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Predicting the spatial distribution of species in relation to suitable areas under global
climate change could provide some references for conservation and long-term
management strategies for the species. In this study, the MaxEnt was optimized by
adjusting the feature combination and regulation magnification parameters with the
ENMeval data package. Based on 127 Cremastra appendiculata spatial distribution
locations and 14 environmental factors, the potential distribution areas of C.
appendiculata under the present and future climate conditions (2050s, 2070s) were
simulated, and the dominant environmental factors influencing the spatial distribution of
C. appendiculata were analyzed. The feature combination (FC) and the regularization
multiplier (RM) were selected as per the Akaike information criterion (AIC). The model
showed complexity and degree of over-fitting (delta AICc = 0, omission rate = 0.106, the
difference in the curve values between the training and testing areas was 0.021) after
establishing the optimal model (FC = LQH and RM = 2.5), and the results indicated that the
optimal model performed well in simulating the potential spatial distribution of C.
appendiculata (the area under the receiver operating characteristic curve = 0.933). The
results showed that the suitable habitat of C. appendiculata currently in China is 187.60 ×
104 km2, while the highly suitable habitat is 118.47 × 104 km2, the moderately suitable
habitat is 53.25 × 10 4 km2, and the poorly suitable habitat is 15.88 × 104 km2. There is an
increasing trend in the suitable habitat of C. appendiculata under six climate scenarios,
including SSP1-2.6, SSP2-4.5, and SSP5-8.5 in the 2050s and the 2070s, and that
habitat will extend to the northwest as a whole. The highly suitable habitat of C.
appendiculata in nature reserves is 0.47 × 104 km2; consequently, there is a large gap
in the protection of C. appendiculata. The distribution of C. appendiculata was influenced
by the temperature, precipitation, and normalized vegetation index.
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INTRODUCTION

Currently, global warming is one of the major environmental
problems the world is facing (Akbar et al., 2021; Dai et al., 2021).
It is expected that by 2100, global temperatures will rise by 1.4 to
5.8°C compared with 1900, two- to ten- fold higher than that in
the twentieth century, and the average temperature will increase
2.2°C by 2050 in China; global average temperature might rise
3.7°C by the end of twenty-first century under the scenarios of
Representative Concentration Paths (RCPs), according to the
fifth assessment report of the Intergovernmental Panel on
Climate Change (Yan et al., 2021). The growth and
development, spatial distribution, and population size of plants
will be influenced by a globally changing climate (Ouyang et al.,
2021). Increasingly, studies have demonstrated that the range of
suitable habitats for plants will expand, contract, or migrate under
the effect of global climate change. For example, a warming
climate may decrease the range of suitable habitats for
Semiliquidambar cathayensis (Hamamelidaceae), making them
migrate to higher altitude and higher latitude areas (Ye et al.,
2020); the highly suitable habitat of the deciduous shrub
Hydrangea macrophylla showed an increasing trend, and the
total suitable habitat expands to the north with climate warming
(Yan et al., 2021). Therefore, exploring the relationship between
species distribution and climate factors and predicting the
changes in species distribution patterns in different climate
scenarios at present and in the future have become a hot topic
in biogeography and ecology (Chakraborty et al., 2016; Wang
et al., 2016; Dyderski., 2018).

With the deeper study of the development of geographic
information science, species distribution models (SDMs) have
provided the most commonly used approach to examining the
influence of a changing climate on the appropriate habitats for
species (Descombes et al., 2015). According to the ecological
principle called the niche theory along with its specific
algorithm, the niche characteristics of the plant are indicated by
spatial distribution and environmental variables, to forecast the
appropriate area of the plant (Guisan and Zimmermann, 2000;
Phillips et al., 2006). The development of the species distribution
model provides effective methods for the research of
environmental science (Du et al., 2017), the protection of
biodiversity (Remya et al., 2015), and the defense of invasive
species (Luizza et al., 2016) among other benefits. There is a
variety of species distribution models based on different
algorithms, such as CLIMEX (Sutherst and Maywald, 1985),
GARP (Stockwell et al., 2006), ENFA (Hirzel et al., 2002),
DOMAIN (Carpenter et al., 1993), and MaxEnt (Philips et al.,
2006), among the existing models. The MaxEnt model has
provided accurate predictions, even when there are few species
distribution records to work with (Kumar and Stohlgren, 2009).
The MaxEnt model has been widely used in the field of species
distribution research and to study the suitable distribution of
Chinese Ziziphus jujube (Zhao et al., 2021a), Semiliquidambar
cathayensis (Ye et al., 2020), and Panax notoginseng (Zhan et al.,
2022). Recent studies have demonstrated the utility of the MaxEnt
model for simulating the possible distribution of species, and the
complexity is often high, which is not conducive to model transfer.

