.3 (phylodi-
versity.net/phylomatic; Zanne et al., 2014). The original

phylogenetic tree was based on seven gene regions (18S rDNA,
26S rDNA, ITS, matK, rbcL, atpB and trnL-F), available in
GenBank (www.ncbi.nlm.nih.gov/genbank). The experimental
variables included experimental type (field or pot), environmental
type (natural or control), warming facility (glasshouse, open-top
chamber, electric cable, infrared reflector, or infrared radiator),
experimental duration (in log10(d)), warming magnitude (DT, in
°C), water treatment (drought, ambient or irrigation), CO2 treat-
ment (ambient or CO2 enrichment), N treatment (low than
ambient, ambient or higher than ambient) and O3 treatment
(ambient or O3 exposure; not included in the models for Dataset
Com because of insufficient data). The ecological variables
included MAT, mean annual precipitation (MAP), PFT (moss,
forb, graminoid, deciduous shrub, evergreen shrub, deciduous
needleleaf tree, evergreen needleleaf tree, deciduous broadleaf
tree, or evergreen broadleaf tree) and photosynthetic pathway (C3

or C4).
The original PVR method only contained two categories of

the phylogenetic and nonphylogenetic variables (Diniz-Filho
et al., 1998; Desdevises et al., 2003). However, as we have three
classes of variables (phylogenetic, experimental, and ecological), a
modified version of PVR was applied. Basically, seven linear
regression models (23� 1) containing each class of variable and
their combinations were fitted and the corresponding r2 was used
as the measure of explanatory power for each model. Based on
the seven values of r2, the individual and joint contributions of
each class of variables and their combinations could be calculated
(see detailed descriptions in Methods S1). For models with exper-
imental variables (models D and DE; Methods S1), DT 2 was
considered as an explanatory variable to account for the nonlinear
effects of warming magnitude. Interactions of DT (and DT 2)
with experimental and ecological variables were also included to
examine the potential interactive effects. Model selection tech-
nique based on Akaike information criterion (Burnham &
Anderson, 2002) was applied to obtain the most parsimonious
models when necessary (Methods S1).

The relative contribution of intraspecific variation was quanti-
fied on the basis of the residuals (RESDEP) of model PDE (the
PVR model with all the three classes of variables as explanatory
variables; Methods S1). A linear regression model (model S) was
conducted with the response variable being RESDEP and the
explanatory variable being the species identities (i.e. species
names). The relative importance of intraspecific variation was
ð1� r2PDEÞð1� r2S Þ, where 1� r2PDE and 1� r2S are the propor-
tions of variance unexplained by models PDE and S, respectively.

Phylogenetic component analysis

The effect size of phylogenetic relatedness on biomass responses
to experimental warming was expressed as the predictive values of
model P (PVR model with the explanatory variables only includ-
ing the phylogenetic ones; Methods S1), which was referred to as
the phylogenetic component in this study. The magnitude of the
divergence and the relative contribution to tree-wide variation in
the phylogenetic component were calculated at each node in the
phylogenetic tree (Moles et al., 2005). The size of the divergence
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was represented as the standard deviation of the phylogenetic
component across daughter clades of the focal node. The contri-
bution of each node to tree-wide variation (relative contribution
index, CI) is the product of the variation in the focal clade that is
directly attributable to the focal divergence and the amount of
tree-wide trait variation that is attributable to terminal taxa
within the focal clade (Moles et al., 2005; Swenson & Enquist,
2007). We also calculated the average CI for each phylogenetic
group at levels from family to phylum to examine whether any
particular groups made large contributions to total variation. We
applied this approach to discover the importance of phylogenetic
information, rather than directly comparing the phylogenetic
components among different phylogenetic groups for three rea-
sons. First, the data among species were not independent, which
could create difficulties in testing significant differences. Second,
we could not expect systematic trends among different phyloge-
netic groups because the evolutionary processes might be ran-
dom. Third, even for the situation where there is a systematic
trend in the phylogenetic tree, the evolutionary rate could vary in
different clades. Therefore, a detailed investigation of the relative
contribution of each split in a phylogenetic tree to the total vari-
ance in biomass responses should be better than comparisons
among phylogenetic groups.

