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Meta-analysis of the impact
of future climate change on
the area of woody plant
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Climate change poses a very serious threat to woody plants, and it is important to
study its impact on the distribution dynamics of woody plants in China. However,
there are no comprehensive quantitative studies on which factors influence the
changes in the area of woody plant habitats in China under climate change. In
this meta-analysis, we investigated the future suitable habitat area changes of 114
woody plant species in 85 studies based on MaxEnt model predictions to
summarize the future climate change impacts on woody plant habitat area
changes in China. It was found that climate change will result in a 3.66%
increase in the overall woody plant suitable areas and a 31.33% decrease in the
highly suitable areas in China. The mean temperature of the coldest quarter is the
most important climatic factor, and greenhouse gas concentrations were
inversely related to the area of future woody plant suitable areas. Meanwhile,
shrubs are more climate-responsive than trees, drought-tolerant plants (e.g.,
Dalbergia, Cupressus, and Xanthoceras) and plants that can adapt quickly (e.g.,
Camellia, Cassia, and Fokienia) and their appearance will increase in the future.
Old World temperate, Trop. Asia and Trop. Amer. disjuncted, and the Sino-
Himalaya Floristic region are more vulnerable. Quantitative analysis of the
possible risks to future climate change in areas suitable for woody plants in
China is important for global woody plant diversity conservation.
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1 Introduction

Over the past century, the planet has warmed by 1.1°C, and this warming is projected to
exceed 1.5°C in the coming decades even with very low greenhouse gas (GHG) emissions
(Rutledge, 2011; Portner et al, 2022). Current climate change has already led to a
significant reduction in forest vegetation globally, with the continued movement of
species to polar and high-altitude regions (McKenney et al.,, 2007; Leadley et al., 20105
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Zhou et al., 2014; Greenwood et al., 2017; Pecl et al., 2017; Anchang
et al,, 2019). Such impacts will continue to increase under future
climate change and will outweigh human impacts causing habitat
destruction (Hewitt, 2000; Parmesan et al., 2000; Parmesan and
Yohe, 2003; Engler et al.,, 2011; Pecl et al.,, 2017). China is one of the
most biodiversity-rich countries in the world, but under the
disturbance of climate change, China has also become one of the
countries with the most threatened biodiversity in the world
(Mcneely et al., 1990; Su et al.,, 2018; Peng et al., 2022). Among
the more than 30,000 species of higher plants in China, woody
plants (defined as those that maintain prominent aboveground
stems that persist over time and under changing environmental
conditions) (Zanne et al., 2014) account for almost one-third of its
total plants (Tang et al., 2006; Xie et al,, 2021). Climate change poses
a very serious threat to woody plants, with extinction rates reaching
30% in extreme cases (Zhang et al., 2014; Ahmed et al.,, 2015; Koo
et al,, 2015). Bezeng et al. (2017) simulated the potential future
ranges of 162 species of woody plants in South Africa and found
that more than 50% of the suitable areas for these species will
be reduced. Therefore, understanding the future dynamics
of woody plants in China is of great importance for global
biodiversity conservation.

Species distributions and habitat areas represent the constraints
and dispersal effects of environmental factors (Brown et al., 1996).
The effects of factors such as temperature, CO, concentration and
climate on the growth of woody plants have been the subject of
several studies (Zanne et al., 2014; Baig et al., 2015; Zhang et al.,
2016; Liu et al,, 2018; Peng et al., 2021). To further investigate the
effects of climate change on plant distribution dynamics, several
research have used species distribution models (SDMs) to simulate
changes in the geographic distributions and areas of plants (Guisan
and Thuiller, 2005; Alo and Wang, 2008; Valavi et al., 2022) to study
the effects on species distribution patterns, which is essential for
developing strategies for future biodiversity conservation (Bellard
et al,, 2012). In addition, to further achieve China’s goal of ‘peak
carbon and carbon neutrality’, a series of emission reduction
measures have been implemented, with forest carbon
sequestration being one of the key directions (Wei et al., 2022).
The species distribution model predicts suitable distribution
patterns for regional tree species, based on which species biomass,
carbon stocks and carbon sequestration potential can be more
effectively assessed (Wang et al., 2022). The MaxEnt model is
widely used as the SDM with the best accuracy and software
utility (Yan et al,, 2021; Zhao et al., 2021; Wu et al.,, 2022), and as
of 2019, 80.1% of 33 simulated plant distribution models have
utilized the MaxEnt model (Merow et al., 2013; Ahmed et al., 2015;
Liu et al., 2019). However, there are no comprehensive quantitative
studies on which factors influence changes in the area of woody
plant habitats in China under climate change and to what extent.
Therefore, based on the MaxEnt model, this study synthesized 85
articles with 115 woody plant species and 959 effect sizes (528 effect
sizes for the overall suitable areas and 431 effect sizes for the highly
suitable areas) for meta-analysis to investigate the distribution of
suitable areas for woody plants in China under current and future
climate change. To address the important question of future climate
change impacts on woody plants in China, we developed four
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questions and hypotheses. (a) Will future climate change
negatively affect both overall and highly suitable areas? (b) What
are the main climatic factors affecting future changes in the area of
suitable areas? (c) Do higher concentrations of greenhouse gas
emissions affect the size of the suitable zone? (d) Will woody plants
of different attributes (life type, genus, and floristic region) be
affected in approximately the same way. This study quantitatively
analyses the future area of woody plant habitats in China to
understand their trends under climate change and their main
influencing factors and provide a basis for Chinese forest
management authorities to develop effective measures to protect
woody plants, regulate the adaptive capacity of natural systems and
conserve biodiversity.

2 Materials and methods
2.1 Data sources

In this study, relevant data were collected through a systematic
literature search for relevant studies published between 1990 and
May 2022 through Web of Science, Google Scholar, and China
National Knowledge Infrastructure (CNKI) on June 1, 2022, using
the following keywords: “MaxEnt”, “climate change”, “future”, “
China”, “distribution”, and “plant”.

The selection criteria were as follows: (1) studies contain
projections for woody plants within China and do not contain
projections that were beyond the scope of China or smaller than the
scope of China (e.g., local scope of China such as northwest,
southeast, and Yunnan provinces of China); (2) studies contain
models of only a single species individually using MaxEnt and not
models of more than two species uniformly, such as a type or a
family; (3) the studies use MaxEnt to model both contemporary and
future climate change impacts on woody plant distribution
dynamics and do not assess only contemporary or only future
distribution dynamics; (4) the studies use area under the curve
(AUC) values greater than 0.8 (high model accuracy); and (5) the
studies document the contribution of climatic factors to changes in
the distribution of woody plants.

We searched tens of thousands of articles by keywords, and we
simply excluded studies that were not woody plants (animals, pests,
herbs, etc.) by visually checking the study titles on the web pages
and obtained 1228 studies for in-depth screening and inspection. A
total of 1228 articles were searched through Web of Science, Google
Scholar, and China National Knowledge Infrastructure (CNKI) to
visually exclude articles on nonplant studies (e.g., animals, pests and
diseases). First, since the word woody plants is not usually included
directly in the articles, we read the titles to exclude articles with
nonwoody plants, studies in areas larger or smaller than the scope of
China (e.g., studies in northwestern China, southeastern China,
Yunnan Province, and other local areas of China), and articles with
duplicate contents and selected from these 1228 articles current and
future studies on woody plants in China based on the MaxEnt
model. From these 1228 articles, we selected 683 studies based on
the MaxEnt model to simulate the current and future fitness zones
of Chinese woody plants. Second, by reading the abstracts, we
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further excluded those studies that were not woody plants, those
that studied areas larger or smaller than the Chinese range, and
those that did not use the MaxEnt model or those that used the
MaxEnt model but had an AUC value less than 0.8. A total of 253
studies of woody plants in China based on the MaxEnt model were
screened out. Finally, by reading the full text, we excluded studies
that used the same MaxEnt model to study multiple woody plants
(e.g., the whole genus or a dozen plants combined), cultivated
plants, studies that did not use climate factors for modelling, and
studies that did not record the contribution of climate factors after
modelling. Finally, 85 research papers meeting the criteria,
including 64 studies in Chinese and 21 studies in English, were
screened for meta-analysis (Figure 1).

For the literature that was selected, the following data were
extracted: species names, sample sizes, GHG emission scenarios
(representative concentration pathway (RCP) and shared
socioeconomic pathway (SSP)) and emission concentrations of the
studied plants (RCP scenarios included RCP2.6, RCP4.5, RCP6.0 and
RCP8.5; SSP scenarios included SSP126, SSP245, SSP370, and SSP585).
The numbers after RCP and SSP represent radiative forcings of
approximately 8.5, 6.0, 4.5 and 2.6 W m~2 for the scenario,
respectively, and the GHGs include CO,, N,0, CH,;, CFC-11 and
CFC-12, with the SSP adding socioeconomic development
considerations compared to the RCP. (Zhang et al, 2013; Wang
et al., 2019), the overall and highly suitable areas for the
contemporary and future period predicted by MaxEnt modelling and
the main climatic factors affecting the distribution of the plants and
their contribution to their distribution (Supplementary Table 1). Data
not directly expressed in the texts were extracted from charts in the
papers using Web Plot Digitizer 4.5 (https://apps.automeris.io/wpd/
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index.zh  CN.html) and visually checked for accuracy after extraction.
Data on the characteristics of the studied species were recorded by
reviewing the data: plant life type (tree and shrub), plant genus
(Supplementary Table 2), and floristic region. Since each study
provided the mean, the standard deviation was 1/10 of the mean
where no standard error, standard deviation, or confidence interval was
reported (Luo et al., 2006). Finally, a total of 114 woody plant species
belonging to 74 genera in 42 families and 19 floristic regions were
collected and collated, and 959 sets of study data were extracted (overall
suitable area: 114 species, 528 sets of effects; highly suitable region: 85
species, 431 sets of effects).