However, the ENMeval data package was used to adjust the
MaxEnt model parameters, which can better forecast the
potential suitable area of the species (Zhao et al., 2021b).

Cremastra appendiculata (Orchidaceae), contained in the
Chinese pharmacopeia, is an endangered and rare plant
species in China (Mao et al., 2018). C. appendiculata (“山慈

菇” in Chinese) is a herbal traditional Chinese medicine with a
spatial distribution encompassing the Yellow River Basin and
most of southern China; the herb commonly flourishes in gully
wetlands or forest wetlands at an altitude ranging from 500 to
2,900 m (Liu et al., 2021a). It is sweet, slightly pungent, and cool
with the effects of clearing heat and detoxification, resolving
phlegm, and dispersing snot; it is mainly used to treat carbuncles,
swelling, toxins, phlegm nucleus and lymph node cancer, and
snake and insect bites (Chinese Pharmacopoeia Commission,
2010; Liu et al., 2021b). Due to the increasing demand for C.
appendiculata, its wild resources can no longer meet people’s
needs, and the species is in a threatened or endangered condition
(Zhang et al., 2006). It has been listed in publications of the
Convention on International Trade in Endangered Species
(CITES) (Hinsley et al., 2018). Therefore, it is important to
protect C. appendiculata resources. Recently, because of the
unique physiological and pharmacological characteristics, more
researchers have been paying attention to C. appendiculata
increasingly in the world. Up to now, there are some studies
on its rapid propagation (Zhang et al., 2006), population quantity
and genetic drift (Chung et al., 2004), chemical compositions
(Ikeda et al., 2005), and pharmacological action (Yang et al.,
2010). However, there is no research on the potential suitable
distribution of the endangered C. appendiculata in China under
global climate change. The MaxEnt model was utilized to
simulate the potential spatial distribution of C. appendiculata
according to climatic scenarios (SSP1-2.6, SSP2-4.5, and SSP5-
8.5) for both the current period (1970–2000) and the future: the
2050s (2041–2060) and the 2070s (2061–2080). The current study
aimed to improve the understanding of the distributional
property and ecological suitability of C. appendiculata and act
as a theoretical reference for the conservation and use of wild C.
appendiculata. The objectives of the study were to (a) identify the
patterns of spatial distribution and future changes in C.
appendiculata in China; (b) identify the relevant ecological
factors inhibiting C. appendiculata distribution; (c) predict the
suitable distribution of C. appendiculata and the trajectory of its
centroid distribution under present and future scenarios of
climate change; and (d) provide rational evidence to facilitate
the conservation and introduction of C. appendiculata resources.

MATERIALS AND METHODS

Occurrence Data for Cremastra
appendiculata
Data for the geographic distribution of C. appendiculata were
obtained from databases such as the Global Biodiversity
Information Platform (https://www.gbif.org/) and the China
National Specimen Information Infrastructure (www.nsii.org.
cn/) and the distribution location of C. appendiculata from
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consulting-related documents. After excluding duplicate
distribution points and sample records with unclear
geographical locations and times, we obtained the
corresponding longitude and latitude coordinates through
Google Maps and deleted the data less than 0.4 from the
obtained longitude and latitude. Finally, 127 distribution
points in China were determined.