Relationships between phylogenetic components and leaf traits
were examined at the species, family and order/class levels to elu-
cidate the potential importance of phylogenetic conservatism.
The leaf traits at the family level were averaged from those at the
species level, and the leaf traits at the order level were averaged
from those at the family level. As the averages based on small
samples might not be as reliable as those based on large ones, the
relationship at the family and order/class levels was quantified by
weighted linear regression, with the numbers of species and fami-
lies being the weights. The results based on the weighted linear
regression showed significant relationships between the phyloge-
netic components and SLA, LDMC, leafCarea, leafNarea and LL
at the family level in Dataset Ind. To elucidate the interrelated
influences among these variables, path analysis was applied (Ship-
ley, 2004). The potential path model included the causal effects
of SLA on LDMC, leafCarea, leafNarea, LL and the phylogenetic
components; the causal effects of LDMC, leafCarea and leafNarea

on LL; the causal effects of LDMC, leafCarea, leafNarea and LL on
the phylogenetic components; and the covariance between any
two of LDMC, leafCarea and leafNarea. As there were missing data
for leaf traits, a pairwise correlation matrix was used as the input
data for the path model. The maximum likelihood estimator was
applied to parameterize the path model (Beaujean, 2014). The v2

test was conducted to obtain an acceptable model. If the corre-
sponding P-value of the model was < 0.05, the most nonsignifi-
cant path was deleted and the model was re-parameterized. This
procedure was repeated until the P-value was > 0.05.

Intraspecific component analysis

The effect size of intraspecific variation on biomass responses to
experimental warming was expressed as the residuals of model S,
which was referred to as the intraspecific component. The

standard deviation of intraspecific components within each
species was regarded as the magnitude of intraspecific variation
for the corresponding species. This measure of intraspecific varia-
tion represented a greater extent of genetic diversity rather than
phenotypic plasticity, because the impacts of experimental and
ecological factors were precluded. Differences in intraspecific
variation at different phylogenetic levels and among PFTs were
examined using the Kruskall–Wallis test. Model DE (PVR model
with the explanatory variables including both experimental and
ecological ones; Methods S1) was applied to each species with
> 10 entries to investigate the relative contributions of genetic
diversity and phenotypic plasticity at the species level. The distri-
bution characteristics of intraspecific variations were explored by
fitting four probability density functions (PDFs) with parameters
≤ 2 (i.e. the power-law, log-normal, exponential and Weibull dis-
tributions) against the data.

The power law distribution has a PDF of:

pðxÞ ¼ a� 1

xmin

x

xmin

� ��a

Eqn 2

where a > 1, and xmin > 0.
The PDF of log-normal distribution is:

pðxÞ ¼ 1ffiffiffiffiffiffi
2p

p
rx

e�
ðlog x�lÞ2

2r2 : Eqn 3

The PDF of exponential distribution is:

pðxÞ ¼ ke�kx Eqn 4

The PDF of Weibull distribution is:

pðxÞ ¼ a

b

x

b

� �a�1

e�
x
bð Þa : Eqn 5

Note that the PDF of exponential distribution has one param-
eter and those of other distributions have two parameters.

Experimental and ecological components

The effect sizes of experimental design and ecological characteris-
tics were expressed as the predictive values of models D and E
(PVR models with the explanatory variables being only the exper-
imental and ecological ones, respectively; Methods S1), which
were referred to as the experimental and ecological components,
respectively. The relative contribution of each experimental and
ecological variable was further separated by variance partitioning
based on model DE. Lindeman–Merenda–Gold values, which
provided a decomposition of the explained variance (Bi &
Chung, 2011), were used as the relative importance of each vari-
able (Lindeman et al., 1980; Murray & Conner, 2009). In multi-
ple regression models, the sequential r2 (proportion of type I sum
of squares (SS) to total SS) depends on the order of the regressors
(i.e. the explanatory variables in the regression model). The Lin-
deman–Merenda–Gold value of a regressor is the mean
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sequential r2 obtained by averaging over all possible orderings.
However, in model DE, the numbers of regressors were large (21
and 11 for Dataset Ind and Dataset Com, respectively) and thus
the numbers of potential arrangements were also huge (59 1019

and 49 107, respectively), making the regression practically
impossible. Therefore, it was necessary to modify the procedure.