2.2 Research methods

The results of the literature were normalized by calculating
effect sizes, which were expressed as log response ratios (Hedges
et al., 1999; Lajeunesse, 2011):

xf
=In( =L
Y= (’_‘:c)

In Equation 1, X; is the average area of woody plants (km?) in

(Eq. 1)

China under future climate change based on MaxEnt modelling,
and X, is the average area of woody plants (km?) in the
contemporary period based on MaxEnt modelling.

The formula for the within-case variance (y;) corresponding to
the effect size (v;) was as follows:
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FIGURE 1
PRISMA flow chart showing the procedure for selecting publications.
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In (Eq 2), (v;) denotes the within-case variance, (Sy) denotes the
standard deviation of (%), and (S.) denotes the standard deviation
of (x.), where (Ny) and (N,) denote the sample size (Hedges et al,
1999; Lajeunesse, 2011).

The effect values obtained by meta-analysis and the percentage
change in area were used as the results of the analysis, and the
percentage change in area was calculated as follows:

m= (exp (ln f—f> —1) x100%
Xc

where (m) is the percentage change in area.

2.3 Data analysis

To accurately assess the impact of future climate change on
suitable woody plant areas, this study first assessed the overall
response of the overall suitable area and highly suitable area
separately using a random effects model and then introduced
explanatory variables for a mixed effects meta-regression model to
assess the impact of influencing factors (Su et al, 2021b). The
overall suitable area and the highly suitable area are divided
according to the suitability indices of different species in their
respective MaxEnt model studies. The overall suitable area is the
range that satisfies the basic survival conditions of plants, and the
highly suitable area is the range where plants are in the best
biophysiological condition. All analyses were performed in R 4.2.1
software, and all parameters were estimated using the restricted
maximum likelihood method (REML)(Viechtbauer, 2010). The
robustness of the Rosenberg fail-safe assessment results to
publication bias was calculated using funnel plots and Egger
regression tests for publication bias (Egger et al, 1997;
Rosenberg, 2005).

3 Results and analysis

3.1 Model heterogeneity and reliability
assessment

Compared to the control group, the overall suitable area
increased by 3.66% (P< 0.05), but the highly suitable area
decreased by 31.33% under climate change (P< 0.05).
Heterogeneity was assessed by formal Cochran’s Q test for the
overall suitable area dataset results (Qt = 286258.6337, df = 527, P<
0.0001) and the highly suitable region area dataset results (Qt =
20007718.4171, df = 430, P< 0.0001). Both the overall suitable area
and the highly suitable area were greatly heterogeneous, so different
influencing factors needed to be introduced to explain them.
Therefore, this study incorporated the collected climatic factors,
different concentrations of GHGs under the RCP and SSP scenarios,
woody plant life types, woody plant genera, and the floristic region
to which woody plants were fixed factors (moderators) for each
response variable. These factors were then evaluated using a mixed-
effects meta-regression model to explore the changes in response to
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these influences in the future suitable area for woody plants. If the
95% confidence interval (CI) did not overlap with zero and the
significance was less than the 0.05 level, then the factor had a
significant effect.

The results for the overall suitable region area were p = 0.3235
(>0.05), indicating that the results were less affected by publication
bias and that the funnel plot shape was symmetrical
(Supplementary Figure 1). The test results for the highly suitable
area were p = 0.8865 (>0.05), indicating that the results were
minimally affected by publication bias and that the funnel plot
shape was symmetrical (Supplementary Figure 2). Rosenberg’s fail-
safe numbers were for the overall suitable area (1062630, P< 0.0001)
and the highly suitable region area (60754916, P< 0.0001),
indicating reliable model results.

3.2 Trends in woody plant habitat areas in
China under future climate change

The overall woody plant suitable area will significantly increase by
3.66% (95% confidence interval [CI]: 0.0089, 0.0629) under future
climate change, with R?, IR? = 58.76% for all explanatory variables,
indicating that the explanatory variables included in this study explain
58.76% of the sources of heterogeneity in the overall suitable area
(Supplementary Table 3). The highly suitable area will be significantly
reduced by 31.33% (95% confidence interval [CI]: —0.5967, —0.1548),
and the R%, ZR* = 42.78% for all explanatory variables, indicating that
the explanatory variables included in this study explain 42.78% of the
sources of heterogeneity in highly suitable areas (Supplementary
Table 3). Therefore, future changes in woody plant area will be
influenced by multiple factors, some of which were not included in
the model (e.g., interspecific competition).

3.3 Response of the future woody
plant habitat areas to different climatic
factors in China

For the overall suitable area, 11 climatic factors had a positive
effect, and 5 climatic factors had a significant positive effect
(Figure 2A). Isothermality (BIO03) had a significant overall
positive effect on woody plants and an extreme positive effect on
some woody plants, such as Salix paraplegia and Dalbergia sericea
(corresponding to the contribution histogram in Figure 2A), while
the strongest aggregation effect and the shortest error line occurred
for precipitation of the warmest quarter (BIO18), mean temperature
of the coldest quarter (BIO11) and mean temperature of the warmest
quarter (BIO10), indicating that most Chinese woody plants will be
affected by these three climate factors to the same extent and with the
same trend in the future. The significant negative effect of the mean
diurnal range (BIO02) indicates that the variation in BIO02 under
future climate will be beyond the survival tolerance range of woody
plants, such as Sorbus amabilis, Cathaya argyrophylla and Ormosia
hosiei. Precipitation of the wettest month (BIO13) also had a
significant negative effect, but most of the woody plant effects were
clustered between 0 and 1, with individually significant variability
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FIGURE 2

Effect sizes of different climate factors. (A) indicates the overall suitable area, and (B) indicates the highly suitable area. The left side represents the
effect of 18 climate factors on the future overall/highly suitable area (main effects) for woody plants, and error lines indicate 95% confidence
intervals. The right panel is a histogram of the impact of the contribution of each climate factor to the effect values. Positive effect (red color),
significant positive effect (bright red color), negative effect (blue color), and significant negative effect (bright blue color).

from 0 to -1 (corresponding to the contribution histogram in
Figure 2A), indicating that future changes in BIO13 will have a
stronger negative effect than other factors on the fitness zone of some
woody plants, such as Populus euphratica, Rhododendron protistum
and Osmanthus serrulatus.

For the highly suitable area, 13 climate factors had positive
effects, and 5 had negative effects (Figure 2B). Among them, BIO11
had a significant positive effect, indicating that BIO11 will reach the
optimal survival temperature for Chinese woody plants under
future climate change, such as Ziziphus spinosa, Lonicera japonica
and Picea likiangensis. While temperature seasonality (BIO04) and
precipitation seasonality (BIO15) had significant negative effects,
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BIO04 and BIO15 were heavily clustered within the effect value of -
5 (corresponding contribution histogram in Figure 2B), indicating
that future changes in BIO04 and BIO15 will be beyond the
tolerance range of most woody plants, resulting in a reduction in
the highly suitable areas for woody plants in the future, such as
Ulmus pumila, Phoebe bournei and Ostrya rehderiana. At the same
time, BIO04 explained 8.59% of the variation in the effect values,
and the explanation rate accounted for 70.00% of the explanation
rate of all climatic factors influencing the area change of highly
suitable areas in this study, indicating that BIO04 was the most
important climatic factor influencing the future change in highly
suitable areas for woody plants.
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Overall, the climatic factors selected in this study explained
11.35% of the variation in the overall future woody plant suitable
area and 12.13% of the variation in the highly suitable area,
indicating that the highly suitable area for woody plants is more
influenced by climatic factors.

3.4 Response of the future woody plant
habitat areas to different GHG emission
scenarios in China

The overall suitable area effect value QM= 14.2850, P = 0.0463
(P< 0.05), indicated that different future GHG concentrations had a
significant effect on the overall change in the suitable area for woody
plants in China, and all showed a positive response (Figure 3A). The
increasing trend under the SSP scenario was consistent with that
under the RCP scenario, reaching a significant level under SSP245,
with an increase of 22.47%.

The highly suitable area effect value QM= 16.6432, P = 0.0198
(P< 0.05), indicated that different future GHG concentrations had a
significant effect on the change in the highly suitable area for woody
plants in China, with an overall decreasing trend in area under the
RCP scenario (Figure 3B), with RCP4.5 (-38.57%) and RCP6.0 (-
90.27%) reaching significant levels. None of the changes in the
future highly suitable area under the SSP scenario were significant,
with the largest decrease of —19.70% under SSP585.

In general, the overall suitable area under the different
concentrations of GHGs in the RCP and SSP scenarios showed an
increasing trend, and the overall suitable area increased by 1.58%
under RCP and by 10.06% under SSP. The highly suitable area
showed an overall decreasing trend, the highly suitable area under
RCP decreased by 40.27%, and the highly suitable zone area under
SSP decreased by 5.77%. The increase in the overall suitable area
under the SSP scenario was larger than that under the RCP scenario,
and the decrease in the highly suitable area under the SSP scenario
was smaller than that under the RCP scenario.