Environmental Data
The WorldClim dataset provided bioclimatic data (Version
2.0, www.worldclim.org/) for the period 1970–2000 and for
future climate data (2050s: 2041–2060; 2070s: 2061–2080)
with 2.5’ spatial resolution. We used general circulation
model (GCM) predictions under shared social-economic
paths (SSPs) proposed by the Coupled Model
Intercomparison Project Phase 6 (CMIP6) of IPCC to
predict the future climate change (Popp et al., 2017). We
selected the Beijing Climate Center Climate System Model
(BCC-CSM2-MR) as the climate system model, which was
developed at the National Climate Center because it
demonstrates the best performance in East Asia (Xin et al.,
2013; Wu et al., 2019). BCC-CSM2-MR alone was usually used
in China to predict species distributions (Zhang et al., 2021).
SSP1-2.6, SSP2-4.5, SSP3-7.0, and SSP5-8.5 represent a low-
forcing, medium-forcing, medium-to-high-forcing, and high-
forcing scenario, respectively (Fischer et al., 2005). We chose
SSP1–2.6, SSP2–4.5, and SSP5–8.5 representative of the
minimum, moderate, and maximum greenhouse emission
scenarios, respectively, to predict the potential spatial
distribution of C. appendiculata. LUCC data were obtained
from the Chinese Academy of Sciences Resource and
Environmental Science Data Center (http://www.resdc.cn).
Topographic data were obtained from the United Nations
Food and Agriculture Organization (FAO) Soil Map and
Database v1.2 World Soil Database (http://www.fao.org/
soils-portal/soil-survey/soil-maps-and-databases/
harmonized-world-soil-database-v12-en).

The MaxEnt model will produce over-fitted simulations
because various ecological factors show collinearity
relationships (Graham, 2003). The Spearman coefficient

method was used to minimize the overfitting of model
predictions by identifying correlations between 28
ecological factors. If factors with a correlation coefficient
were greater than or equal to 0.8, the most ecologically
significant factors were retained (Liu and Shi, 2020).
Finally, 14 environmental variables were selected from 28
environmental variables to identify the potential spatial
distributions of C. appendiculata and to determine key
environmental variables (Table 1).

Model Parameter Optimization and Model
Building
The potential distribution of C. appendiculata over different
periods was predicted using the MaxEnt; the two parameters
of feature combination (FC) and regulation magnification (RM)
were adjusted by the ENMeval package. There are five feature
combinations in the MaxEnt model, namely, linear features,
quadratic features, product features, threshold features, and
hinge features. The default parameters of MaxEnt are RM = 1
and FC = LQHPT. For the future optimization model, we set RM
to 0.5–4, increased 0.5 each time, and adopted six feature
combinations, namely, L, LQ, H, LQH, LQHP, and LQHPT
(Muscarella et al., 2014). The distribution position of C.
appendiculata was divided into four parts by the ENMeval
data package, of which three parts were used for training and
one was used for testing. The 48 parameter combinations
mentioned earlier were assessed using the ENMeval data
package, as per the change of the Akaike information criterion
(△AICC). The differences between the training AUC and the test
AUC (AUC. DIFF) and the 10% training omission rate (OR10)
were utilized to assess the performance of the model (Phillips
et al., 2017).

The 127 distribution points of C. appendiculata were
imported into MaxEnt model software; three quarters of the
samples were chosen for model training, with the remaining
samples being used for verification (Zhang et al., 2020). The
maximum iteration number was set to 10,000, and the
operation was repeated 10 times (Zhan et al., 2022). The
area under the receiver operating characteristic curve

TABLE 1 | Environmental predictors selected in the model building after correlation analysis.