The regressors in model DE were first classified into three cate-
gories: the experimental variables, the ecological variables and the
interactions. In regression analysis, the interactive effects should
always be considered after the main effects, so there were only
two possible orders for the regressors entering model: experimen-
tal variables, ecological variables, and their interactions; or eco-
logical variables, experimental variables, and their interactions.
Within each category, the regressors could fully change their
orders. The SS accounted for by each variable was averaged across
the corresponding type I SS from all the potential models. For
interactive terms, the SS was equally partitioned into the relevant
variables. Finally, the relative contribution of a variable was the
percentage contributed by its SS to the total SS of the category to
which it belonged.

Results

Relative importance of phylogenetic information,
intraspecific variation, experimental design and ecological
characteristics

Warming largely changed the plant biomass, with effects rang-
ing from a 93% reduction to a 44-fold increase in Dataset Ind
(for species grown individually or in populations), and from a
97% reduction to a 28-fold increase in Dataset Com (for
species grown in communities). The relative contributions of
phylogenetic information (an index for phylogenetic related-
ness), intraspecific variation, experimental design and ecological
characteristics to the total variance in biomass responses to
warming were similar between Dataset Ind and Dataset Com
(Fig. 1). In both datasets, phylogenetic information accounted
for the largest proportion of the total variance (56.29% and
42.69%, respectively), followed by intraspecific variation
(30.62% and 39.43%), experimental design (16.51% and 9.05-
%) and ecological characteristics (14.5% and 6.52%), leaving a

small part of variance unexplained (4.98% and 11.21%). The
joint contributions of phylogenetic information and experimen-
tal design were 12.66% and 8.54%, whereas those of phyloge-
netic information and ecological characteristics were 12.33%
and 9.20% in Dataset Ind and Dataset Com, respectively
(Fig. 1). Compared with experimental design and ecological
characteristics, the contributions of phylogenetic information
alone to the total variance were also the largest: 29.97% and
28.17% for Dataset Ind and Dataset Com, respectively (Fig. 1).
Note that we used phylogenetic, intraspecific, experimental and
ecological components to represent the effect sizes of the four
classes of factors on biomass responses to warming (logeRR
(TB), where TB represents the total biomass). The results
showed that the phylogenetic and intraspecific components
were more closely correlated with logeRR(TB) and their slopes
were nearer to 1 than those of the experimental and ecological
components in both Dataset Ind and Dataset Com (Fig. S3).

Phylogenetic components and their relationships to leaf
traits

The phylogenetic components varied extensively along the phylo-
genetic tree (�64% to +1841% and �94% to + 805% in
Dataset Ind and Dataset Com, respectively; Fig. S4) but changed
in a more restricted manner among families (Fig. S5). As the phy-
logenetic component was not independent among species, the
relative contribution to tree-wide variation (CI) was a more
appropriate index for determining the importance of each split in
the phylogenetic tree. In Dataset Ind, the splits between the
bryophytes and seed-bearing plants (CI = 0.1293) and between
Gymnospermae and Angiospermae (CI = 0.0804) had the largest
contributions (Fig. 2a; Table S3). However, in Dataset Com, the
most important splits were found at finer scales (Fig. 2b;
Table S4). The CI was not correlated with the time of divergence
in either dataset (Tables S3, S4).

The mean CI of species was also calculated from family to phy-
lum levels (Tables S5, S7). At the family level, variations within
Fabaceae (mean CI = 0.0092), Pinaceae (mean CI = 0.0064),
Myrtaceae (mean CI = 0.0042) and Poaceae (mean CI = 0.0023)
were highly important in Dataset Ind, whereas only that within
Fabaceae (mean CI = 0.0112) was important in Dataset Com

(a) (b)

Fig. 1 Relative contributions (%) to total
variance in biomass responses to
experimental warming (loge(response ratio)).
The four classes of factors were phylogenetic
information, intraspecific variation,
environmental design and ecological
characteristics. (a) Dataset Ind, for species
grown individually or in populations; (b)
Dataset Com, for species grown in
communities.
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(Table S5). The results at the order level were basically consistent
with those at the family level, but highlighted the importance of
Poales (mean CI = 0.0082) in Dataset Com (Table S6). At the
broader scale, bryophytes had a much larger mean CI with a
lower sample size than did gymnosperms, monocots and eudicots
(Table S7).