A
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SSP370
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+

1
0.0 0.2
Log response ratio
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3.5 Responses of different types of Chinese
woody plants to future climate change

The overall suitable area eftect value QM (df = 1) = 5.0396, P =
0.0248 (P< 0.05) indicated that there was a significant difference in
the change in overall suitable area for the different types of woody
plants under future climate (Figure 4A), where the overall suitable
area for shrubs (+8.52%) was significant in terms of its response to
climate change. Among them, Camellia petelotii, Lycium
ruthenicum, Ammopiptanthus nanus, etc., were the most affected.
The overall suitable area for trees (+1.53%) was not significant. The
highly suitable area effect value index QM (df=1) = 5.1427, P =
0.0233 (P< 0.05) indicated that there was a significant difference in
the change in the highly suitable area for different types of woody
plants under the future climate (Figure 4B), where the highly
suitable area for trees will be significantly reduced by 42.81%.
Among them, Phoebe bournei, Ulmus pumila and Tsuga
longibracteata were the most affected. The highly suitable area for
shrubs will be reduced by 2.20%, which did not reach the
significance level.

In addition, the overall suitable area for both trees and shrubs
showed an increasing trend, while the highly suitable area for both
showed a decreasing trend.

3.6 Response of different Chinese woody
plant genera to future climate change

The plants collected in this study that predicted an overall
suitable area involved 71 genera, and those that predicted a highly
suitable area involved 60 genera. The overall suitable area effect
value QM (df = 70) = 357.0119, P< 0.0001 (P< 0.05), indicated
significant differences in the overall suitable area changes for the
different genera of woody plants under future climates (Figure 5A
and Supplementary Table 3). A total of 33 genera had negative
effects, among which 6 genera, including Populus (-50.40%) and
Brachychiton (-36.88%), had significant negative effects, while 38

RCP2.6
RCP4.5
RCP6.0
RCP8.5

SSP126
SSP245
SSP370
SSP585

Log response ratio

Effect sizes of different GHG concentrations. (A) indicates the overall suitable area, and (B) indicates the highly suitable area. The effects of different
GHG concentrations on the future overall/highly suitable area (main effects) for woody plants under the RCP and SSP scenarios are indicated. Error
lines indicate 95% confidence intervals. Positive effect (red color), significant positive effect (bright red color), negative effect (blue color), and

significant negative effect (bright blue color).
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Effect sizes of the types of Chinese woody plants. (A) indicates the overall suitable area, and (B) indicates the highly suitable area. The effect of future
climate on the overall/highly suitable area (main effects) for different woody plant types is indicated. Error lines indicate 95% confidence intervals.
Positive effect (red color), significant positive effect (bright red color), negative effect (blue color), and significant negative effect (bright blue color)

genera had positive effects, among which 16 genera, including
Dalbergia (+99.21%), Camellia (+96.21%), and Salix (+73.29%),
had significant positive effects.

The highly suitable area effect value QM (df = 59) = 189.6463,
P<0.0001 (P< 0.05), indicated that there was a significant difference
in the change in the highly suitable area under future climates for
the different genera of woody plants (Figure 5B and Supplementary
Table 3). There were 33 genera with negative effects, including five
genera with significant negative effects, such as Ulmus (-99.97%),
Phoebe (-99.22%) and Ostrya (-88.61%); 27 genera had positive
effects, among which Cupressus, Fokienia, and Tetradium more
than doubled their future highly suitable areas, but none of the
effects were significant.

Generally, the overall suitable areas for woody plants of different
genera showed an increasing trend, with a few having a decreasing

trend, while the highly suitable areas for the different genera showed
a significant decreasing trend.

3.7 Response of Chinese woody
plants in different floristic regions to
future climate change

The plants collected in this study were attributed to 19 different
floristic regions, where the overall suitable area effect value, QM =
75.6180, P< 0.0001 (P< 0.05), indicated that woody plants from
different floristic regions differed significantly in their overall suitable
area changes under future climates (Figure 6A and Supplementary
Table 3). There were 15 floristic regions with positive effects on area,
among which Trop. Asia (Indo-Malesia), Trop. Asia to Trop. Africa
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Effect sizes of different plant genera of Chinese woody plants. (A) indicates the overall suitable area, and (B) indicates the highly suitable area. The
effects of future climate on the overall/highly suitable area (main effects) of different woody plant genera are indicated. Error lines indicate 95%
confidence intervals. Significant positive effect (bright red color), significant negative effect (bright blue color), and nonsignificant effect (grey color).
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and East C. Asia (or Asia Media), in Sinkiang (especially Kaschgaria),
Kansu, Qinghai to Mongolia had significant positive effects, with
58.14%, 43.84% and 30.67% increases in their distribution areas,
respectively. There were 4 floristic regions with negative effects,
among which the Old World Temperate had a significant decrease
of 36.40% in woody plants.

The highly suitable area effect value, QM= 36.8910, P = 0.0054
(P< 0.05), indicated that there was a significant difference in the
change in the highly suitable area for the woody plants in the
different floristic regions under future climates (Figure 6B and
Supplementary Table 3), with a total of 12 floristic regions having
a negative effect for woody plants, of which Trop. Asia & Trop.
Amer. disjuncted and North Temperate had a significant negative
effect with a decrease of 95.17% and a decrease of 37.77%,
respectively. A total of 7 floristic regions had positive effects, but
none of the effects were significant; the Old World Tropics had the
largest increase at 116.63%.

Generally, the overall suitable area for woody plants in 15
floristic regions showed an increasing trend, and plants in 4
floristic regions showed a decreasing trend. The highly suitable
area increased in only 7 floristic regions and decreased in 12 floristic
regions, indicating that future climate change poses a greater threat
to the highly suitable area for woody plants in different
floristic regions.

4 Discussion

4.1 Impact of climatic variables on the
future suitable area for woody plants

Climate change is multifaceted and includes changes in
atmospheric GHG concentrations, temperature, and precipitation
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patterns, as well as increases in the frequency of extreme weather
(Solomon et al., 2009; Gray and Brady, 2016; Portner et al., 2022),
and changes in these factors have important implications for plant
growth (Gutschick and BassiriRad, 2003; Bonan, 2008; Beer et al.,
2010). According to projections, by 2100, East Asia will experience
moderate summer warming (4-5°C), with continued increases in
surface temperatures and increased precipitation in both summer
and winter (Jiang et al., 2004; Feng et al., 2014; Liu, 2021). To
quantify the impact of these changes on future changes in woody
plant habitat area, this study examined the dominant climatic
factors affecting changes in woody plant habitat area based on
different climatic factors. BIO11 has a significant positive effect on
both the overall and highly adaptable areas and is the main climatic
factor for the future growth of woody plants. The change in
temperature in winter has a great impact on the life activities of
woody plants and is a limiting factor for the growth of woody plants
distributed at middle altitudes (Jin et al, 2014). In addition, a
number of other studies have yielded similar results; for example,
using a newly compiled distribution map of 11422 woody plant
species in eastern Eurasia, Su et al. (2020) estimated species richness
patterns for all species and tropical and temperate relative families
and found that winter temperature was the best predictor of woody
plant richness patterns, and Wang et al. (2011) modelled the
distribution of woody plants in China and predicted the species
richness of woody plants in North America and the Northern
Hemisphere, showing that the mean temperature of the coldest
quarter was the strongest predictor of species richness. When the
temperature is warmer in winter, the physiological activities of trees
are strengthened (Janecka et al., 2016). Warm autumn and winter
can increase the storage of photosynthetic products in the next year.
It will promote the radial growth of woody plants at low and
medium altitudes (Yang, 2020). For the overall suitable area, BIO03
has a significant positive effect, and BIO02 has a significant negative
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effect. Tree growth mainly occurs at night, while photosynthesis and
transpiration occur in the daytime, which indicates that diurnal
temperature ranges and atmospheric water demand are critical to
the growth response (Zweifel et al., 2021). Daytime warming can
reduce tree growth (Tao et al., 2022); when the diurnal temperature
ranges are small, the net growth of trees is large (Zhang et al., 2022).
Therefore, higher BIO2 is not conducive to plant growth, and
appropriate BIO3 is conducive to the expansion of the plant
habitat. For highly suitable areas, future extreme changes in
BIO15 and BIO04 will be beyond the tolerance range of woody
plants (Jiang et al., 2004), and this is also the main factor leading to
the decline in future highly suitable areas for woody plants in China.
The plant height suitable area is more strict to the site conditions,
and the high temperature in summer will shorten the leaves
(Schoettle, 1990), which is not conducive to plant photosynthesis
and easily causes plant water deficit. The low temperature in winter
will cause freezing damage or cold damage to plants and may also
interfere with the water relationship of trees (Lopez-Bernal et al,
2015). In particular, evergreen broad-leaved trees from warm
climates are more vulnerable to winter low temperatures(Jalili
et al, 2010). The increase in precision will reduce the stability
effect intensity of biodiversity of the community (the strength of the
stabilizing effects of biodiversity) (Liang et al, 2022). It is not
conducive to the stability of woody plant communities. Therefore,
BIOO04, BIO11 and BIO15 have an important impact on the highly
adaptable area of woody plants, which may be related to the future
extreme climate frequency (Breshears et al., 2005; Royer et al,, 2011;
Lloret et al, 2012). At the same time, climate change has a direct
binding effect on species ranges (Feng et al., 2019). Plant species
respond to the effects of climate change primarily through
population movements and range changes (Svenning et al., 2015).
Different plants are able to respond differently to environmental
(e.g., climatic) stresses due to differences in their morphological and
physiological attributes (Shmida and Burgess, 1988). The majority
of woody plants in the raw data selected for this study moved to
high latitudes (e.g., Litsea, Nothotsuga, Picea), with only a small
number of species moving to lower latitudes or remaining
unchanged in their distribution (e.g., Ostrya, Phoebe). Peng et al.
(2022) also found that woody plant species richness declines more
in southern China than in the north under future climate change.

