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and herbaceous angiosperms. We also used phylogenetic path analysis to evaluate

growth forms.

Results: The phylogenetic signal of extinction risk differed among woody and her-
Editor: Alice Hughes baceous species. Angiosperm extinction risk was mainly affected by growth form,
altitude, mean annual temperature, normalized difference vegetation index, and pre-
cipitation change from 1901 to 2020. Woody species' extinction risk was strongly
affected by height and precipitation, whereas extinction risk for herbaceous species
was mainly affected by mean annual temperature rather than plant traits.

Main conclusions: Woody species were more likely to have higher extinction risks
than herbaceous species under climate change and extinction threat levels varied
with both plant traits and extrinsic variables. The relationships we uncovered may
help identify and protect threatened plant species and the ecosystems that rely on
them.
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1 | INTRODUCTION

The extinction of plants across global terrestrial ecosystems is
leading to biodiversity loss and altering ecosystem function and
services (Cardinale et al., 2012). The extinction of rare plants will
reduce community functional diversity and productivity (Rabelo
et al., 2022). At the same time, the extinction of plants accelerates
the homogenization of habitats and reduces regional phylogenetic
diversity (Daru et al., 2021). Hence, high plant diversity is needed
to maintain ecosystem services. However, global plant diversity is
facing seriously threatened. The latest research shows that 39% of
vascular plant species are threatened with extinction and nearly 600
species have become extinct since 1900 (Humphreys et al., 2019;
Lughadha et al., 2020). However, despite increasing rates of plant
species extinctions and endangerment, we still lack an understand-
ing of the various intrinsic and extrinsic variables that lead to plant
species extinctions.

Species' traits are commonly thought to be predictors of ex-
tinction risk, especially when species' traits are closely adapted to
local environmental conditions (Fréville et al., 2007). Moreover, as
sedentary organisms, plants are particularly sensitive to climate
change and other human activities associated with global environ-
mental change (Willis et al., 2008). Therefore, both extrinsic and
intrinsic variables potentially associated with plant extinction risk
should be analysed concurrently to disentangle the complex mecha-
nisms underlying plant extinctions (Cornelissen et al., 2003; Fréville
et al., 2007).

Extrinsic variables, including climate change and other human ac-
tivities, have dramatically increased plant extinction risk worldwide
(Chen et al., 2011). For example, highly productive species at low al-
titudes with high temperatures and precipitation generally have low
extinction probabilities (Mittelbach et al., 2007), but extinction risk
is often high for species at high altitudes where local environments
are considered more fragile (Chu et al., 2021). Relatively stable cli-
mates, such as in the tropics, have also been hypothesized to main-
tain lineages in so-called “species museums” (Furness et al., 2021; Lu
et al., 2018). However, warm and humid areas may have overall more
threatened species because areas with higher biodiversity inevitably
harbour higher numbers of rare species (Howard et al., 2020; Vamosi
etal., 2018). Moreover, human activities such as logging, agriculture,
and other forms of land use change have led to a sharp decline in the
distribution and abundance of many plant species in recent decades
(Marco & Santini, 2015 ) and have further reduced the distribution of
many threatened species (Xu et al., 2019).

Niche conservatism—the tendency for ecological niches to be
more similar due to shared ancestry—may increase extinction rates
throughout clades under climate change (An et al., 2021; Lanfear
et al., 2013). In this regard, intrinsic variables (shared evolutionary
history) may contribute to plant extinction risk and therefore ex-
tinction threat levels should have a strong phylogenetic signal. A
phylogenetic signal is defined as indices that measure the similarity
of traits (including extinction levels) of different angiosperms in the
evolutionary tree. Hence, uncovering potential phylogenetic signals
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of species extinction risk could limit the need for individual species
assessments and therefore be highly beneficial for conservation pur-
poses (Shuai et al., 2021). As such, specifically examining potential
phylogenetic signals of extinction risk will help us better understand
the intrinsic, trait-based variables affecting plant extinction risk.