To examine the potential influence of PNC in leaf traits on
biomass responses to warming, the relationships between phylo-
genetic components and leaf traits were examined at different
phylogenetic levels and among PFTs (Table S8; Figs S6–S13).
However, strong relationships between phylogenetic components
and leaf traits were only found in Dataset Ind at the family level
(Figs 3, S14). The family-averaged phylogenetic component in
Dataset Ind was significantly correlated with SLA (r2 = 0.19,
P < 0.01), LDMC (r2 = 0.35, P < 0.01), leafCarea (r2 = 0.25,
P < 0.01), leafNarea (r2 = 0.13, P < 0.05), leaf C : N ratio
(r2 = 0.13, P = 0.05), and LL (r2 = 0.31, P < 0.05; Fig. 3a–f).
The results of path analysis showed that LDMC and LL had
direct effects on the phylogenetic components (standardized path
coefficients, q = 0.41 and 0.37, respectively; P < 0.05), whereas
SLA had indirect effects by regulating both LDMC and LL
(Fig. 3g).

Intraspecific components and their distributions

The intraspecific component ranged from �92% to +1068%
and from �89% to +460% in Dataset Ind and Dataset Com,
respectively. The relative contribution of experimental and

ecological factors to intraspecific variation varied dramatically
from species to species, with no robust explanatory factor being
identified (Fig. 4a–b). The results based on PVR models also
showed that the intraspecific variation (here referred to the varia-
tion within the same species but could not be explained by exper-
imental or ecological factors) did not show distinctive differences
among different phylogenetic groups or plant growth forms
(Figs S15–S18). However, as the frequency distributions of the
intraspecific variation in both datasets exhibited right-skewed
patterns (the occurrence of small values was more frequent than
that of large values; Fig. 4c–d), four candidate PDFs were fitted
to the observed intraspecific variation: the power-law, log-
normal, exponential and Weibull distributions. The results
showed that only the Weibull function fitted observed distribu-
tions well (Fig. 4e–f).

Relative importance of experimental and ecological factors

The experimental components ranged from �47% to +284%
and from �40% to +180% in Dataset Ind and Dataset Com,
respectively, whereas the ecological components ranged from
�25% to +225% and from �38% to +50%. Among the experi-
mental factors, warming magnitude (DT) and environmental
type (natural or control) were the two most important. The
importance of DT arose mainly from the interactions with other
factors, whereas environmental type was independent of the other
factors (Fig. 5a–b). Among the ecological factors, PFT and ther-
mal niche (indicated by the MAT) were the two most important

(a) (b)

Fig. 2 The relative contribution of each divergence node to tree-wide variation in the phylogenetic component. The phylogenetic component indicated the
biomass response that could be attributed to phylogenetic relatedness. The relative contribution index (CI) is indicated by the size of the red circle. The
exact CI value of the most important divergences can be found in Supporting Information Tables S3 and S4. (a) Dataset Ind, for species grown individually
or in populations; (b) Dataset Com, for species grown in communities.
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factors, with their importance mainly coming from the main
effects (Fig. 5c–d).

In Dataset Ind, the biomass responses to warming first
increased with DT and then decreased, exhibiting parabolic pat-
terns despite a series of covariates (experimental type, environ-
mental type, PFT, MAT, photosynthetic pathway, and MAP;
Fig. 6a–f). However, this pattern was not obvious in Dataset
Com (Fig. S19). In addition, significant main effects were also
found for water treatment, ozone treatment and experimental
duration in Dataset Ind (Fig. 6g–i), and for experimental and
environmental types, N treatment and PFT in Dataset Com
(Fig. S19c–f).

