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Abstract

Climate change is poised to exert a significant impact on species distribution

in the future, and Taxus cuspidata as an endangered species is no exception.

Predicting the potential distribution of T. cuspidata is essential for

decision-makers to develop conservation policies and explicitly implement

conservation measures. In this study, a combined model was employed to pre-

dict potentially suitable habitats for T. cuspidata based on extant data of

T. cuspidata distributions in northeastern China. Our findings suggest that

mean diurnal range (bio2) and isothermality (bio3) were identified as domi-

nant factors influencing T. cuspidata distribution. Under future climate scenar-

ios, suitable habitat areas increased only in the SSP126 scenario in the 2070s,

declining in all other scenarios. In all climate scenarios, the centroid of suit-

able habitats ultimately shows a trend in northward movement. Decreases in

suitable habitat predominantly occurred in Yanbian Korean Autonomous

Prefecture, Baishan city, and Tonghua city. Overall, this study highlights a

projected habitat reduction due to climate change. Recommendations entail

the strategic establishment of nature reserves and the implementation of ini-

tiatives aimed at population replenishment.
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INTRODUCTION

At present, the looming problem of global climate change

is a matter of grave concern. Climate change has signifi-

cantly emerged as a predominant abiotic factor exerting

influence on biodiversity and the distribution of various

species (Gao et al., 2023). The consensus among climate

scholars is that global warming is an inevitability in

forthcoming climate scenarios, with a pronounced

impact expected in high-altitude regions (Ansari, 2023;

Hamid et al., 2019). The ramifications of climate change

are multifaceted, altering the course, frequency, and

intensity of species interactions. This poses a substantial

threat to species distribution, culminating in a worrisome

decline in species diversity—a matter now considered

one of the foremost ecological quandaries worldwide

(Blois et al., 2013; McQuillan & Rice, 2015; Rosenberg

et al., 2019). Furthermore, the vitality of certain species,

especially those of economic significance, has been

adversely affected by human activities such as logging

and harvesting, leading to a stark reduction in

their populations and the degradation of their habitats

(Pan et al., 2022; Zhan et al., 2022). The confluence of cli-

mate warming and intensified human interventions is

progressively causing suitable habitats for numerous spe-

cies to shift toward higher latitudes and elevations (Wani

et al., 2023; Zhao et al., 2021). Alarming statistics reveal

that approximately one-quarter of the world’s plant spe-

cies currently face extinction risks, with this number con-

tinuing to escalate (Yang et al., 2021). As a result,

safeguarding endangered species and preserving the qual-

ity of their habitats has unequivocally emerged as a para-

mount priority in the realm of biodiversity conservation,

with particular emphasis on species bearing high ecologi-

cal and economic value (Ansari, 2023; Cahyaningsih

et al., 2021).

Taxus cuspidata, an evergreen tree classified within

the Taxus genus and Taxaceae family, bears red fruit

(Figure 1c). Recognized as a tertiary relict and often

referred to as a botanical living fossil, T. cuspidata

exhibits stringent environmental requirements and

exhibits a scarcity of natural, undisturbed forest habi-

tats. Its natural distribution primarily spans the north-

eastern regions of China. Renowned for its profound

F I GURE 1 (a) Study area and distribution points of Taxus cuspidata (b) trees (c) and fruits. Photo credit: Yanqing Huang.
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medicinal value, T. cuspidata is particularly celebrated

for its paclitaxel-based antitumor properties (Cheng

et al., 2015). Nevertheless, the current production of pac-

litaxel falls considerably short of demand, and the intri-

cate mechanisms underpinning paclitaxel biosynthesis

remain predominantly enigmatic (Kuang et al., 2019). In

recent decades, human disturbances, logging, and envi-

ronmental degradation have precipitated a perilous

decline in T. cuspidata’s wild resources, exacerbating the

precarious state of its natural populations (Zhang &

Wenming, 2010). T. cuspidata is one of the endangered

plants in the “Threatened Species List of China’s Higher

Plants” (Qin et al., 2017). The natural products, associ-

ated genes, and population status of T. cuspidata were

the main areas of interest in early studies (Kan et al.,

2020; Long et al., 2021; Zhou et al., 2019). However, with

the increasing negative impact of climate change on spe-

cies diversity, the protection of its suitable habitats has

become the focus of current research. In the future, its

suitable habitat may be more sensitive to climate change,

so understanding the current and future changes in its

suitable habitat is essential for the protection of its

population.