Traits reflect a combination of phylogeny and environmen-
tal adaption (Fréville et al., 2007). Leaf traits and plant height are
thought to have significant impacts on plant adaptability (Royer
etal., 2005; Yang et al., 2019) and ultimately influence extinction risk
(Moles et al., 2009; Royer et al., 2005). For example, larger leaves are
more prone to frost damage (Dong et al., 2020), whereas long, nar-
row leaves are susceptible to seasonal drought (Baird et al., 2021).
Plant maximum height is associated with patterns of precipitation
and temperature (Mao et al., 2020; Moles et al., 2009) and studies of
grassland ecosystems suggest that tall species face greater extinc-
tion risks in areas with low biomass and harsh environments (Fréville
et al., 2007). Climbers, either epiphytes or vines, may have elevated
extinction risks because they often depend on other species for me-
chanical support (Ellis, 2020; Zettlemoyer et al., 2019). Studies such
as these suggest that plant trait may therefore mediate relationships
between the extrinsic variables and extinction risk.

Growth form—especially herbaceous or woody—is one of the
most studied plant traits affecting extinction risk (Humphreys
et al., 2019). Woody plants tend to have a greater extinction risk
than herbaceous plants (Figure 1), but the causes remain unclear
(Humphreys et al., 2019). These differences may be related to un-
derlying traits and evolvability. Woody plants (mostly perennial)
are often K-selected species with long generation times but slow
evolutionary rates, whereas herbaceous plants (mostly annual) are
often r-selected species with short life spans but fast diversification
(Lanfear et al., 2013; Smith & Donoghue, 2008). These differences
suggest that woody lineages have stronger phylogenetic conserva-
tism (Klimes et al., 2022). Woody and herbaceous plants also typically
differ in height and leaf traits (An et al., 2021; Mao et al., 2020). For
example, herbaceous plants tend to be more resistant to frost and
shade, whereas woody plants are more resistant to drought (Klimes
et al., 2022). Taken together, there is evidence that intrinsic variables
such as plant traits and associated phylogenetic history may interact
with extrinsic variables (e.g., climate change) to determine extinction
risk (Davis et al., 2010). Hence, we hypothesized that a combination
of plant traits, phylogeny, and environmental conditions may be re-
sponsible for differences in extinction risk across plant species.

China, with its vast area and heterogenous ecosystems, has re-
markable angiosperm diversity that has been the focus of many stud-
ies of plant diversity and distributions (e.g., Lu et al., 2018). China
recently completed a national plant extinction risk assessment (Qin,
Yang, et al., 2017), which presents a unique opportunity to assess
variables associated with the extinction risk of Chinese angiosperms.
We integrated data on plant species distributions and traits in a phy-
logenetic context to examine how both extrinsic (i.e., environmental)
variables and intrinsic species traits (see details in Table 1) relate to
extinction risk in Chinese angiosperms. We addressed the following
three questions: Firstly, to what extent is there a phylogenetic signal
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TABLE 1 Potential intrinsic and extrinsic predictors of extinction risk of Chinese angiosperms and hypothesized mechanisms

Predictor variables

Intrinsic Growth form

Climbing ability

Plant height

Leaf ratio

Lear size

Extrinsic Mean annual temperature
Annual precipitation
Temperature change

Precipitation change

Altitude

Normalized difference vegetation index (NDVI)

Human Footprint index

in the extinction risk of Chinese angiosperms? Secondly, how is ex-
tinction risk related to extrinsic variables and plant traits? Thirdly,
to what extent are these relationships consistent across woody and

herbaceous species?

2 | METHODS

2.1 | Species checklists

Extinction risk status of Chinese angiosperms was obtained
from the Red List of China Higher Plants (RLCHP) (Qin, Zhao,
et al., 2017), which is a revised version based on the China

Hypotheses
Woody species may be more vulnerable to climate change than
herbaceous species (Humphreys et al., 2019)

Epiphytic and climbing species may have greater extinction
risks because they rely on other taxa for mechanical support
(Zettlemoyer et al., 2019)

Taller species will face greater extinction threats in areas with harsh
environments (Fréville et al., 2007)

Species with greater leaf ratios may be better adapted to climate
change and thus have lower extinction risk (Baird et al., 2021)

Species with larger leaves may be less plastic and therefore
face a higher extinction risk (Li, Huang, et al., 2020; Li, Zou,
et al., 2020)