Discussion

Importance of phylogenetic niche conservatism

The differences in plant biomass responses to global warming
among PFTs, experimental conditions and taxonomic groups
(i.e. seed vs spore plants) have been well documented (Lin et al.,
2010; Way & Oren, 2010). However, plant evolutionary history
(i.e. interspecific and intraspecific relatedness) received less

attention in explaining the variance in biomass responses to
warming at a global scale. Among the four explanatory factors
(phylogenetic information, intraspecific variation, experimental
design and ecological characteristics), phylogenetic information
(an index for phylogenetic relatedness) was the most important,
accounting for half the total variance in biomass responses to
warming (Fig. 1). The importance of phylogenetic relatedness
largely stemmed from the tendency of closely related species to
have more similar traits compared with more distant relatives,
which was referred to as PNC (Wiens et al., 2010; Crisp & Cook,
2012). Previous studies suggested the strong PNC of leaf eco-
nomic spectrum (LES) traits (Liu et al., 2015), which played a
critical role in carbon sequestration (Wright et al., 2004). There-
fore, these traits may mediate the phylogenetic patterns in
biomass responses to warming. However, our results showed that
LES trait-mediated PNC was not prevalent at the species level,
except for those in the Fabaceae family (i.e. legumes). LES traits
were shaped not only by evolutionary relatedness but also by local
adaptation to utilize resources (Wright et al., 2004). The strong
selection pressure induced by these resources could introduce
variation that is independent of phylogenetic relatedness, thus
weakening the relationship between traits and the phylogenetic

(a) (b) (c)

(d)

(g)

(e) (f)
Fig. 3 Relationships between the
phylogenetic components and leaf traits at
the family level for Dataset Ind (for species
grown individually or in populations). The
phylogenetic component indicated the
biomass response that could be attributed to
phylogenetic relatedness. The regression
lines in (a)–(f) are from weighted linear
regression, with the weights being the
number of species (indicated by the size of
the open circles) in a certain family. The
result in (g) is from path analysis, with n = 43,
v2 = 9.345, df = 6, P = 0.155, CFI
(comparative fit index) = 0.974, r2 = 0.51 (for
the phylogenetic component). Single arrows
show the casual effects; double arrows
indicate the covarying variables. Solid and
dashed arrows are the significant and
nonsignificant effects, respectively. The
standardized path coefficient (q) is shown
beside the arrows. LDMC, leaf dry mass
content; leafCarea, leaf C concentration based
on area; leafNarea, leaf N concentration based
on area; SLA, specific leaf area; longevity,
leaf life span (log-transformed).
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component of biomass responses to warming. Within the
Fabaceae family, specific leaf area (SLA) positively regulated the
phylogenetic component (Fig. S7a), because nitrogen (N) fixa-
tion relieved the limitation of N on biomass accumulation
(Adams et al., 2016). As a result, the LES traits of Fabaceae
species might largely mirror their evolutionary relatedness and
were closely related to the phylogenetic components.

Contrary to the patterns at the species level, LES traits were
strongly correlated with phylogenetic components at the family
level in Dataset Ind (Fig. 3). According to the path analysis,
LDMC and longevity had directly positive effects on the family-
averaged phylogenetic components, whereas SLA exhibited an
indirectly negative effect (Fig. 3g). This suggests that slower-
growing plants may be more sensitive to global warming. By
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Fig. 4 The intraspecific variation of biomass response to experimental warming for Dataset Ind (for species grown individually or in populations) (a, c, e)
and Dataset Com (for species grown individually or in populations) (b, d, f). (a, b) Relative contribution of ecological characteristics (green bars) and
experimental designs (blue bars) to intraspecific variation in species with a sample size larger than 10. The residuals (red bars) contain all the information
that could not be explained by ecological and environmental factors, thus largely indicating the intraspecific variation caused by genetic diversity; these also
contain the effects of unconsidered factors or random errors. (c, d) Distribution of intraspecific variation (standard deviation of intraspecific component
within species) derived using the phylogenetic eigenvector regression method. (e, f) The fit of the four probability density functions to the observed
intraspecific variation. The y-axis indicates the cumulative distribution function across the corresponding x-value to the largest possible values.
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contrast, Gornish & Prather (2014) showed that the biomass
responses were negatively correlated with leaf longevity and posi-
tively with photosynthetic capacity across 38 species, suggesting
that faster-growing species had greater thermal sensitivity. The
contradictory results may imply the importance of plant evolu-
tionary history in explaining biomass responses to warming, as
the latter did not consider evolutionary aspects. Thus, the appar-
ent significant correlations between leaf traits and biomass
responses to warming at the species level in Gornish & Prather
(2014) could be primarily caused by ecological or experimental
factors rather than evolutionary ones. Moreover, with decreasing
MAT across large local and global regions, the leaf longevity of
needleleaf and evergreen trees increased and SLA decreased
(Wright et al., 2004; van Ommen Kloeke et al., 2012; Reich,
2014; Rosbakh et al., 2015). The results indicated that, at least
for these PFTs, slower-growing species tended to exhibit high
sensitivity to global warming. This is because plants with a colder
thermal niche might respond more strongly to global warming
on a large scale (Way & Oren, 2010).