Species distribution modeling (SDM) is an effective

method to study the relationship between species distri-

bution and environmental factors, which mainly utilizes

species distribution data and relevant environmental data

to predict the potential distribution of species (Ardestani

et al., 2021; Guo et al., 2023). Because of its advantages

such as low difficulty of data acquisition and good predic-

tion effect, many algorithmic models have been devel-

oped and widely used in recent years (Chen et al., 2022).

For example, the most commonly used include maximum

entropy model (MaxEnt), generalized linear model

(GLM), generalized additive model (GAM), multivariate

adaptive regression splines (MARS), random forest (RF),

and artificial neural network (ANN). However, the selec-

tion of a single model for simulation studies may lead to

large differences in simulation results and increase

uncertainty in species distributions (Subedi et al., 2024).

This problem can be remedied by the ensemble model

(EM), which integrates the results of multiple models

and improves the accuracy of predictions (Ardestani &

Ghahfarrokhi, 2021).

The establishment of nature reserves is a fundamental

strategy for the conservation of endangered plants in the

wild (de Souza & Prevedello, 2020). Nature reserves can

provide suitable conditions for the normal growth and

development of endangered species and effectively pre-

vent the loss of suitable habitats for species. It has been

demonstrated that species richness is much higher inside

nature reserves than outside (Gray et al., 2016). However,

under climate change, it is still unknown whether the

reserve is facing the risk of loss of suitable habitat for

T. cuspidata and whether the current reserve can meet

the needs of protecting T. cuspidata. Therefore, the com-

prehensive analysis of species-suitable habitat changes

and nature reserves can better provide guidance for con-

servation management.

This study used EM to simulate the potential distribu-

tion of T. cuspidata under climate changes. The overall

objectives of the study include the following: (1) to pre-

dict current and future changes in the spatial distribution

of suitable habitat for T. cuspidata; (2) to identify key

environment variables that influence the distribution of

its suitable habitat; (3) to provide a scientific basis for the

conservation and management of T. cuspidata.

MATERIALS AND METHODS

Study area

The study area is located in northeastern China (Figure 1).

This area comprises Liaoning, Jilin, Heilongjiang, and three

cities within the Inner Mongolia Autonomous Region.

Notably, this geographical expanse constitutes the principal

natural habitat of the Northeastern Red Bean Pine in

China, bounded by the Changbai Mountains to the east,

the Daxinganling region to the west, and the

Xiaoxinganling region to the north.

Model data

The distribution data of T. cuspidata in northeast China

were collected from the field distribution point data

recorded in the Digital Herbarium of China (http://www.

cvh.ac.cn) and the Global Biodiversity Information

Network (http://www.gbif.org/). In addition, we obtained

point data for T. cuspidata through field surveys and

review of the relevant literature (Long et al., 2021). A

total of 69 data were finally obtained after removing

duplicates. In order to consider the spatial autocorrela-

tion between the coordinate points, one of the two points

with a distance of less than 1 km was removed, and

finally 61 valid data were obtained.

The bioclimatic data selected for this study were

obtained from the World Climate Database version 2.1

(http://www.worldclim.org/), which consists of 19 climate

variables at a resolution of 1 km. Future climate data

from the World Climate Database BCC-CSM2-MR model

projections for the period 2061–2080, driven by different

socioeconomic assumptions, with projected scenarios of

how humans will emit greenhouse gases, also known as

the Shared Socio-Economic Pathway (SSP): SSP126
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(low-impact scenario), SSP245 (medium-impact scenario),

SSP245 (medium- to high-impact scenario), and SSP485

(high-impact scenario). The elevation data were obtained

from Geospatial Data Cloud (https://www.gscloud.cn/), and

the data were used to generate slope and aspect in ArcGIS

10.8. Soil data were obtained through the World Soil

Database (HWSD). There are 28 environmental factors in

three categories (Appendix S1: Table S1).