Code Environmental variable Code Environmental variable

Bio1 Annual mean temperature (°C) Bio15 △ Precipitation seasonality (coefficient of variation)
Bio2 Mean diurnal range (mean of monthly (max—min temp)) (°C) Bio16 △ Wettest seasonal rainfall (mm)
Bio3 △ Isothermality (×10) (-) Bio17 Precipitation of the driest quarter (mm)
Bio4 △ Temperature seasonality (standard deviation×100) Bio18 Precipitation of the warmest quarter (mm)
Bio5 Max temperature of the warmest month (°C) Bio19 Precipitation of the coldest quarter (mm)
Bio6 △ Lowest temperature of the coldest month (°C) Slope Slope
Bio7 Temperature annual range (bio—bio6) (°C) Altitude △ Altitude (m)
Bio8 △ Mean temperature of the wettest quarter (°C) Aspect △ Aspect (。)
Bio9 Mean temperature of the driest quarter (°C) NDVI △ Normalized vegetation index
Bio10 Mean temperature of the warmest quarter (°C) Add-prop△ Specific soil types in the soil unit related to agricultural uses
Bio11 Mean temperature of the coldest quarter (°C) LUCC △ Land use/land cover change
Bio12 Annual precipitation (mm) T_ sand △ Topsoil sand fraction (% wt)
Bio13 Precipitation of the wettest month (mm) (t _ Ph _ h2o) △ Topsoil pH (H2O (1-log (H+)
Bio14 Coefficient of variation of precipitation seasonality (mm) Alt △ Altitude (m)
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(AUC) was utilized to assess the model prediction accuracy.
The value of AUC was 0–1, depending on how close the AUC
value was to 1, and the prediction result of the model was more
accurate (Hanley and McNeil, 1982; Swets, 1988; Dai et al.,
2019).

Classification of Suitable Habitat
We used ArcGIS 10.5 (Esri, Redlands, California, United States)
to process the suitability classification and visualization of C.
appendiculata. We quantified the potential distribution
probability of C. appendiculata from 0 to 1, and four groups
were reclassified, following the method used by Yang et al. (2013);
the habitat suitability level of C. appendiculata was divided into
four categories: unsuitable (0–0.2), poorly suitable (0.2–0.4),
moderately suitable (0.4–0.6), and highly suitable (0.6–1)
habitats. The differences in the suitable areas of C.
appendiculata were compared in different periods to obtain a
map of the distribution patterns of C. appendiculata under
different periods of the scenarios of climate change.

Analysis of the Multivariate Environmental
Similarity Surface
The Multivariate Environmental Similarity Surface (MESS) is an
indicator used to express how similar a site in space is to a set of
reference points relative to a set of predictors. As the S value is
positive, the smaller the S values, the more significant is the
climate difference at the point. If the maximum value of the
multi-environmental similarity is 100, no difference exists. A
negative value indicates that the value of at least one climate
variable at the site is beyond the range of the corresponding value
of the reference layer. The environmental change at the reference
point is good (Elith et al., 2010). The operation was performed by
running the “density. Tools. Novel” tool in the MaxEn Jar file in
the command window.

RESULTS

Generation of the Optimal Model and
Assessment of the Model Accuracy
The potential spatial distribution of C. appendiculata in China
was simulated using the MaxEnt model. The delta.AICc of 109.59
was obtained with the model set, according to default parameters.
However, a delta.AICc of 0 was obtained when the model was
established with the optimized parameters (FC = LQH and RM =
2.5) (Figure 1; Table 2). The AUC.DIFF and omission rate
decreased by 67.19% and 63.32%, respectively, indicating lower
over-fitting of the optimized parameters than the default
parameters. The model was reconstructed using the optimized
parameters (FC = LQH and RM = 2.5), after which the model was
used to simulate the suitable spatial distribution of C.
appendiculata in China. Under this model, the average AUC
under training reached 0.933 (Supplementary Figure S1). The
software simulations confirmed the high accuracy of the MaxEnt
model for predicting the spatial distribution of C. appendiculata
in China.

Current Potential Distribution
The main distribution areas of C. appendiculata are in southern
China, which cover parts of Yunnan, Tibet, Sichuan,
Chongqing, Guangxi, Guangdong, Gansu, Shaanxi, Zhejiang,
Jiangsu, Anhui, Hubei, Henan, Shanxi, Hebei, and Jiangsu
(Figure 2). Most of the screened sample points showed a
scattered distribution in areas of suitable C. appendiculata
habitat. This result confirmed that the model can predict the
potential spatial distribution of C. appendiculata. The area of
current potential suitable habitats for C. appendiculata in China
is 187.60 × 104 km2 (Supplementary Figure S2). For C.
appendiculata in China, the highly suitable habitat is 118.47
× 104 km2, particularly distributed in east-central Sichuan,
central Guizhou, southern Hunan, southern Jiangxi, and
northern Zhejiang; the moderately suitable habitat is 53.25×
104 km2 (Supplementary Figure S2), which is mainly located in
southern Hunan, northern and central Guizhou, southern
Jiangxi, eastern Sichuan, northern Guizhou, northern
Yunnan, eastern Hubei, and central Shaanxi; and the lowly
suitable habitat is 15.88 × 104 km2 (Supplementary Figure S2),
especially located in southeastern Tibet, central and southern
Yunnan, northern Guangxi, northern and eastern Guangdong,
southern Zhejiang, southern Jiangxi, southern Hunan, eastern
Sichuan, northern Hubei, and eastern Shandong.