Overall, the mean temperature of the coldest quarter is the main
factor affecting the future habitat area of woody plants (Wang et al.,
2011; Hatfield and Prueger, 2015; Wu et al., 2015), and it also has an
impact on the migration of most woody plants (Root et al., 2003).
Moreover, temperature fluctuations also have an important impact
on the area of potential suitable areas for woody plants in the future.

4.2 Effects of greenhouse gas
concentration pathways on the future
habitat of woody plants

Our study shows that the change in future woody plant suitable

areas under the SSP scenario was more subtle than that under the
RCP scenario, perhaps because the SSP scenario adds different
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social factors and measures for future climate change mitigation
(Lauri et al., 2019; Wu et al., 2019; Meinshausen et al., 2020). Under
the different GHG concentrations in the RCP and SSP scenarios, the
overall suitable habitat area for woody plants increased, but the
highly suitable area decreased. The magnitude of GHG
concentrations under the different emission scenarios did not
show a significant linear relationship with the future changes in
woody plant area, probably because of the large differences among
different woody plants. Increased atmospheric CO, concentrations
can increase photosynthetic rates, and the higher the temperature is
within a certain range, the faster the photosynthetic rate; in
addition, moderate climate warming is conducive to species
dispersal and population size increases (Bazzaz, 1990; Thomas
et al., 2004; Schob et al, 2009). As CO, concentrations and
temperatures continue to increase, soil water starts to evaporate,
and the photosynthetic rates of woody plants gradually decrease
(Oren et al., 2001; Ainsworth and Long, 2005; Hyvonen et al., 2007;
Meier et al., 2012; Wu et al., 2015). Therefore, in the future, a large
amount of highly suitable area for woody plants in China will be
converted to moderate or minimally suitable region areas, resulting
in a loss of highly suitable areas of up to 42.81%. In contrast, woody
plants are tolerant to adversity, and thus, temporarily, there will be
less impact on the overall suitable region area, which, together with
the conversion from highly fit areas, will even increase by 3.6552%.

In the RCP scenario, the highly adaptable area of RCP6.0
decreases the most, while the highly adaptable area of RCP8.5
decreases slightly, but the highly adaptable area of most
species decreases, and only the highly adaptable area of a few
species increases significantly, which is not conducive to
maintaining the species diversity of woody plants, thus affecting
population stability (Liang et al., 2022). In the SSP scenario, the
highly adaptable area of SSP585 decreased the most, the overall
highly adaptable area of SSP245 increased more, and the highly
adaptable area also increased slightly. This may be because climate
warming promotes species transfer to high latitudes and altitudes,
especially those from cold temperate zones (Calef et al., 2005; Jalili
etal., 2010). In general, under the low emission scenario, the impact
on the highly adaptable area is small, especially in SSP245, and both
the overall adaptable area and the highly adaptable area have
increased, indicating that moderate warming is beneficial to the
expansion of the overall area of woody plants, but under the high
concentration emission scenario, the fragmentation of species
habitat may be intensified, which will have a negative impact on
the woody plant population. This is similar to the findings of Inague
et al. (2021) and others, where the biodiversity of Brazilian woody
plants will continue to be lost with the gradual increase in
greenhouse gas emission concentrations.

4.3 Differences in the properties of
woody plants under the influence
of climate change

Woody plants with longer life cycles and larger body sizes are
more tolerant to harsh conditions such as habitat fragmentation or
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climate change (Harper, 1977; Petit and Hampe, 2006; Sork et al.,
2013; Olson et al., 2016; Llanes et al., 2021). Because shrubs have a
shorter life cycle and can settle in new suitable areas more quickly
than trees, the overall suitable area for shrubs (+8.52%) increased
more, and the highly suitable area for shrubs (-0.22%) decreased
less than that of trees (-42.81%) under future climate change
projections (Hiernaux et al., 2009). The results of relevant remote
sensing, sample plot surveys and tree ring research also show that
climate warming has led to significant growth acceleration and
expansion of global shrub vegetation (Screen, 2014). The results
that the number of shrub species was greater than the number of
tree species with the increase in overall suitable area and the
number of tree species was greater than the number of shrub
species with the decrease in highly suitable area are further
evidence that shrubs are more responsive to climate than trees. At
the same time, according to the results of Zhang et al. (2018), from
1999-2014, China’s provincial carbon emission efficiency,
forestland carbon sinks accounted for >90% of the total carbon
sinks, so forest ecosystems play an important role as carbon sinks.
Our results suggest that the overall area of suitable habitat for both
trees and shrubs will increase in the future, which offers the
potential for future expansion of planted forests, but a significant
decrease in the area of highly suitable habitat for trees will also
be an important challenge for the carbon sink capacity of
forest ecosystems.

By quantifying the trends in the response of different woody
plant genera to climate change, it was found that their responses
vary greatly (Dawson et al., 2011). The future climate warming, the
reduction in precipitation and the increase in potential evaporation
mean an increase in drought frequency and intensity (Su et al,
2021a), which will lead to a large expansion of drought-tolerant
plants (e.g., Dalbergia, Cupressus, and Xanthoceras) and some
plants that are highly adaptable (e.g., Camellia, Cassia, and
Fokienia), with extreme increases in Fokienia mainly due to its
expansion in places suitable for relic plants (Chen et al.,, 2019; Liu
et al., 2022). Woody plants that cannot adapt to climate change
(e.g., Populus, Hippophae, and Nothotsuga) will decline dramatically
and are at high risk of extinction, and more attention should be
given to these genera as part of future conservation efforts. In
addition, the reduction in species diversity will lead to a change in
the species composition of the community, resulting in a gradual
turnover of species in the community to more drought-tolerant
species (Root et al., 2003; Hiernaux et al., 2009). In carbon sinks, the
habitat area of plants with large carbon sink benefits, such as Salix
(Gong, 2019), Cupressus (Yao et al., 2014; Ma et al,, 2022) and
Camellia (Zhang et al., 2017), will increase significantly, which will
make a larger contribution to the future forest carbon sink system in
China. However, the habitat area of high-quality carbon sink plant
species such as Populus (Fang et al., 2007), Taiwania (Xie et al.,
2020) and Phoebe (Ma et al., 2009) will face a large decrease, so this
is an area of concern for future forestry management authorities
when they formulate relevant policies in response to climate change
in the future.
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For woody plants from different floristic regions, the overall
and highly suitable areas in the tropical region generally showed
an increasing trend, indicating that climate warming will have
fewer negative effects on future area changes of plants in the
tropical region, perhaps because tropical vegetation is more
resilient to climate warming disturbances and can reduce the
effects by altering its adaptation mechanisms (Bazzaz, 1990;
Borchert, 1998; Wang et al., 2011; Ciemer et al., 2019).
Meanwhile, other studies have shown that woody plant
diversity is mainly due to an increase in the intensity of frost
filtration of tropical species from the equator/lowlands to the
poles/uplands, with the abundance of tropical plants decreasing
more rapidly than temperate plants as latitude increases and the
average temperature of the coldest season decreases(Wang et al.,
2011; Shiono et al,, 2018). However, as the temperature rises, the
previously colder regions can gradually allow the tropical flora to
survive. It should be noted that the overall suitable area of (3)
had a weak increasing trend (1.66%), but the highly suitable area
decreased by 95.17%; however, (10) (the overall suitable area -
36.40%, the highly suitable area -73.98%) and (14SH) (the
overall suitable area -7.95%, the highly suitable area -20.24%)
showed a decreasing trend. Therefore, in future woody plant
conservation, these three floristic regions should be prioritized
for conservation.

5 Conclusion

Future climate change will result in a 3.66% increase in the
overall suitable areas and a 31.33% decrease in the highly suitable
areas in China. The mean temperature of the coldest quarter had a
significant positive effect on both the overall suitable areas and the
highly suitable areas. The effects of different GHG concentrations in
the SSP scenarios on woody plants were more moderate than those
in the RCP scenarios. Moderate warming is conducive to the
expansion of the overall areas of woody plants. However, high
emission concentrations will increase the fragmentation of suitable
woody plant areas and reduce species diversity in the future. Future
extreme weather events may pose a great threat to the survival of
woody plants. At the same time, we should also focus on the
conservation of Populus, Hippophae, and Nothotsuga and woody
plant conservation in floristic regions 3, 10, and 14SH. However,
since this study mainly focused on the response of woody plant
growth to climatic factors, it does not further quantify the effects of
human activities (e.g., urbanization and afforestation area), species
characteristics (e.g., pollen dispersal ability, interspecific
competition), and external factors (e.g., terrain and soil) on the
changes in woody plant suitable areas, which may lead to an
overestimation of the predicted habitat areas. Further nonclimatic
factors can be added in future studies, and attention needs to be
paid to the synergistic effects between different pressures to more
accurately reveal the future distribution patterns and area changes
of woody plants.

frontiersin.org


https://doi.org/10.3389/fpls.2023.1139739
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Tian et al.

Data availability statement

The original contributions presented in the study are included
in the article/Supplementary Material. Further inquiries can be
directed to the corresponding author.

Author contributions

Conceptualization, PT, YL; Methodology, PT; Data curation,
PT, YL; Formal analysis, YL; Data collection, PT, YL; Project
administration, YL; Software, PT and YL, Supervision, JO;
Writing - original draft, PT; Writing — review and editing, PT,
YL. All authors contributed to the article and approved the
submitted version.

Acknowledgments

We thank the reviewers for their constructive and valuable
comments and the editors for their assistance in refining this article.