In order to prevent multicollinearity among climate

environment variables from affecting the prediction

results, the environment variables were first analyzed for

correlation. These environmental correlations were cal-

culated from the values of all environment variables in

the study area. For two variables with correlation coef-

ficients greater than 0.8, preserve the one with greater

of contributivity and ensure that the variance inflation

factor (VIF) is <10 between factors (Werkowska et al.,

2017). Five climatic environment indicators, three topo-

graphic indicators, and five soil indicators were finalized

(Table 1). The same five climate environment indica-

tors were selected for the four future climate scenarios

to ensure comparability of the models. The data on the

boundaries of the nature reserves come from the geo-

graphic information database of the China Nature

Reserve Specimen Resource Sharing Platform (http://

www.papc.cn/).

Species distribution modeling

Species distribution models are widely used for the pre-

diction of suitable habitats for species, among which

MaxEnt model (Du et al., 2021; Yu et al., 2019), random

forest (Zhang, Wei, Zhang, et al., 2020; Zhang, Wei,

Zhao, et al., 2020), and other models are more widely

used. With the development of the model, the composite

model that integrates multiple models often has more

advantages (Hao et al., 2020; Yusup et al., 2022). This is

because a single model may produce overfitting, whereas

an EM may reduce uncertainty in model fitting (Battini

et al., 2019; He et al., 2023). In order to more accurately

simulate and predict the distribution of T. cuspidata in

northeast China, this study used “biomod2” in R4.1.2 for

simulation and prediction (Thuiller et al., 2021).

Biomod2 is a collection package for SDM, including

10 models (Appendix S1: Table S2). In the process of

SDM, it is difficult to obtain accurate absence point data.

Therefore, we adopted the method of randomly generat-

ing 1000 pseudo-absences in the study area. In addition,

we performed three operations to eliminate the bias in

the sample generated during the pseudo-absence genera-

tion process (Rather et al., 2022). During the modeling

process, 75% of the distribution data samples were ran-

domly selected as training data, and 25% of the samples

were used as testing data. According to the parameter set-

ting, the model is run 10 times repeatedly to reduce the

spatial deviation. Normally, true skill statistic (TSS) and

the area under the relative operating characteristic curve

(AUC) are used as evaluation indicators for model accu-

racy. The closer the values of the two indicators are to 1,

the better the simulation results of the model. The

models with excellent assessment results were selected as

the base models to be combined, and the combined

model results for current and future simulations were

obtained after weighting with AUC values.

The suitable habitat value range of the EM output is

0–1000, and we use ArcGIS 10.6 to visualize the simula-

tion results. We first divide the study area into unsuitable

habitat (0–500) and suitable habitat (500–1000). The suit-

able habitat was divided into low suitable habitat

(500–600) and high suitable habitat (600–1000) (Hamid

et al., 2019; Leng et al., 2008). Finally, the area of suitable

and highly suitable habitat was counted to determine the

spatial variation in suitable habitat for T. cuspidata.

Geospatial analysis

We used the tool of “Distribution Changes Between

Binary SDMs” in the SDMtoolbox version 2.4 tool kit of

the ArcMap 10.8 software to calculate the changes in

suitable habitats in the future. Then, we analyzed the

spatial distribution of expansion and contraction areas in

different scenarios in the future, and obtained the distri-

bution map of stable and contraction areas in 2090s.

TAB L E 1 Environment variables used in the model.

Variable type Variable name Code

Climatic variables Annual mean temperature bio1

Mean diurnal range bio2

Isothermality bio3

Annual precipitation bio12

Precipitation seasonality

(coefficient of variation)

bio15

Terrain variables Digital elevation model dem

Shope shope

Aspect aspect

Soil variables Topsoil silt fraction t_silt

Topsoil clay fraction t_clay

Topsoil pH t_ph

Topsoil organic carbon t_oc

Topsoil reference bulk density t_bulk
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Finally, the spatial distribution of nature reserves was

analyzed in relation to the spatial distribution of areas of

loss of suitable habitat.