Climate affects growth and development and may limit the spatial
distribution of many endemic species (Fréville et al., 2007)

Changes in temperature and precipitation will significantly shrink
the geographic range of many plants and make them more
vulnerable to extinction (Chen et al., 2011)

Species endemic to high altitudes have higher extinction risks
(Ahmad et al., 2021)

NDVI is a proxy for habitat productivity which influences energy
and resources and therefore affects extinction risk (Evans
et al,, 2006)

Higher human footprint is a proxy for local development intensity,
which increases the extinction risk of local species (Feng
etal., 2017)

Biodiversity Red List in 2013. We used the RLCHP rather than the
IUCN Red List (Wang & Xie, 2004) because the RLCHP has more
up-to-date taxonomy and the IUCN Red List only has evaluations
for 4182 Chinese angiosperms compared to 30,068 angiosperms
in the RLCHP. The species in the RLCHP were mostly collected
from specimen data, primary literature, and expert knowledge.
Species described since 2017 were not included in this analysis
due to a lack of comprehensive and standardized data on distribu-
tions or traits for such species. Furthermore, the newly described
species from 2017 to 2022 are not expected to exceed 5% of the
whole RLCHP in our study, based on the recent estimation (Du
et al., 2020). Thus, the lack of inclusion will not impact on overall
findings of the study.
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Extinction risk evaluations are based on the same criteria as the
IUCN Red List Categories and Criteria (Version 3.1) (IUCN, 2001)
and Guidelines for Application of IUCN Red List Criteria at Regional
and National Levels (Version 3.0) (IUCN, 2003). Of the 30,068 as-
sessed angiosperm species (Qin, Zhao, et al., 2017): 40 species were
considered extinct or on the verge of extinction (extinct, extinct in
the wild, or regionally extinct), 3363 species were considered threat-
ened (critically endangered, endangered, or vulnerable), and 2538
were considered near-threatened (Qin, Yang, et al., 2017). Next, we
classified threat status as an ordinal response: 0, least concern (LC);
1, near-threatened (NT); 2, vulnerable (VU); 3, endangered (EN);
and 4, critically endangered (CR). In this study, we did not include
species that are already extinct (Qin, Yang, et al., 2017). We further
excluded aquatic angiosperms, subspecies, hybrids, varieties, and
species without trait data, resulting in 1830 near-threatened and
2624 threatened species. We also identified 10,434 least concern
species that have complete trait records in the iPlant (http://www.
iplant.cn/). Together, these species represent 98.4% of angiosperm
families in China.

2.2 | Traits and extrinsic data

We focused on five trait variables for each species based on
their morphological descriptions in the iPlant and Chinese Virtual
Herbarium (CVH: https://www.cvh.ac.cn/): climbing ability (CL),
growth form (GF), maximum height (H), leaf shape (represented by
leaf ratio: LR), and leaf size (LS) (Table 1). Climbing ability repre-
sents species' adhering capacity and associated biomass allocation
strategy (Medina-Vega et al., 2021) and was divided into non-
climbing species (0), climbers (including lianas and vines; 1), and
epiphytes (2). Growth form reflects different ecological strategies
(Klimes et al., 2022) and was divided into woody (trees, shrubs,
and woody lianas; 0) and herbaceous (herbs and subshrubs; 1).
Maximum height is a major determinant of a species' ability to
compete for light (Moles et al., 2009) and was obtained for all
non-climbing species (Moles et al., 2009). Finally, we used two
leaf traits that reflect precipitation and temperature tolerances
(Baird et al., 2021). Leaf shape is calculated as leaf length divided
by leaf width, which reflects the specific leaf area of plants (Lin
et al., 2020). Leaf size is calculated as leaf length x leaf width,
which reflects the ability of plants to capture light (Niinemets
et al., 2006).