At a broader level, the early divergence among bryophytes,
gymnosperms and angiosperms accounted for 21% of the total
variance in Dataset Ind (Fig. 2a; Table S3). The higher warming
sensitivity of biomass in spore (bryophytes) than in seed-bearing
plants (gymnosperms and angiosperms; Fig. S5) was the reverse
of Lin et al.’s (2010) results. In the latter, the suppressed
bryophyte biomass caused by climate warming in natural ecosys-
tems could be a result of the competition among species (Lin
et al., 210), as compared with our results with no competition.
The divergence between gymnosperm and angiosperm species

about 350 million yr ago (Table S3) triggered the increase in
angiosperm leaf vein density, which enhanced leaf hydraulic effi-
ciency and dramatically increased the photosynthetic capacity
(Crisp & Cook, 2012). Angiosperms were also found to have
thinner roots with higher specific root length and smaller root
diameter and tissue density (Liese et al., 2017). Thinner roots
were associated with ectomycorrhizal fungi which were more effi-
cient in acquiring nutrients than were arbuscular mycorrhizal
fungi (Chen et al., 2016). A recent study on root organization of
369 plant species suggested that thinner roots might reflect the
general evolutionary trend of root life strategies from conser-
vatism to opportunism, and from dependence on mycorrhizal
fungi to independence (Ma et al., 2018). These advantages with
thinner roots could increase the plant’s efficiency to absorb water
and nutrients (Chen et al., 2013), and shape the different
responses of biomass to warming between gymnosperms and
angiosperms. However, in general, the divergence age could not
predict the magnitude of the phylogenetic components well
(Tables S3, S4), indicating that the evolutionary rate might vary
among different clades (Revell et al., 2018).

Stochastic feature of intraspecific variation

Intraspecific variation was the second most important contributor
to warming effects on biomass (30–40%; Fig. 1). The signifi-
cance of intraspecific variation has also been highlighted for
species’ geographic distribution (Garz�on et al., 2011), species’
coexistence (Lichstein et al., 2007), and ecosystem responses to
extreme events (Messier et al., 2010; Shi et al., 2013; Malyshev

(a)

(c)

(b)

(d) Fig. 5 Relative importance of experimental
(a, b) and ecological factors (c, d). The values
were relative to the variance explained by
experimental and ecological components,
respectively for Dataset Ind (for species
grown individually or in populations) (a, c)
and Dataset Com (for species grown in
communities) (b, d). The interactive effect for
warming magnitude indicates the
interactions between warming magnitude
and other factors, whereas that for other
factors indicates their interactions with the
warming magnitude. MAT, mean annual
temperature; MAP, mean annual
precipitation.
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et al., 2015). However, consistent with previous studies, the rela-
tive contribution of genetic diversity and phenotypic plasticity
varied dramatically from species to species (Fig. 4a–b), and no
explicit drivers could be identified at the levels of family, order,
class/phylum or PFTs (Figs S13–S16; Moran et al., 2016).

Theoretically, crops and species with larger geographic distri-
butions may exhibit larger intraspecific variation because of more
diverse selection pressures (Martin et al., 2017) and stronger local
adaptation (M€unzbergov�a et al., 2017). However, these expecta-
tions could not be tested in our datasets, because most of the
global warming experiments were not designed to capture the
intraspecific variation but rather to examine the average response

of a species. Indeed, some common-garden experiments were car-
ried out with multiple genotypes or ecotypes, especially for crops,
but few of them were able to fully examine the potential
intraspecific variation (Gesch et al., 2003; Shi et al., 2013; Glaub-
itz et al., 2014). For example, there are at least > 40 000 varieties
of rice (Oryza sativa) worldwide (Brown, 2008), but the most
extensive warming experiments we found examined only 36 vari-
eties (Zhang et al., 2013), covering only a very small proportion
of the potential intraspecific variation.