RESULTS

Model evaluation and contribution of
environment variables

We used AUC > 0.95 and TSS > 0.9 as the screening

criteria, and the excellent models screened out were

MaxEnt, GLM, Flexible Discriminant Analysis Model

(FDA), and MARS. The combined model after perfor-

ming the combination has an AUC value of 0.996 and a

TSS value of 0.974, giving excellent model performance.

These results affirm the exceptional predictive capabili-

ties of the combined model, which demonstrated height-

ened accuracy in simulating the suitable habitat

distribution for T. cuspidata in the northeastern region.

In general, climatic factors exerted a substantial

influence on the distribution of suitable habitats for

T. cuspidata, whereas topographical and soil-related fac-

tors exhibited comparably minor effects. Among the con-

tributing variables in the comprehensive model, bio2 and

bio3 emerged as the most significant. The preferred envi-

ronmental range for T. cuspidata can be defined as

follows: mean daily range of 6–12.3�C; isothermality of

24.5–31; annual precipitation of 590–1100 mm; and pre-

cipitation seasonality (coefficient of variation) of

64–107 mm (Figure 2).

Distribution of suitable habitats for
T. cuspidata

The current suitable habitat for T. cuspidata primarily

exists in the eastern portion of the northeastern region,

predominantly concentrated within the Changbai

Mountain Range, which constitutes the primary natural

habitat for T. cuspidata (Figure 3). Currently, the total

area of suitable habitat encompasses 69,868 km2, with

22.81% classified as merely suitable habitat and the

remaining 77.19% designated as highly suitable habitat.

Notably, suitable habitat predominantly encircles areas

characterized as highly suitable habitat. Looking ahead

to potential climate scenarios, under the SSP126 scenario,

an expansion of suitable habitat is projected in the 2070s,

followed by a reduction in suitable habitat area in the

2090s. Under scenarios SSP245, SSP370, and SSP585, total

suitable habitat area for T. cuspidata decreases signifi-

cantly, with losses of 12,095, 7976, and 4864 km2 in the

2070s, respectively. It lost 7787, 9130 and 10,717 km2 in

the 2090s, respectively.

F I GURE 2 Contribution of environment variables. The lower and upper ends of each box represent the 25th and 75th quartiles, the

bold lines within the boxes represent medians, whiskers represent no more than 1.5 times the interquartile range, and solid circles represent

outliers. See Table 1 for an explanation of variable codes.
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Dynamics of suitable habitat under
different climatic scenarios

Figure 4 shows the spatial variation in suitable habitat

under different climate scenarios in the 2090s. In the

SSP126 scenario, significant habitat contraction occurred

mainly at the southern and northern ends of the total suit-

able habitat. In contrast, the SSP126 scenario exhibited a

greater area of habitat expansion than that of contraction,

mainly within the central Jilin Province. In contrast, the

other three climatic scenarios demonstrate prominent hab-

itat contraction primarily within the southern portion of

the total suitable habitat, concentrated within Liaoning

Province. Across all three climate scenarios, the expansion

of suitable habitat is consistently surpassed by contraction,

leading to an overall habitat reduction. Notably, the popu-

lation distribution patterns of T. cuspidata indicate a clear

trend in migration to higher elevations.

From the final results, the area of suitable habitat for

T. cuspidata will decrease in the 2090s. Under the SSP126

F I GURE 3 (a) Current suitable habitat of Taxus cuspidata. (b) Suitable habitats for T. cuspidata under different climate scenarios in

2070s. (c) Suitable habitats for T. cuspidata under different climate scenarios in 2090s. (d) Area of suitable habitat.
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climate scenario, T. cuspidata had the smallest shrinkage

in total suitable habitat, with a decrease of 8.95%. As cli-

mate change pressures increase, the shrinking area of

suitable habitat increases. Under the three climate sce-

narios, the shrinkage rates of suitable habitat area were

11.08%, 13.11%, and 15.35%, respectively (Table 2).