References

Ahmed, S. E., McInerny, G., O’'Hara, K., Harper, R,, Salido, L., Emmott, S., et al.
(2015). Scientists and software - surveying the species distribution modelling
community. Diversity Distrib. 21, 258-267. doi: 10.1111/ddi.12305

Ainsworth, E. A, and Long, S. P. (2005). What have we learned from 15 years of free-
air CO , enrichment (FACE)? a meta-analytic review of the responses of
photosynthesis, canopy properties and plant production to rising CO ,. New Phytol.
165, 351-372. doi: 10.1111/j.1469-8137.2004.01224.x

Alo, C. A., and Wang, G. (2008). Potential future changes of the terrestrial ecosystem
based on climate projections by eight general circulation models: FUTURE
ECOSYSTEM CHANGES. J. Geophys. Res. 113, G01004. doi: 10.1029/2007JG000528

Anchang, J. Y., Prihodko, L., Kaptué, A. T., Ross, C. W., Ji, W., Kumar, S. S., et al.
(2019). Trends in woody and herbaceous vegetation in the savannas of West Africa.
Remote Sens. 11, 576. doi: 10.3390/rs11050576

Baig, S., Medlyn, B. E., Mercado, L. M., and Zaehle, S. (2015). Does the growth
response of woody plants to elevated CO , increase with temperature? a model-oriented
meta-analysis. Glob Change Biol. 21, 4303-4319. doi: 10.1111/gcb.12962

Bazzaz, F. A. (1990). The response of natural ecosystems to the rising global CO2
levels. Annu. Rev. Ecol. Syst. 21, 167-196. doi: 10.1146/annurev.es.21.110190.001123

Beer, C., Reichstein, M., Tomelleri, E., Ciais, P., Jung, M., Carvalhais, N, et al. (2010).
Terrestrial gross carbon dioxide uptake: Global distribution and covariation with
climate. Science 329, 834-838. doi: 10.1126/science.1184984

Bellard, C., Bertelsmeier, C., Leadley, P., Thuiller, W., and Courchamp, F. (2012).
Impacts of climate change on the future of biodiversity: Biodiversity and climate
change. Ecol. Lett. 15, 365-377. doi: 10.1111/j.1461-0248.2011.01736.x

Bezeng, B. S., Morales-Castilla, I, van der Bank, M., Yessoufou, K., Daru, B. H., and
Davies, T. J. (2017). Climate change may reduce the spread of non-native species.
Ecosphere 8, €01694. doi: 10.1002/ecs2.1694

Bonan, G. B. (2008). Forests and climate change: Forcings, feedbacks, and the
climate benefits of forests. Science 320, 1444-1449. doi: 10.1126/science.1155121

Borchert, R. (1998). “Responses of tropical trees to rainfall seasonality and its long-
term changes,” in Potential impacts of climate change on tropical forest ecosystems. Ed.
A. Markham (Dordrecht: Springer Netherlands), 241-253. doi: 10.1007/978-94-017-
2730-3_10

Breshears, D. D., Cobb, N. S, Rich, P. M,, Price, K. P, Allen, C. D., Balice, R. G, et al.
(2005). Regional vegetation die-off in response to global-change-type drought. Proc.
Natl. Acad. Sci. U.S.A. 102, 15144-15148. doi: 10.1073/pnas.0505734102

Brown, J. H., Stevens, G. C., and Kaufman, D. M. (1996). THE GEOGRAPHIC
RANGE: Size, shape, boundaries, and internal structure. Annu. Rev. Ecol. Syst. 27, 597-
623. doi: 10.1146/annurev.ecolsys.27.1.597

Frontiers in Plant Science

11

10.3389/fpls.2023.1139739

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fpls.2023.1139739/

full#supplementary-material

Calef, M. P., David McGuire, A., Epstein, H. E., Scott Rupp, T., and Shugart, H. H.
(2005). Analysis of vegetation distribution in interior Alaska and sensitivity to climate
change using a logistic regression approach: Vegetation distribution and climate
change. J. Biogeogr. 32, 863-878. doi: 10.1111/j.1365-2699.2004.01185.x

Chen, Y., Lv, Y., and Yin, X. (2019). Predicting habitat suitability of 12 coniferous
forest tree species in southwest China based on climate change. J. Nanjing For. Univ. 43,
113-120. doi: 10.3969/j.issn.1000-2006.201808045

Ciemer, C., Boers, N., Hirota, M., Kurths, J., Miiller-Hansen, F., Oliveira, R. S., et al.
(2019). Higher resilience to climatic disturbances in tropical vegetation exposed to
more variable rainfall. Nat. Geosci. 12, 174-179. doi: 10.1038/s41561-019-0312-z

Dawson, T. P., Jackson, S. T., House, J. L., Prentice, I. C., and Mace, G. M. (2011).
Beyond predictions: Biodiversity conservation in a changing climate. Science 332, 53—
58. doi: 10.1126/science.1200303

Egger, M., Smith, G. D., Schneider, M., and Minder, C. (1997). Bias in meta-analysis
detected by a simple, graphical test. BMJ 315, 629-634. doi: 10.1136/bmj.315.7109.629

Engler, R, Randin, C. ., Thuiller, W., Dullinger, S., Zimmermann, N. E., Aratjo, M.
B, etal. (2011). 21st century climate change threatens mountain flora unequally across
Europe: CLIMATE CHANGE IMPACTS ON MOUNTAIN FLORAE. Global Change
Biol. 17, 2330-2341. doi: 10.1111/j.1365-2486.2010.02393.x

Fang, S., Xue, J., and Tang, L. (2007). Biomass production and carbon sequestration
potential in poplar plantations with different management patterns. J. Environ.
Manage. 85, 672-679. doi: 10.1016/j.jenvman.2006.09.014

Feng, S., Hu, Q., Huang, W., Ho, C.-H,, Li, R, and Tang, Z. (2014). Projected climate
regime shift under future global warming from multi-model, multi-scenario CMIP5
simulations. Global Planet. Change 112, 41-52. doi: 10.1016/j.gloplacha.2013.11.002

Feng, G., Ma, Z., Sandel, B, Mao, L., Normand, S., Ordonez, A, et al. (2019). Species
and phylogenetic endemism in angiosperm trees across the northern hemisphere are
jointly shaped by modern climate and glacial-interglacial climate change. Global Ecol.
Biogeogr. 28, 1393-1402. doi: 10.1111/geb.12961

Gong, S. (2019). Net carbon sink and economic value of common garden plants in
zhengzhou city. J. Henan For. Sci. Technol. 39, 21-25.

Gray, S. B, and Brady, S. M. (2016). Plant developmental responses to climate
change. Dev. Biol. 419, 64-77. doi: 10.1016/j.ydbio.2016.07.023

Greenwood, S., Ruiz-Benito, P., Martinez-Vilalta, J., Lloret, F., Kitzberger, T., Allen,
C. D, et al. (2017). Tree mortality across biomes is promoted by drought intensity,
lower wood density and higher specific leaf area. Ecol. Lett. 20, 539-553. doi: 10.1111/
ele.12748

Guisan, A., and Thuiller, W. (2005). Predicting species distribution: offering more
than simple habitat models. Ecol. Lett. 8, 993-1009. doi: 10.1111/j.1461-
0248.2005.00792.x

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fpls.2023.1139739/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2023.1139739/full#supplementary-material
https://doi.org/10.1111/ddi.12305
https://doi.org/10.1111/j.1469-8137.2004.01224.x
https://doi.org/10.1029/2007JG000528
https://doi.org/10.3390/rs11050576
https://doi.org/10.1111/gcb.12962
https://doi.org/10.1146/annurev.es.21.110190.001123
https://doi.org/10.1126/science.1184984
https://doi.org/10.1111/j.1461-0248.2011.01736.x
https://doi.org/10.1002/ecs2.1694
https://doi.org/10.1126/science.1155121
https://doi.org/10.1007/978-94-017-2730-3_10
https://doi.org/10.1007/978-94-017-2730-3_10
https://doi.org/10.1073/pnas.0505734102
https://doi.org/10.1146/annurev.ecolsys.27.1.597
https://doi.org/10.1111/j.1365-2699.2004.01185.x
https://doi.org/10.3969/j.issn.1000-2006.201808045
https://doi.org/10.1038/s41561-019-0312-z
https://doi.org/10.1126/science.1200303
https://doi.org/10.1136/bmj.315.7109.629
https://doi.org/10.1111/j.1365-2486.2010.02393.x
https://doi.org/10.1016/j.jenvman.2006.09.014
https://doi.org/10.1016/j.gloplacha.2013.11.002
https://doi.org/10.1111/geb.12961
https://doi.org/10.1016/j.ydbio.2016.07.023
https://doi.org/10.1111/ele.12748
https://doi.org/10.1111/ele.12748
https://doi.org/10.1111/j.1461-0248.2005.00792.x
https://doi.org/10.1111/j.1461-0248.2005.00792.x
https://doi.org/10.3389/fpls.2023.1139739
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Tian et al.

Gutschick, V. P., and BassiriRad, H. (2003). Extreme events as shaping physiology,
ecology, and evolution of plants: Toward a unified definition and evaluation of their
consequences. New Phytol. 160, 21-42. doi: 10.1046/j.1469-8137.2003.00866.x

Harper, J. L. (1977). Population biology of plants (London; New York: Academic
Press).