We obtained six extrinsic variables to examine the effects of
climate, productivity, altitude, and human activities on species ex-
tinction risk (Table 1). We used mean values of extrinsic variables for
each species across its geographical range. Geographic range data
were obtained by converting species county-level distribution data
of each species into a resolution of 100km? grid cells (Lu et al., 2018).
We then approximated the geographic range by the number of grid
cells occupied by each species to minimize the potential bias of

unequal sampling effort and to simplify the relationship between
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geographic distribution and extinction risk (Xu et al., 2019). We
downloaded a raster of normalized difference vegetation index
(NDVI; representation of vegetation cover) and altitude at a 1 km?
resolution from the Resource and the Environmental Science Data
Cloud Platform (RESDC, https://www.resdc.cn/Default.aspx). We
used the WorldClim database (Fick & Hijmans, 2017) at a 5-min res-
olution to extract recent (average for the years 1970-2000) data
on mean annual temperature (MAT) and annual precipitation (AP).
As a measurement of climate change, we calculated the differences
between 1901 and 2020 based on long-term averages for MAT
(temperature change: TC) and AP (precipitation change: PC) using
data from the United Kingdom's National Centre for Atmospheric
Science at 0.5°x0.5° resolution (Harris et al., 2020). Finally, we used
Human Footprint indices (HFP) from Venter et al. (2016), which con-
solidated data on infrastructure, land cover, and human access to
natural areas at a resolution of 1 km? as a broad indicator of human
presence. We resampled these variables in ArcGIS (Version 10.2,
ESRI, 2016) and calculated mean values for 100x100km grids
across China.

2.3 | Phylogenetic tree construction and analysis

We used the V.PhyloMaker package (Jin & Qian, 2019) within R 4.0.5
(R Core Team, 2021) to build a phylogenetic tree for all threatened
species in China. We chose Smith and Brown (2018) phylogeny for
seed plants (GenBank taxa with a backbone provided by Open Tree
of Life; GBOTB) to construct the phylogeny. We extracted the ge-
nus- or family-level largest cluster's root and basal node information
from the mega-tree. Species not in the GBOTB were included as pol-
ytomies within their parental clade using the “phylo.maker” function.
This function randomly inserts species that are not in the GBOTB
tree into their relevant genera or families. To assess the impact of
random species insertions on the model, we iteratively generated
and analysed 10 trees for each random insertion. Finally, we used
the “ggtree” package (Yu et al., 2018) in R to construct a phyloge-
netic tree representing plant extinction risk.

We used Pagel's 1 (Pagel, 1999) to assess phylogenetic signal and
phylogenetic generalized least squares (PGLS) regression to evalu-
ate the relative influence of traits and extrinsic variables on species'
extinction risk (Purvis et al., 2000; Shuai et al., 2021). We performed
these analyses using the “phylolm” function in the “phylolm” package
in R 4.0.5 (Ho & Ané, 2014; R Core Team, 2021). The evolutionary
model of PGLS was assessed using a Brownian motion (BM) with
1000 bootstrap replicates. This approach simply predicts that traits
of closely related species are more similar than those of distantly
related species (Cooper et al., 2016). We also calculated pairwise
correlation coefficients between all variables after using phyloge-
netic independent contrasts (PIC) to reduce multicollinearity and au-
tocorrelation in phylogenetic regression (Carvalho et al., 2006). We
found that no variables exhibited high levels of correlation (r>0.8)
(Figure S1).
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2.4 | Threatened factors of angiosperms

We used an under-sampling bias correction method to reduce biases
associated with uneven numbers of Chinese angiosperms across
different extinction threat levels. The disproportionate number of
least concern species (10,434 species) would inundate the analysis
of threatened species (2624 species) and potentially lead to under-
estimated results in regression analyses (Salas-Eljatib et al., 2018).
We corrected species unevenness across threat levels by randomly
selecting an equal number of species across each threat level (sam-
pling without replacement). The number of species at each threat
level in the subset was based on the number of critically endangered
species. This resulted in 396 total species at each threat level for the
all-species analysis (179 herbaceous species and 217 woody species
at each threat level). We repeated the under-sampling bias correc-
tion procedure 10 times and plotted rarefaction curves based on all
iterations. We found that 10 iterations covered 98.78% of threat-
ened species (98.97% of herbaceous and 98.90% of woody species)
(Figure S2), which confirmed that under-sampling bias correction
was an appropriate method for ensuring the representation of plant
species across all threat levels.