Future Potential Distribution
The distribution map of potentially suitable habitats for C.
appendiculata in China under six different scenarios of future
climate change appears in Figure 3. As shown in
Supplementary Figure S2, by the 2050s, for SSP1-2.6, the
highly suitable habitat for C. appendiculata will represent
13.63% of the total land area of China, and it will be
increased by 10.47% than that under modern climate
conditions. By the 2050s, for SSP2-4.5, the highly suitable
habitat for C. appendiculata will represent 16.31% of the total
land area of China, and it will be increased by 32.15% than that

FIGURE 1 | Assessment metrics of MaxEnt generated by ENMeval.
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under modern climate conditions. By the 2050s, for SSP5-8.5,
the highly suitable habitat for C. appendiculata will represent
15.74% of the total land area of China, and it will be increased
by 27.57% than that under modern climate conditions. By the
2050s, for SSP1-2.6, the moderately suitable habitat for C.
appendiculata will represent 5.27% of the total land area of
China, and the moderately appropriate habitat of C.
appendiculata will be increased by 0.09% than that under
modern climate conditions. By the 2050s, for SSP2-4.5, the
moderately suitable habitat for C. appendiculata will represent
5.82% of the total land area of China, and it will be increased by
4.94% than that under modern climate conditions. By the
2050s, for SSP5-8.5, the C. appendiculata moderately
suitable habitat will represent 5.4% of the total land area of
China, and it will be decreased by 2.65% than that under
modern climate conditions. By the 2050s, for SSP1-2.6, the
total suitable C. appendiculata habitat will represent 20.44% of
the total land area of China, and it will be increased by 4.39%
than that under modern climate conditions. By the 2050s, for
SSP2-4.5, the total suitable habitat for C. appendiculata will
represent 23.85% of the total land area of China, and the most
appropriate habitat of C. appendiculata will be increased by
18.06% than that under modern climate conditions. By the

2050s, for SSP5-8.5, the total suitable habitat for C.
appendiculata will represent 22.74% of the total land area of
China, and it will be increased by 14.05% than that under
modern climate conditions. In a word, the potential
distribution for C. appendiculata under different scenarios
of climate change in the 2050s showed an increasing trend
(Figure 3).

By the 2070s, for SSP1-2.6, the most suitable habitat area for
C. appendiculata will represent 13.71% of the total land area of
China, and it will be increased by 11.11% than that under
modern climate conditions. By the 2070s, for SSP2-4.5, the
most suitable habitat for C. appendiculata will represent 17.83%
of the total land area of China, and it will be increased by
44.47% than that under modern climate conditions. By the
2070s, for SSP5-8.5, the most suitable habitat for C.
appendiculata will represent 18.22% of the total land area of
China, and it will be increased by 47.64% than that under
modern climate conditions. By the 2070s, for SSP1-2.6, the
moderately suitable habitat for C. appendiculata will represent
5.55% of the total land area of China, and it will be increased by
0.09% than that under modern climate conditions. By the
2070s, for SSP2-4.5, the moderately suitable habitat for C.
appendiculata will represent 5.79% of the total land area of

TABLE 2 | Metrics evaluating the optimal and default MaxEnt models by using the ENMeval package.

Setting FC RM AUC.DIFF Omisson rate Delta.AICc AICc

Default LQPTH 1 0.064 0.289 109.59 2513.82
Optimized LQH 2.5 0.021 0.106 0 2623.41

FIGURE 2 | Distribution of the occurrence of Cremastra appendiculata in China.
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China, and it will be increased by 4.38% than that under
modern climate conditions. By the 2070s, for SSP5-8.5, the
moderately suitable habitat for C. appendiculata will represent

5.97% of the total land area of China, and it will be increased by
7.61% than that under modern climate conditions. By the
2070s, for SSP1-2.6, the total suitable habitat for C.