Hatfield, J. L., and Prueger, J. H. (2015). Temperature extremes: Effect on plant
growth and development. Weather Climate Extremes 10, 4-10. doi: 10.1016/
j-wace.2015.08.001

Hedges, L. V., Gurevitch, J., and Curtis, P. S. (1999). The meta-analysis of response
ratios in experimental ecology. Ecology 80, 1150-1156. doi: 10.1890/0012-9658(1999)
080[1150:TMAORR]2.0.CO;2

Hewitt, G. (2000). The genetic legacy of the quaternary ice ages. Nature 405, 907
913. doi: 10.1038/35016000

Hiernaux, P., Diarra, L., Trichon, V., Mougin, E., Soumaguel, N., and Baup, F.
(2009). Woody plant population dynamics in response to climate changes from 1984 to
2006 in sahel (Gourma, Mali). J. Hydrol. 375, 103-113. doi: 10.1016/
jjhydrol.2009.01.043

Hyvonen, R, Agren, G. L, Linder, S., Persson, T., Cotrufo, M. F., Ekblad, A., et al.
(2007). The likely impact of elevated [CO,], nitrogen deposition, increased temperature
and management on carbon sequestration in temperate and boreal forest ecosystems: a
literature review. New Phytol. 173, 463-480. doi: 10.1111/j.1469-8137.2007.01967.x

Inague, G. M., Zwiener, V. P,, and Marques, M. C. M. (2021). Climate change
threatens the woody plant taxonomic and functional diversities of the restinga
vegetation in Brazil. Perspect. Ecol. Conserv. 19, 53-60. doi: 10.1016/
j.pecon.2020.12.006

Jalili, A., Jamzad, Z., Thompson, K., Araghi, M. K., Ashrafi, S., Hasaninejad, M., et al.
(2010). Climate change, unpredictable cold waves and possible brakes on plant
migration: Effects of low winter temperatures on plants. Global Ecol. Biogeogr. 19,
642-648. doi: 10.1111/j.1466-8238.2010.00553.x

Janecka, K., Kaczka, R., Girtner, H., Treydte, K., et al. (2016). The influence of
compression wood on the strength of the climatic signal in tree rings of Norway spruce.
TRACE 14, 50-59.

Jiang, D.-B., Wang, H.-]., and Lang, X.-M. (2004). East Asian Climate change trend
under global warming background. Chin. J. Geophys. 47, 675-681. doi: 10.1002/cjg2.3536

Jin, X,, Xu, Q,, Liu, S., and Jiang, C. (2014). Relationships of stable carbon isotope of
Abies faxoniana tree-rings to climate in sub-alpine forest in Western Sichuan. Acta
Ecol. Sin. 34, 1831-1840. doi: 10.5846/stxb201306061373

Koo, K. A., Kong, W.-S., Nibbelink, N. P., Hopkinson, C. S., and Lee, J. H. (2015).
Potential effects of climate change on the distribution of cold-tolerant evergreen
broadleaved woody plants in the Korean peninsula. PloS One 10, e0134043.
doi: 10.1371/journal.pone.0134043

Lajeunesse, M. J. (2011). On the meta-analysis of response ratios for studies with
correlated and multi-group designs. Ecology 92, 2049-2055. doi: 10.1890/11-0423.1

Lauri, P., Forsell, N., Gusti, M., Korosuo, A., Havlik, P., and Obersteiner, M. (2019).
Global woody biomass HarvestVolumes and forest area use UnderDifferent SSP-RCP
scenarios. JfE 34, 285-309. doi: 10.1561/112.00000504

Leadley, P., Pereira, H. M., Alkemade, R., Fernandez-Manjarres, J. F., Proenga, V.,
Scharlemann, J. P. W,, et al. (2010). Biodiversity scenarios: projections of 21st century
change in biodiversity and associated ecosystem services: A technical report for the global
biodiversity outlook 3. Montreal, Quebec, Canada: Secretariat of the Convention on
Biological Diversity.

Liang, M., Baiser, B., Hallett, L. M., Hautier, Y., Jiang, L., Loreau, M., et al. (2022).
Consistent stabilizing effects of plant diversity across spatial scales and climatic
gradients. Nat. Ecol. Evol. 6, 1669-1675. doi: 10.1038/541559-022-01868-y

Liu, Y. (2021). Analysis of global climate change in the next one hundred years. Geol
Surv China 8, 1-11. doi: 10.19388/j.zgdzdc.2021.03.01

Liu, Y., Fan, D,, Hu, W,, Zhang, Z, and Li, D. (2022). Changes in potential
geographical distribution of Fokienia hodginsii since the last glacial maximum. J.
Northwest For. Univ. 37, 92-99. doi: 10.3969/i.issn.1001-7461.2022.04.12

Liu, C, Tian, T., Li, S., Wang, F., and Liang, Y. (2018). Growth response of Chinese
woody plant seedlings to different light intensities. Acta Ecol. Sin. 38, 518-527.
doi: 10.5846/stxb201611012221

Liu, X,, Yuan, Q., and Ni, J. (2019). Research advances in modelling plant species
distribution in China. Chin. J. Plant Ecol. 43, 273-283. doi: 10.17521/cjpe.2018.0237

Llanes, A., Palchetti, M. V., Vilo, C., and Ibafiez, C. (2021). Molecular control to salt
tolerance mechanisms of woody plants: recent achievements and perspectives. Ann.
For. Sci. 78, 96. doi: 10.1007/s13595-021-01107-7

Lloret, F., Escudero, A., Iriondo, J. M., Martinez-Vilalta, J., and Valladares, F. (2012).
Extreme climatic events and vegetation: the role of stabilizing processes. Glob Change
Biol. 18, 797-805. doi: 10.1111/j.1365-2486.2011.02624.x

Lopez-Bernal, A, Garcia-Tejera, O., Testi, L., Orgaz, F., and Villalobos, F. J. (2015).
Low winter temperatures induce a disturbance of water relations in field olive trees.
Trees 29, 1247-1257. doi: 10.1007/s00468-015-1204-5

Luo, Y., Hui, D,, and Zhang, D. (2006). Elevated CO2 stimulates net accumulations
of carbon and nitrogen in land ecosystems: a meta-analysis. Ecology 87, 53-63.
doi: 10.1890/04-1724

Frontiers in Plant Science

12

10.3389/fpls.2023.1139739

Ma, M, Luo, C,, Jiang, H,, Liu, Y., and Li, X. (2009). Carbon sink in phoebe bournei
artificial forest ecosystem. Front. For. China 4, 140-145. doi: 10.1007/5s11461-009-0033-3

Ma, X, Wu, L., Zhu, Y., Wu, J., and Qin, Y. (2022). Simulation of vegetation carbon
sink of arbor forest and carbon mitigation of forestry bioenergy in China. IJERPH 19,
13507. doi: 10.3390/ijerph192013507

McKenney, D. W., Pedlar, J. H., Lawrence, K., Campbell, K., and Hutchinson, M. F.
(2007). Potential impacts of climate change on the distribution of north American
trees. BioScience 57, 939-948. doi: 10.1641/B571106

Mcneely, J. A., Miller, K. R., Reid, W. V., Mittermeier, R. A., and Werner, T. B.
(1990). Conserving the world’s biological diversity (Gland: IUCN).

Meier, E. S., Lischke, H., Schmatz, D. R., and Zimmermann, N. E. (2012). Climate,
competition and connectivity affect future migration and ranges of European trees:
Future migration and ranges of European trees. Global Ecol. Biogeogr. 21, 164-178.
doi: 10.1111/j.1466-8238.2011.00669.x

Meinshausen, M., Nicholls, Z. R. J., Lewis, J., Gidden, M. J., Vogel, E., Freund, M.,
etal. (2020). The shared socio-economic pathway (SSP) greenhouse gas concentrations
and their extensions to 2500. Geosci. Model. Dev. 13, 3571-3605. doi: 10.5194/gmd-13-
3571-2020

Merow, C., Smith, M. J., and Silander, J. A. (2013). A practical guide to MaxEnt for
modeling species’ distributions: what it does, and why inputs and settings matter.
Ecography 36, 1058-1069. doi: 10.1111/j.1600-0587.2013.07872.x

Olson, M. S., Hamrick, J. L., and Moore, R. (2016). “Breeding systems, mating
systems, and genomics of gender determination in angiosperm trees,” in Comparative
and evolutionary genomics of angiosperm trees plant genetics and genomics: Crops and
models. Eds. A. Groover and Q. Cronk (Cham: Springer International Publishing), 139-
158. doi: 10.1007/7397_2016_21

Oren, R, Ellsworth, D. S., Johnsen, K. H., Phillips, N., Ewers, B. E., Maier, C,, et al.
(2001). Soil fertility limits carbon sequestration by forest ecosystems in a CO2-enriched
atmosphere. Nature 411, 469-472. doi: 10.1038/35078064

Parmesan, C., Root, T. L., and Willig, M. R. (2000). Impacts of extreme weather and
climate on terrestrial biota *. Bull. Amer. Meteor. Soc 81, 443-450. doi: 10.1175/1520-
0477(2000)081<0443:I0EWAC>2.3.CO;2

Parmesan, C., and Yohe, G. (2003). A globally coherent fingerprint of climate change
impacts across natural systems. Nature 421, 37-42. doi: 10.1038/nature01286

Pecl, G. T., Aratjjo, M. B,, Bell, ]. D., Blanchard, J., Bonebrake, T. C., Chen, I.-C,, et al.
(2017). Biodiversity redistribution under climate change: Impacts on ecosystems and
human well-being. Science 355, eaai9214. doi: 10.1126/science.aai9214

Peng, S., Liu, Y., Lyu, T., Zhang, X, Li, Y,, and Wang, Z. (2021). Towards an
understanding of the latitudinal patterns in thermal tolerance and vulnerability of
woody plants under climate warming. Ecography 44, 1797-1807. doi: 10.1111/ecog.05582

Peng, S., Zhang, J., Zhang, X, Li, Y., Liu, Y., and Wang, Z. (2022). Conservation of
woody species in China under future climate and land-cover changes. J. Appl. Ecol. 59,
141-152. doi: 10.1111/1365-2664.14037

Petit, R. J., and Hampe, A. (2006). Some evolutjonary consequences of being a tree. Annu.
Rev. Ecol. Evol. Syst. 37, 187-214. doi: 10.1146/annurev.ecolsys.37.091305.110215

Portner, H.-O., Roberts, D. C., Tignor, M., Poloczanska, E. S., Mintenbeck, K.,
Alegria, A., et al. (2022). “IPCC 2022: Climate change 2022: Impacts, adaptation, and
vulnerability,” in Contribution of working group II to the sixth assessment report of the
intergovernmental panel on climate change (Cambridge, UK and New York, NY, USA:
Cambridge University Press).