We first conducted univariate PGLS analyses to test the effect
of each predictor on extinction risk prior to under-sampling bias cor-
rection. We excluded CL because it was not significant in univariate
PGLS for all growth forms in multivariate PGLS (Table S2). We then
applied the under-sampling bias corrected subset to run multiple
PGLS and model selection analyses and reported their mean values of
variable coefficients. To evaluate patterns across threatened woody
and herbaceous angiosperms, we performed model selection based
on all possible variable combinations (4095 models for all species and
2047 models for herbaceous and woody species) for PGLS models for
the relevant variables for each growth forms (Table S3). We used the
second-order Akaike Information Criterion (AICC) to compare model
fit and rank candidate models. We selected the top candidate models
by assessing Akaike weights (w) and by comparing differences in AIC_
values (AAIC ) between models (Burnham & Anderson, 2002). As our
analyses frequently recovered multiple adequate models (AAIC_<2),
we used model-averaging to account for model selection uncertainty
using the ‘dredge’ function in the MuMIn package (Barton, 2013;
Burnham & Anderson, 2002). We also calculated Z-scores and stan-
dardized regression coefficients (B) for each variable to compare
the relative effect of each covariate on extinction risk (Ashcroft
etal., 2012). We reported the number of times each variable appeared
in resulting models as a proxy of variable importance. Finally, we then
calculated the contribution of each variable to extinction risk in the

models using variance decomposition (Gross et al., 2017).
2.5 | Phylogenetic path analysis
Phylogenetic path analysis (PPA) facilitates the inference of causal

relationships between variables in phylogenetic analyses, such as
PGLS (Von Hardenberg & Gonzalez-Voyer, 2013). We conducted

PPA by using the “phylopath” package (Van der Bijl, 2018), which
uses PGLS to evaluate the direct and indirect causal relationships
between variables. We selected leaf size, leaf ratio, and maximum
height as trait variables, and MAT, mean annual precipitation (MAP),
and TC and PC as climate variables. We designed the following 4
models to examine the effects of traits and climate on extinction
risk (see details in Figure S3): (1) null model (no causal relationship
between variables); (2) only climate variables influence extinction
risk; (3) only traits directly influence extinction risk (but climate may
indirectly affect extinction risk by affecting traits); and (4) traits and
climate jointly affect extinction risk. We also created a shared path
in the above 4 models to represent correlations between climate and
traits; that is, climate variables can affect traits.

3 | RESULTS
3.1 | Phylogenetic signal of extinction risk

We found a substantial and significant phylogenetic signal in the
extinction risk of angiosperms in China when analysing all species
together (Pagel's 1 = 0.796, p<.001), and when woody (1 = 0.599,
p<.001) and herbaceous (1 = 0.694, p <.001) species were analysed
separately. Orchidaceae (479 species), Ericaceae (125 species), and
Fabaceae (112 species) had the largest absolute number of threat-
ened species. Species from 19 families were considered threatened
and the proportion of threatened species in 46 families exceeded
50% (Figure 2 and Table S1).

3.2 | Effects of traits on extinction risk

The extinction risk of woody plants was significantly higher than
that of herbaceous species. The model averages of the all-species
analyses showed that both plant traits and extrinsic variables ac-
counted for 37.36% of the variation in extinction risk, of which plant
traits accounted for 45.72% of the estimates (Figure 3 and Table S3).
Growth form was the most important trait in predicting extinction
risk, accounting for 25.98% of the total parameter estimates across
all species (Table S2). We also found that extinction risk increased
with maximum plant height and decreased with leaf size, which to-
gether explained 17.02% of all the estimates.

The correlation between the extinction risk of herbaceous spe-
cies was weaker than that of extrinsic variables, whereas the extinc-
tion risk of woody species was most strongly related to maximum
height. Univariate PGLS regressions showed that extinction risk
was related to maximum height, leaf size, and leaf ratio, regardless
of growth form and consistent with the results in the all-species
model (Table S2). However, the contribution of each trait differed
substantially between growth forms. In herbaceous species, all traits
accounted for 33.57% of the variation in extinction risk, of which
plant traits accounted for only 7.5% and maximum plant height just
3.09% (Table S3). Similar to herbaceous plants, all traits accounted
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FIGURE 2 Family level phylogeny
and extinction risk of 192 angiosperm
families in China based on Smith and
Brown (2018). Bar plots at each tip show
the relative proportions (see details