In terms of spatial pattern, the centroid of total suit-

able habitat was located within the city of Baishan, Jilin

Province, in both the current and future four periods

(Figure 5). In the SSP126 scenario, the centroid has the

shortest final migration distance. Overall, the centroid

has a tendency to migrate northward. The centroid of

current suitable habitat is located in Fusong County,

Baishan City (127�23056.400 E, 42.19033.600 N).

The areas where suitable habitat stabilizes or disap-

pears under all four future climate scenarios are the areas

of key concern for future conservation efforts (Figure 6).

Specifically, the suitable habitat areas that disappeared

under different climate scenarios in 2070s and 2090s were

2073 and 2061 km2, respectively. It is mainly located in

F I GURE 4 Spatial changes in Taxus cuspidata under different climatic scenarios in 2090s: (a) SSP126; (b) SSP245; (c) SSP370;

(d) SSP585.
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Yanbian Korean Autonomous Prefecture, Baishan City,

and Tonghua City. It is worth noting that contraction of

suitable habitat exists in established nature reserves. At

the same time, the areas of suitable habitat under all four

climate scenarios in the 2070s and 2090s were 37,833 and

32,071 km2, respectively. This is a naturally updated sta-

ble region of T. cuspidata.

DISCUSSION

Suitable habitat impact factors and
conservation status

Climate, topography, and soil factors exert significant

influences on the growth and development of plants, par-

ticularly for endangered wild species like T. cuspidata

(Bhat et al., 2023). T. cuspidata thrives within the altitude

range of 500–1000 m above sea level, with temperature

being the predominant factor governing its survival. Our

modeling results underscored that daily mean tempera-

ture and isothermality emerged as pivotal environmental

factors dictating the distribution of T. cuspidata.

Additionally, annual precipitation and the seasonality

of precipitation wielded considerable influence over

T. cuspidata’s distribution in the northeastern region of

China. Notably, these bioclimatic variables also hold sig-

nificance in shaping the distribution patterns of other

plant species in the same northeastern context. This phe-

nomenon can be attributed to the region’s pronounced

temperature fluctuations and the concentration of precip-

itation during the summer months (Liu et al., 2021;

Wang, Liu, Shuai, et al., 2023). Predominantly, the suit-

able habitat for T. cuspidata is concentrated in the

TAB L E 2 Change in suitable habitat area under different climate scenarios in 2090s (in square kilometers).

Future climate

scenarios

Total suitable

habitat Range expansion

Range

contraction No change Total change

SSP126 63,510 15,166 21,410 48,344 −6244

SSP245 62,023 13,304 21,035 48,719 −7731

SSP370 60,612 10,183 19,325 50,429 −9142

SSP585 59,050 11,784 22,488 47,266 −10,704

F I GURE 5 Centroid migration of suitable habitats.

8 of 13 CHANG ET AL.



Changbai Mountain area. Projections under future cli-

mate scenarios suggest a conspicuous reduction in suit-

able habitat at lower altitudes, a pattern akin to many

other species’ habitat changes (Abdelaal et al., 2019;

Prevey et al., 2020).

By comparing the extent of suitable habitat for

T. cuspidata with the extent of the current nature reserve,

it is possible to speculate whether the current reserve

area meets the conservation requirements (Hu

et al., 2020; Wan et al., 2015). Notably, the degree of over-

lap between current nature reserves and T. cuspidata’s

suitable habitat remains limited, both in the current con-

text and under projected future climate scenarios

(Figure 6). This shortfall suggests that the existing nature

reserves may fall short in safeguarding suitable habitat

under future climatic conditions, thus highlighting a

conservation deficit (Amarasinghe et al., 2021; Zhang

et al., 2022). Consequently, the identification of stable

and suitable habitats as priority zones for protection is

imperative, with a primary focus on establishing future

nature reserves within these prioritized areas (Han

et al., 2019). Our research has found that some lost suitable

habitats are located within nature reserves (Figure 6). This

tells us that some areas in the nature reserves may also be

affected by climate change and need special attention

from the protection department. These research out-

comes hold substantial significance for the delineation of

priority conservation zones for T. cuspidata in northeast

China and the formulation of effective conservation strat-

egies. Furthermore, the study’s findings offer valuable

scientific guidance for facilitating the population recovery

of T. cuspidata.