Root, T. L., Price, J. T., Hall, K. R,, Schneider, S. H., Rosenzweig, C., and Pounds, J. A.
(2003). Fingerprints of global warming on wild animals and plants. Nature 421, 57-60.
doi: 10.1038/nature01333

Rosenberg, M. S. (2005). The file-drawer problem revisited: A general weighted
method for calculating fail-safe numbers in meta-analysis. Evolution 59, 464-468.
doi: 10.1111/j.0014-3820.2005.tb01004.x

Royer, P. D., Cobb, N. S, Clifford, M. J., Huang, C.-Y., Breshears, D. D., Adams, H.
D., et al. (2011). Extreme climatic event-triggered overstorey vegetation loss increases
understorey solar input regionally: primary and secondary ecological implications:
Extreme climatic event-triggered overstorey vegetation loss. J. Ecol. 99, 714-723.
doi: 10.1111/j.1365-2745.2011.01804.x

Rutledge, D. (2011). Estimating long-term world coal production with logit and
probit transforms. Int. J. Coal Geol. 85, 23-33. doi: 10.1016/j.c0al.2010.10.012

Schaéb, C., Kammer, P. M., Choler, P., and Veit, H. (2009). Small-scale plant species
distribution in snowbeds and its sensitivity to climate change. Plant Ecol. 200, 91-104.
doi: 10.1007/s11258-008-9435-9

Schoettle, A. W. (1990). The interaction between leaf longevity and shoot growth
and foliar biomass per shoot in Pinus contorta at two elevations. Tree Physiol. 7, 209—
214. doi: 10.1093/treephys/7.1-2-3-4.209

Screen, J. A. (2014). Arctic Amplification decreases temperature variance in
northern mid- to high-latitudes. Nat. Clim. Change 4, 577-582. doi: 10.1038/
nclimate2268

Shiono, T., Kusumoto, B., Yasuhara, M., and Kubota, Y. (2018). Roles of climate
niche conservatism and range dynamics in woody plant diversity patterns through the
Cenozoic. Global Ecol. Biogeogr. 27, 865-874. doi: 10.1111/geb.12755

Shmida, A., and Burgess, T. (1988). “Plant growth form strategies and vegetation
types in arid environment,” in Plant form and vegetation structure. Eds. M. J. A.

frontiersin.org


https://doi.org/10.1046/j.1469-8137.2003.00866.x
https://doi.org/10.1016/j.wace.2015.08.001
https://doi.org/10.1016/j.wace.2015.08.001
https://doi.org/10.1890/0012-9658(1999)080[1150:TMAORR]2.0.CO;2
https://doi.org/10.1890/0012-9658(1999)080[1150:TMAORR]2.0.CO;2
https://doi.org/10.1038/35016000
https://doi.org/10.1016/j.jhydrol.2009.01.043
https://doi.org/10.1016/j.jhydrol.2009.01.043
https://doi.org/10.1111/j.1469-8137.2007.01967.x
https://doi.org/10.1016/j.pecon.2020.12.006
https://doi.org/10.1016/j.pecon.2020.12.006
https://doi.org/10.1111/j.1466-8238.2010.00553.x
https://doi.org/10.1002/cjg2.3536
https://doi.org/10.5846/stxb201306061373
https://doi.org/10.1371/journal.pone.0134043
https://doi.org/10.1890/11-0423.1
https://doi.org/10.1561/112.00000504
https://doi.org/10.1038/s41559-022-01868-y
https://doi.org/10.19388/j.zgdzdc.2021.03.01
https://doi.org/10.3969/i.issn.1001-7461.2022.04.12
https://doi.org/10.5846/stxb201611012221
https://doi.org/10.17521/cjpe.2018.0237
https://doi.org/10.1007/s13595-021-01107-7
https://doi.org/10.1111/j.1365-2486.2011.02624.x
https://doi.org/10.1007/s00468-015-1204-5
https://doi.org/10.1890/04-1724
https://doi.org/10.1007/s11461-009-0033-3
https://doi.org/10.3390/ijerph192013507
https://doi.org/10.1641/B571106
https://doi.org/10.1111/j.1466-8238.2011.00669.x
https://doi.org/10.5194/gmd-13-3571-2020
https://doi.org/10.5194/gmd-13-3571-2020
https://doi.org/10.1111/j.1600-0587.2013.07872.x
https://doi.org/10.1007/7397_2016_21
https://doi.org/10.1038/35078064
https://doi.org/10.1175/1520-0477(2000)081%3C0443:IOEWAC%3E2.3.CO;2
https://doi.org/10.1175/1520-0477(2000)081%3C0443:IOEWAC%3E2.3.CO;2
https://doi.org/10.1038/nature01286
https://doi.org/10.1126/science.aai9214
https://doi.org/10.1111/ecog.05582
https://doi.org/10.1111/1365-2664.14037
https://doi.org/10.1146/annurev.ecolsys.37.091305.110215
https://doi.org/10.1038/nature01333
https://doi.org/10.1111/j.0014-3820.2005.tb01004.x
https://doi.org/10.1111/j.1365-2745.2011.01804.x
https://doi.org/10.1016/j.coal.2010.10.012
https://doi.org/10.1007/s11258-008-9435-9
https://doi.org/10.1093/treephys/7.1-2-3-4.209
https://doi.org/10.1038/nclimate2268
https://doi.org/10.1038/nclimate2268
https://doi.org/10.1111/geb.12755
https://doi.org/10.3389/fpls.2023.1139739
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Tian et al.

Werger, P. J. M. van der Aart, H. J. During and J. T. A. Verhoeven (The Hague: SPB
Academic).

Solomon, S., Plattner, G.-K., Knutti, R., and Friedlingstein, P. (2009). Irreversible
climate change due to carbon dioxide emissions. Proc. Natl. Acad. Sci. U.S.A. 106,
1704-1709. doi: 10.1073/pnas.0812721106

Sork, V. L., Aitken, S. N, Dyer, R. ], Eckert, A. ], Legendre, P., and Neale, D. B.
(2013). Putting the landscape into the genomics of trees: approaches for understanding
local adaptation and population responses to changing climate. Tree Genet. Genomes 9,
901-911. doi: 10.1007/s11295-013-0596-x

Su, H,, Feng, Y., Chen, J., Chen, J., Ma, S, Fang, ., et al. (2021b). Determinants of
trophic cascade strength in freshwater ecosystems: a global analysis. Ecology 102,
€03370. doi: 10.1002/ecy.3370

Su, B., Huang, J., Mondal, S. K., Zhai, J., Wang, Y., Wen, S,, et al. (2021a). Insight
from CMIP6 SSP-RCP scenarios for future drought characteristics in China. Atmos.
Res. 250, 105375. doi: 10.1016/j.atmosres.2020.105375

Su, Z., Pan, B., Zhuo, L., Li, W,, Liu, H,, Jiang, X., et al. (2018). Impact of future
climate change on distribution pattern of tamarix taklamakanensis and its conservation
revelation. Arid Zone Res. 35, 150-155. doi: 10.13866/j.azr.2018.01.19

Su, X,, Shrestha, N, Xu, X,, Sandanov, D., Wang, Q., Wang, S,, et al. (2020). Phylogenetic
conservatism and biogeographic affinity influence woody plant species richness—climate
relationships in eastern Eurasia. Ecography 43, 1027-1040. doi: 10.1111/ecog.04839

Svenning, J.-C., Eiserhardt, W. L., Normand, S., Ordonez, A., and Sandel, B. (2015).
The influence of paleoclimate on present-day patterns in biodiversity and ecosystems.
Annu. Rev. Ecol. Evol. Syst. 46, 551-572. doi: 10.1146/annurev-ecolsys-112414-054314

Tang, Z., Wang, Z., Zheng, C., and Fang, J. (2006). Biodiversity in china’s mountains.
Front. Ecol. Environ. 4, 347-352. doi: 10.1890/1540-9295(2006)004[0347:BICM]2.0.CO;2

Tao, W., Mao, K., He, J., Smith, N. G,, Qiao, Y., Guo, J., et al. (2022). Daytime
warming triggers tree growth decline in the northern hemisphere. Global Change Biol.
28, 4832-4844. doi: 10.1111/gcb.16238

Thomas, C. D., Cameron, A., Green, R. E., Bakkenes, M., Beaumont, L. J.,
Collingham, Y. C,, et al. (2004). Extinction risk from climate change. Nature 427,
145-148. doi: 10.1038/nature02121

Valavi, R., Guillera-Arroita, G., Lahoz-Monfort, J. J., and Elith, J. (2022). Predictive
performance of presence-only species distribution models: A benchmark study with
reproducible code. Ecol. Monogr. 92, e01486. doi: 10.1002/ecm.1486