in Table S1) of threatened (vulnerable,
endangered, and critically endangered)
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Parameter estimates
for 31.45% of the variation in woody plant extinction risk. However, 3.3 | Effects of extrinsic variables on

woody plant traits accounted for 25.04% of the estimates and max-
imum plant height accounted for 15.15% of the total estimates.
Overall, the contributions of woody plant traits to predicted extinc-
tion risk were greater than those of herbaceous plants, accounting
for 25.04% of the total estimates. Moreover, extinction risk in-
creased with woody species' height, accounting for 15.15% of the
total estimates.

extinction risk

The effects of extrinsic variables on extinction risk were greater
than those of traits (Table S2). The model-averaged results showed
that extrinsic variables accounted for 54.27% of the variation in the
all-species model (Figure 3 and Table S3). Altitude, MAT, PC, and
NDVI were the most important extrinsic predictors of extinction
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risk, accounting for 49.36% of the variation in the all-species analy-
sis. The extinction risk of species increased with the altitude, MAT,
MAP, and NDVI. In contrast, MAP, TC, and HFP only accounted for
4.91% of the total estimates.

The extinction risk of herbaceous species was mainly related
to recent climate and human activities, whereas the extinction risk
of woody species was significantly correlated with climate change.
Univariate PGLS showed that the extinction risk of herbaceous spe-
cies was positively correlated with MAT, HFP, altitude, and NDVI, but
not with PC. Therefore, extrinsic variables played a decisive role in
predicting the extinction risk of herbaceous species, accounting for
92.49% of the variation in the model. Among them, altitude and MAT
were the most important predictors of herbaceous plant extinction
risk, accounting for 20.74% and 19.95% of the variation, respectively.
For woody species, extinction risk was mainly affected by PC and
extrinsic variables overall accounted for 74.96% of the variation.
Climate change including PC and TC were the most important ex-
trinsic predictors of woody species' extinction risk, accounting for
25.00% and 12.00% of the variation, respectively. Interestingly, the
extinction risk of woody species increased with PC and decreased
with TC.

3.4 | Effects of traits and climate on extinction risk
in PPA

The results of PPA showed that traits and climate jointly affect
extinction risk (Figure S3). At the same time, climate mainly af-
fected extinction risk through direct effects and traits were still
strongly correlated with extinction risk when excluding climate
variables (Table S4 and Figure 4). In herbaceous species, recent
climate (MAT and AP) explained over half (61.6%) of the variation
in extinction risk. The direct effects of climate variables on the
extinction risk of herbaceous species were less than those of plant
traits. Among them, climate change variables affected the extinc-
tion risk of herbaceous species mostly through indirect effects,
whereas recent climate variables mainly affected extinction risk
through direct effects. At the same time, 63.3% of the variation
of trait effects on extinction risk can be explained by indirect ef-
fects of climate on extinction risk in herbaceous species. In woody
species, precipitation (PC and AP) explained nearly half (47.0%) of
the effects on extinction risk. Among them, only AP affected the
extinction risk of woody species more through indirect effects on
traits, and climate change explained 29.4% of the effects of traits

on the extinction risk of woody species.

4 | DISCUSSION

The extinction risk of Chinese angiosperms showed significant
phylogenetic signals. Not only did we find that the extinction risk
of woody species was higher than that of herbaceous species but
also that there were significant differences in the intrinsic and

extrinsic predictors of extinction risk for woody and herbaceous
species. Specifically, traits had little effect on the extinction risk
of herbaceous species, whereas plant height significantly af-
fected extinction risk of woody species. Recent climate, altitude,
and productivity (represented by NDVI) patterns significantly af-
fected the extinction risk of herbaceous species, whereas the ex-
tinction risk of woody species was related to precipitation (both
recent past and precipitation changes since 1901). However, after
considering the influence of climate on traits, we found that taller
woody and shorter herbaceous plants have a higher extinction risk,
respectively.