Implications and pathways for the
conservation of T. cuspidata

Our results suggest that the suitable habitat for

T. cuspidata faces imminent threats under future climate

change scenarios. We propose two primary conservation

strategies for T. cuspidata. Firstly, progressive establish-

ment of nature reserves in areas where suitable habitats

are stabilized under different climate scenarios. The cur-

rent area of the reserve does not meet the demand for

T. cuspidata protection. These nature reserves play a cru-

cial role in managing shifts in the population structure of

endangered species, thereby reducing the risk of natural

extinction (Geldmann et al., 2018; Yu et al., 2014). By

implementing a carefully planned zoning strategy, the

nature reserves can form a coherent system or network to

achieve the purpose of protection (Song et al., 2021; Wan

et al., 2016). At the same time, nature reserves are able to

maintain existing environmental conditions of suitable

habitat and prevent further loss of their suitable habitat

area (Guo et al., 2019). Second, relocation conservation

and species return. Relocation conservation measures

F I GURE 6 Range contraction and unchanged areas in different scenarios: (a) 2070s; (b) 2090s.
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can be implemented for plants located in areas where

suitable habitat is shrinking under different climate sce-

narios. There have been successful cases of stable

regenerating populations of Taxus wallichiana in the wild

through translocation conservation (Li et al., 2021). In

addition, the number of T. cuspidata can be gradually

increased in areas where suitable habitat is stabilized

under different climatic scenarios. This is mainly due to

the dispersed nature of wild populations and the frag-

mentation of habitats that hinders self-propagation and

population renewal (Wang, Liu, Liu, et al., 2023). It is

important to note that raw plant material from different

populations can be collected, which can lead to higher

genetic diversity in the returned populations (Niu

et al., 2021; Wan et al., 2014).

Limitations

For species distribution models, uncertainty in species

point locations inevitably increases the uncertainty in the

prediction results. Although species distribution models

can give desirable predictions with a small sample size,

species distribution models will have higher accuracy

as the sample size increases. This study used 61 species

distribution data, and extensive surveys should be

conducted in the future to obtain more sample data. In

addition to species sample data, environment variables

can also affect prediction results. For example, in our

prediction process, we did not consider the potential

impact of land use factors. This may exaggerate the

suitable habitat area for T. cuspidata. But with the con-

tinuous improvement in people’s awareness of conser-

vation, the impact of land use change on species is

gradually decreasing. Currently, the change in suitable

habitats for organisms is mainly caused by climate

change (Pant et al., 2021). In the future, predicting

suitable habitats for species using species distribution

models can comprehensively consider the quantity of

species location data and related environmental

factors.

CONCLUSION

In this study, we used ensemble modeling analysis to

evaluate the current and future planning areas for the

preserve. Our results revealed that daily mean tempera-

ture and isothermality are the primary drivers influenc-

ing the distribution of T. cuspidata, highlighting the

pronounced impact of temperature-related variables over

precipitation-related ones on species distribution. The

predictions under different climate scenarios in the

future indicate that suitable habitat of T. cuspidata is

shrinking and there is an overall trend in northward

movement. We suggest that ex situ protection and in situ

protection measures should be carried out in different

regions according to the changes in suitable habitats. At

the same time, the planning and expansion of nature

reserves, especially for T. cuspidata, should be strength-

ened. Furthermore, management and conservation strat-

egies within these reserves should be improved to foster

the healthy development of wild populations of this

endangered species.
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databases and literature, identified and eliminated

invalid and duplicate records, and used ArcGIS to

refine the coordinates of longitude and latitude to no

more than 1 per km, ultimately obtaining the distribu-

tion point data of species. The bioclimatic variables

and soil data obtained from the WorldClim and HWSD

databases were obtained at the global scale, and we

used the mask extraction tool in ArcGIS to extract data

from northeastern China for this study.
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