Viechtbauer, W. (2010). CConducting meta-analyses in R with the metafor package.
J. Stat. Soft. 36, 1-48. doi: 10.18637/js5.v036.i03

Wang, Z., Fang, ], Tang, Z., and Lin, X. (2011). Patterns, determinants and models of
woody plant diversity in China. Proc. R. Soc B. 278, 2122-2132. doi: 10.1098/rspb.2010.1897

Wang, G., Han, X,, Yang, C., and Qian, J. (2022). Predicting a suitable distribution
pattern of dominant tree species in the northwestern sichuan plateau under climate
change and multi-scenario evaluation of carbon sink potentials. Front. Environ. Sci. 10.
doi: 10.3389/fenvs.2022.909841

Wang, X,, Jiang, D., and Lang, X. (2019). Temperature and precipitation changes
over China under a 1.5°CGlobal warming scenario based on CMIP5 models. Chin. J.
Atmos. Sci. 43, 1158-1170. doi: 10.3878/j.issn.1006-9895.1810.18225

Wei, Y.-M., Chen, K., Kang, J.-N., Chen, W., Wang, X.-Y., and Zhang, X. (2022).
Policy and management of carbon peaking and carbon neutrality: A literature review.
Engineering 14, 52-63. doi: 10.1016/j.eng.2021.12.018

Wu, T, Lu, Y., Fang, Y., Xin, X,, Li, L., Li, W,, et al. (2019). The Beijing climate center
climate system model (BCC-CSM): the main progress from CMIP5 to CMIP6. Geosci.
Model. Dev. 12, 1573-1600. doi: 10.5194/gmd-12-1573-2019

Frontiers in Plant Science

13

10.3389/fpls.2023.1139739

Wu, D., Wang, P., Huo, Z., Yuan, X,, Jiang, H., Yang, J., et al. (2022). Changes in
climate suitability for oil-tea (C. oleifera Abel) production in China under historical
and future climate conditions. Agric. For. Meteorol. 316, 108843. doi: 10.1016/
j.agrformet.2022.108843

Wu, D., Zhao, X,, Liang, S., Zhou, T., Huang, K., Tang, B,, et al. (2015). Time-lag
effects of global vegetation responses to climate change. Glob Change Biol. 21, 3520—
3531. doi: 10.1111/gcb.12945

Xie, M., He, B., Huang, Z., Zhou, G., and Zhang, R. (2020). Carbon sequestration of
different aged taiwania flousiana plantations in northwestern guangxi. For. Res. 33,
106-113. doi: 10.13275/j.cnki.lykxyj.2020.05.013

Xie, D,, Liu, B., Zhao, L., Pandey, T. R, Liu, H., Shan, Z,, et al. (2021). Diversity of
higher plants in China. J. Syst. Evol. 59, 1111-1123. doi: 10.1111/jse.12758

Yan, X., Wang, S., Duan, Y., Han, J., Huang, D., and Zhou, J. (2021). Current and
future distribution of the deciduous shrub hydrangea macrophylla in China estimated
by MaxEnt. Ecol. Evol. 11, 16099-16112. doi: 10.1002/ece3.8288

Yang, J. (2020). Radial growth characteristics of Piuns pumila and its response to
climate warming in treeline of Northeast China. doctoral dissertation. Harbin, China:
Northeast Forestry University

Yao, P., Chen, X., Zhou, Y., Zhao, W., Lu, M., and Tu, J. (2014). Carbon
sequestration potential of the major stands under the grain for green program in
southwest China in the next 50 years. Acta Ecol. Sin. 34, 3025-3037. doi: 10.5846/
stxb201305191106

Zanne, A. E., Tank, D. C., Cornwell, W. K., Eastman, J. M., Smith, S. A., FitzJohn, R.
G., et al. (2014). Three keys to the radiation of angiosperms into freezing environments.
Nature 506, 89-92. doi: 10.1038/nature12872

Zhang, J., Cao, L., Li, X, Zhan, M., and Jiang, T. (2013). Advances in shared socio-
economic pathways in IPCC ARS. Progressus Inquisitiones Mutatione Climatis 9, 225—
228. doi: 10.3969/j.issn.1673-1719.2013.03.012

Zhang, M., Chen, Y., Fan, D., Zhu, Q. Pan, Z, Fan, K, et al. (2017). Temporal
evolution of carbon storage in Chinese tea plantations from 1950 to 2010. Pedosphere
27, 121-128. doi: 10.1016/S1002-0160(15)60098-4

Zhang, P, He, J., Hong, X., Zhang, W., Qin, C.,, Pang, B., et al. (2018). Carbon
sources/sinks analysis of land use changes in China based on data envelopment
analysis. J. Cleaner Product. 204, 702-711. doi: 10.1016/j.jclepro.2018.08.341

Zhang, X., Manzanedo, R. D., Lv, P,, Xu, C., Hou, M., Huang, X., et al. (2022).
Reduced diurnal temperature range mitigates drought impacts on larch tree
growth in north China. Sci. Total Environ. 848, 157808. doi: 10.1016/
j.scitotenv.2022.157808

Zhang, M.-G., Slik, J. W. F., and Ma, K.-P. (2016). Using species distribution
modeling to delineate the botanical richness patterns and phytogeographical regions of
China. Sci. Rep. 6, 22400. doi: 10.1038/srep22400

Zhang, M.-G., Zhou, Z.-K., Chen, W.-Y., Cannon, C. H., Raes, N, and Slik, J. W. F.
(2014). Major declines of woody plant species ranges under climate change in Yunnan,
China. Diversity Distrib. 20, 405-415. doi: 10.1111/ddi.12165

Zhao, Y., Deng, X,, Xiang, W., Chen, L., and Ouyang, S. (2021). Predicting potential
suitable habitats of Chinese fir under current and future climatic scenarios based on
maxent model. Ecol. Inf. 64, 101393. doi: 10.1016/j.ecoinf.2021.101393

Zhou, L., Tian, Y., Myneni, R. B, Ciais, P., Saatchi, S., Liu, Y. Y., et al. (2014).
Widespread decline of Congo rainforest greenness in the past decade. Nature 509, 86—
90. doi: 10.1038/nature13265

Zweifel, R., Sterck, F., Braun, S., Buchmann, N., Eugster, W., Gessler, A., et al. (2021).
Why trees grow at night. New Phytol. 231, 2174-2185. doi: 10.1111/nph.17552

frontiersin.org


https://doi.org/10.1073/pnas.0812721106
https://doi.org/10.1007/s11295-013-0596-x
https://doi.org/10.1002/ecy.3370
https://doi.org/10.1016/j.atmosres.2020.105375
https://doi.org/10.13866/j.azr.2018.01.19
https://doi.org/10.1111/ecog.04839
https://doi.org/10.1146/annurev-ecolsys-112414-054314
https://doi.org/10.1890/1540-9295(2006)004[0347:BICM]2.0.CO;2
https://doi.org/10.1111/gcb.16238
https://doi.org/10.1038/nature02121
https://doi.org/10.1002/ecm.1486
https://doi.org/10.18637/jss.v036.i03
https://doi.org/10.1098/rspb.2010.1897
https://doi.org/10.3389/fenvs.2022.909841
https://doi.org/10.3878/j.issn.1006-9895.1810.18225
https://doi.org/10.1016/j.eng.2021.12.018
https://doi.org/10.5194/gmd-12-1573-2019
https://doi.org/10.1016/j.agrformet.2022.108843
https://doi.org/10.1016/j.agrformet.2022.108843
https://doi.org/10.1111/gcb.12945
https://doi.org/10.13275/j.cnki.lykxyj.2020.05.013
https://doi.org/10.1111/jse.12758
https://doi.org/10.1002/ece3.8288
https://doi.org/10.5846/stxb201305191106
https://doi.org/10.5846/stxb201305191106
https://doi.org/10.1038/nature12872
https://doi.org/10.3969/j.issn.1673-1719.2013.03.012
https://doi.org/10.1016/S1002-0160(15)60098-4
https://doi.org/10.1016/j.jclepro.2018.08.341
https://doi.org/10.1016/j.scitotenv.2022.157808
https://doi.org/10.1016/j.scitotenv.2022.157808
https://doi.org/10.1038/srep22400
https://doi.org/10.1111/ddi.12165
https://doi.org/10.1016/j.ecoinf.2021.101393
https://doi.org/10.1038/nature13265
https://doi.org/10.1111/nph.17552
https://doi.org/10.3389/fpls.2023.1139739
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	Meta-analysis of the impact of future climate change on the area of woody plant habitats in China
	1 Introduction
	2 Materials and methods
	2.1 Data sources
	2.2 Research methods
	2.3 Data analysis

	3 Results and analysis
	3.1 Model heterogeneity and reliability assessment
	3.2 Trends in woody plant habitat areas in China under future climate change
	3.3 Response of the future woody plant habitat areas to different climatic factors in China
	3.4 Response of the future woody plant habitat areas to different GHG emission scenarios in China
	3.5 Responses of different types of Chinese woody plants to future climate change
	3.6 Response of different Chinese woody plant genera to future climate change
	3.7 Response of Chinese woody plants in different floristic regions to future climate change

	4 Discussion
	4.1 Impact of climatic variables on the future suitable area for woody plants
	4.2 Effects of greenhouse gas concentration pathways on the future habitat of woody plants
	4.3 Differences in the properties of woody plants under the influence of climate change

	5 Conclusion
	Data availability statement
	Author contributions
	Acknowledgments
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