4.1 | Phylogenetic signal of extinction risk in
angiosperms

We found that extinction risks of extant Chinese angiosperms were
affected by variables with a substantial phylogenetic signal. Earlier
studies have found strong phylogenetic signals in angiosperm traits,
such as leaf shape, leaf size, and plant height (An et al., 2021; Lanfear
et al., 2013). In our analyses, although woody species had a higher
extinction risk, the phylogenetic signal of their extinction risk was
weaker than that of herbaceous species. One explanation for this
pattern is that woody species are more affected by human factors.
Woody species are larger and require more extensive ranges to
maintain populations (Xu et al., 2018), and therefore are potentially
more vulnerable to habitat fragmentation, logging, and other human
activities than herbaceous species (Pouteau et al., 2022). Moreover,
the legacy of long-term, high-intensity human activities in ancient
China has pushed many woody plants to endangered status (Feng
et al.,, 2017). In general, repeated, prolonged, and extreme human
disturbance or natural disasters can increase extinction risk and con-
sequently obscure the detection of phylogenetic patterns in extinc-
tion risk (Daru et al., 2013).

4.2 | Differences in extinction risk between
woody and herbaceous species

Patterns of extinction risk varied greatly between woody and
herbaceous species. Consistent with past studies, we found that
woody species had a higher extinction risk than herbaceous spe-
cies (Humphreys et al., 2019). This may be related to their traits
and environments (Fréville et al., 2007), their relationships with
humans (logging, in particular; Tabarelli et al., 2004)—as well as
their generally lower genetic diversity, which may limit their abil-
ity to adapt over short time scales (Chung et al., 2020). Indeed,
we found that plant traits had greater effects on woody plant ex-
tinction risk than that on herbaceous plants. Woody species also
have higher rates of monoecious and dioecious sexual systems
than herbaceous species, which may reduce their fecundity rela-
tive to herbaceous species that are capable of selfing (Gamba &
Muchhala, 2020).
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We found that NDVI had little correlation with woody species
extinction risk but was positively correlated with that of herba-
ceous species. This may be because locally productive areas support
more regionally threatened herbaceous species and more threat-
ened woody species in barren areas. Another possible explanation
is that areas with higher NDVI tend to have higher forest coverage
and therefore more companion or understorey herbaceous species
(Spicer et al., 2022), which are often more vulnerable to climate and
land use change (De Lombaerde et al., 2022). At the same time, her-
baceous species face more severe competition in areas with milder
climatic conditions and higher productivity, which may increase their
extinction risk in these areas (Furness et al., 2021).

4.3 | Interactive effects of plant traits and
environment on extinction risk

Anthropogenic climate change is among the most potent driv-
ers of species extinction (Chen et al., 2011). The relatively weaker

correlation between climate change and extinction risk in herba-
ceous species compared to that for woody species further explains
differences in extinction risk between growth forms. The increase in
precipitation and temperature over the past century has significantly
increased the extinction risk of woody species. Compared to herba-
ceous species, woody species have different life history strategies
(e.g., longer lifespans and slower reproduction) and slower molecular
evolution rates, which may increase their vulnerability to anthropo-
genic climate change (Klimes et al., 2022; Smith & Donoghue, 2008).
Woody species also have narrower hydraulic safety margins than
herbaceous species, and thus may be more vulnerable to altered
precipitation regimes (Choat et al., 2012). At the same time, the in-
crease in evaporation and drought caused by the rise in tempera-
ture will also threaten the survival of these woody plants (Moles
et al., 2009). The extinction risk of woody and herbaceous species
was positively and negatively correlated with MAP, respectively. At
the same time, herbaceous communities in dry grassland ecosys-
tems are particularly vulnerable to climate change, which can reduce
competition for invasive species (Baird et al., 2021), and further
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negatively affect populations of native, threatened herbaceous spe-
cies (Jin et al., 2019). For woody plants experiencing the effects of
climate warming, boreal forests are example ecosystems that may
be particularly sensitive to rising temperatures (Babst et al., 2019).
This may explain why woody trees in colder areas are at greater risk
of extinction overall (Eiserhardt et al., 2015).