Despite these difficulties, the pattern of intraspecific variation
was well fitted by the Weibull PDF which had only two parame-
ters (Fig. 4e–f). For poorly studied taxonomic groups, individual-

(a) (b) (c)

(d)

(g) (h) (i)

(e) (f)

Fig. 6 Effects of warming magnitude and other experimental or ecological factors on the biomass response to warming. If a certain factor has a significant
interaction with warming magnitude, the response of the function lines of loge(response ratio) (logeRR) to warming magnitude (DT) are shown for
different groups (a–f); otherwise, the main effect relative to the control condition is presented (g–i). Error bars in panels (g) and (h) are the 95% confidence
intervals. DSh, deciduous shrub; ESh, evergreen shrub; DNTr, deciduous needleleaf tree; ENTr, evergreen needleleaf tree; DBTr, deciduous broadleaf tree;
EBTr, evergreen broadleaf tree; CK, control.
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based models constructed communities by using virtual (simu-
lated) species (Mokany et al., 2016). This approach was usually
applied to validate theoretical models and predict biodiversity
composition and ecosystem functioning (Mokany et al., 2016).
Therefore, incorporating the Weibull PDF into these models
might provide insights into the potential influence of intraspecific
variation on ecosystem functioning and the theoretical mecha-
nisms behind these phenomena.

Implications for future experiments and model
development

In this study, we underscored the importance of phylogenetic
relatedness and intraspecific variation in plant biomass responses
to climate change. The variation induced by phylogenetic related-
ness was correlated with leaf traits at the family level, suggesting
that the phylogenetic conservatism signals could be passed to the
warming effects on plant biomass. PNC could be weakened under
a warming climate if plants fail to adapt to the rapidly changing
environment. Therefore, isolating the contribution of phyloge-
netic information from those of other factors will not only probe
the importance of phylogenetic relatedness but also potentially
provide deeper insights into the ecological roles of plant traits.

The importance of intraspecific variation to community
dynamics and ecosystem functioning might challenge the conclu-
sions drawn from average species traits (Violle et al., 2012; Maly-
shev et al., 2015). This is because the complicated nonlinear
relationships could introduce large uncertainty into ecosystem
models (Bolnick et al., 2011; Moran et al., 2016). Such uncer-
tainties remained in this study because the magnitude of
intraspecific variation could not be explained by any of the factors
investigated. However, if the different magnitudes in intraspecific
variation among species can be treated as a stochastic pattern,
they could be adequately represented by the Weibull distribution
in individual-based models.

Interspecific interactions should also be investigated because
some inconsistent results were found between Dataset Ind and
Dataset Com. However, it is difficult to disentangle the effects of
interspecific interactions from those of other factors without
well-designed experiments. A series of coordinated common-
garden experiments are needed to elucidate the regulation mecha-
nisms of each factor, as well as to separate the effects of phyloge-
netic conservatism and differential environments, and attribute
the intraspecific variation to either genetic diversity or phenotypic
plasticity.

This study, for the first time (to the best of our knowledge),
has quantified the relative contribution of evolutionary history to
the responses of plant biomass to global warming, using a purely
data-driven approach. Our study suggests that intrinsic drivers
(phylogenetic relatedness among species and intraspecific varia-
tion derived from evolutionary history) play more important
roles than extrinsic drivers (experimental treatment and environ-
ment) in determining the responses of plant biomass to warming.
In this regard, the changes in terrestrial ecosystem functions asso-
ciated with global warming might be unrealistically represented
by current ecosystem models (e.g. Bouskill et al., 2014).

Therefore, our study highlights the urgent need for global land
surface models to include evolutionary aspects in simulating plant
responses to climatic change, which requires further exploration
of the combined and interactive effects of ecological and evolu-
tionary factors on terrestrial ecosystems.
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