We hypothesized that different relationships between plant
traits and extrinsic variables may contribute to divergent extinction
risks across herbaceous and woody species. We found that traits of
woody species were more affected by climate change, which in turn
led to an increased risk of extinction. We also found that extinction
risks of woody and herbaceous species were related to leaf size and
leaf ratio. Woody plant leaf size is positively correlated with mean
annual temperature and MAP (Li, Huang, et al., 2020), and smaller
leaf sizes are associated with cold, dry climates. In herbaceous spe-
cies, shorter and narrower leaves are often found in cold and dry
climates as well (Baird et al., 2021). Hence, these traits have strong
environmental plasticity (Cristian & John, 2020). We found that max-
imum plant height was significantly correlated with various extrinsic
variables: herbaceous species height was affected by both tempera-
ture and precipitation, whereas woody plant height was mainly af-
fected by precipitation. These findings support the hypothesis that
plant height is dependent on water availability (Koch et al., 2004).
Our path analysis also showed that taller woody species and shorter
herbaceous species had greater extinction risks. This contrasts with
De Jonge et al. (2018), who found that shorter plants were more
vulnerable to environmental change and, as a result, face a greater
risk of extinction. At the same time, another possible explanation
is that taller trees are frequently prioritized by logging operations
(Tabarelli et al., 2004), whereas smaller herbaceous species may be
more affected by microhabitats (Emma & Charles, 2007).

4.4 | Critical factors and conservation implications

We found that climbing and epiphytic species did not have elevated
extinction risks, which is contrary to our hypothesis and previous
research in other regions (Zettlemoyer et al., 2019). On the one
hand, most climbers and epiphytes in China are concentrated in for-
est reserves with high biodiversity and strong protection (Figure S4)
(Zhang et al., 2020). On the other hand, many threatened epiphytes,
especially orchid species, may lack adequate conservation evalua-
tion. Therefore, we suggest that more effort should be allocated to
evaluating the threats to epiphytes and climbing plants.

Whereas we recovered the expected positive correlations
between angiosperm extinction risk and both altitude and tem-
perature, we also found a positive correlation with precipitation.
Threatened angiosperms in China are most concentrated in two re-
gions: the rain forests of Southwest China (Lu et al., 2018) and a
narrow geographic area along the mountains of the Tibetan Plateau
(Zu et al., 2021). Although high-altitude areas are often cold and dry
with little human activity (Ma et al., 2020), we found only a weak

relationship between human footprint and extinction risk. This may
be somewhat explained by our large spatial extents and the associ-
ated coarse-resolution grid. Highly anthropized areas likely contain
a very small number of species and the area within the 100 km? grid
may include both high and low levels of human activities. Moreover,
China's protected area system covers 15.1% of China's land area, but
only contains 13.1% of threatened plant species (Xu et al., 2017).
Notably, existing reserves do not cover the mountainous areas of
southwest China and the Tibetan Plateau where plant biodiversity is
particularly high. We therefore suggest that future establishment of
protected areas should prioritize the narrow area where the tropical
rain forest in Southwest China transitions to the mountains of the
plateau to increase the representation of threatened plant species.

Rare and threatened species play critical roles in forest eco-
systems. Extirpations lead to loss of genetic diversity and sharp
increases in extinction risk. As these plants become rarer and go
extinct—locally or globally—there will be many cascading effects, in-
cluding the possible extinction of herbivores that depend on these
species (Mclntyre & Whitham, 2003). Our results confirm that pat-
terns of extinction risk differ among plant growth forms in Chinese
angiosperms. Hence, it is particularly important to take different
management and protection measures for herbaceous and woody
species. We should also pay special attention to the protection
of tall woody plants and herbaceous plants in high-altitude areas.
Current sanctuaries tend to focus on flagship species, which may
neglect the protection of more inconspicuous threatened plants
(Chua et al., 2021). Considering that many geographic ranges of
herbaceous and woody threatened species also overlap (Figure S4),
forest protection should also consider herbaceous understorey spe-
cies that are often neglected (Spicer et al., 2022). At the same time,
because herbaceous and woody species have different relationships
between extinction risk and environmental conditions, it is critically
important to expand the scope of existing nature reserves to en-
compass diverse ecological niches and altitudinal gradients. Such ex-
pansion would greatly enhance species abilities to cope with future
climate change.
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