FIGURE 3 | Potential spatial distribution of Cremastra appendiculata under future scenarios of climate change.
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appendiculata will represent 20.89% of the total land area of
China, and it will be increased by 5.74% than that under
modern climate conditions. By the 2070s, for SSP2-4.5, the

total suitable habitat for C. appendiculata will represent 26.02%
of the total land area of China, and the most suitable habitat of
C. appendiculata will increase by 18.06% than that under

FIGURE 4 | Changes in the potential spatial distribution of Cremastra appendiculata under scenarios of climate change.
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modern climate conditions. By the 2070s, for SSP5-8.5, the
suitable habitat for C. appendiculata will represent 22.74% of
the total land area of China, and it will be increased by 24.91%
than that under modern climate conditions. Generally
speaking, the potential spatial distribution for C.
appendiculata under different climate scenarios of climate
change in the 2070s will show an increasing trend (Figure 3).

It can be seen in Supplementary Figure S3 that in the
2070s, for SSP1-2.6, the area of lost suitable habitat for C.
appendiculata will be the smallest, at 8.36 × 104 km2. In the
2050s, for SSP1-2.6, the area in which the suitable habitat of C.
appendiculata increases is the smallest, which will be 18.73 ×
104 km2. For the SSP5-8.5 scenario during the 2070s, the
gained area and lost area of C. appendiculata will be the
largest; the area of the gained area will be 88.18 × 104 km2,
and the area of the lost area will be 25.19 × 104 km2,
respectively. The gained area of C. appendiculata under
climate change will be greater than the lost area, indicating
that the potential area of spatial distribution of C.
appendiculata will also increase (Figure 4).

Change Trend of Shifts in the Centroid Area
Distribution of the Highly Suitable Area for
Cremastra appendiculata
The highly suitable habitat of C. appendiculata in different
periods was extracted by ArcGIS software, and the centroid
position of the most suitable habitat was calculated by ArcGIS.
The method of Yue et al. (2011) was used to calculate the
centroid direction, displacement, and distance of the most

suitable habitat. The C. appendiculata current habitat centroid
appears in northwest Hunan at 110°10′E and 28°50′N
(Figure 5). There is a shift in the centroid of the suitable
habitat of 109° 58′E and 29°42′N in the 2050s and 109°50′E and
29°38′N in the 2070s under SSP1-2.6. There is a shift in the
centroid of the suitable habitat of 108°39′E and 30°63′N in the
2050s and 109°50′E and 29°38′N in the 2070s under SSP2-4.5.
Under SSP5-8.5, the centroid of the suitable habitat will shift to
108°48′E and 30°39′N in the 2050s and 106° 83′E and 31°87′N
in the 2070s. In summary, we observed that the core
distribution of C. appendiculata will shift to the northwest
under future emission trajectories (SSP1-2.6, SSP2-4.5, and
SSP5-8.5).

Analysis of the Multivariate Environmental
Similarity Surface of Cremastra
appendiculata Potential Distribution Areas
Under Future Climate Changes
The area of potential distribution of the climate anomaly
area (S < 0) is small in the whole potential distribution area
under the future climate scenario (Figure 6). No suitable
habitat area for C. appendiculata was predicted in the
abnormal climate zone compared with the potential
distribution area under the same climate scenario during
the same period. The average similarities of the 127 valid
distribution record points of C. appendiculata were 8.01,
7.58, and 6.99 in the 2050s under SSP1-2.6, SSP2-4.5, and
SSP5-8.5, respectively, and 6.21, 5.85, and 4.14 in the 2070s
under SSP1-2.6, SSP2-4.5, and SSP5-8.5, respectively. It

FIGURE 5 | Shifts in the centroid area distributions for Cremastra appendiculata highly suitable area under different scenarios of climate change.
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FIGURE 6 | Analysis of the Multivariate Environmental Similarity Surface (MESS) of the potential distribution area for Cremastra appendiculata under future climate
changes.
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shows that the degree of anomaly in the 2070s under SSP5-
8.5 is the highest.

Gap Analysis
In ArcGIS 10 2, the systematic conservation planning map of C.
appendiculata is superimposed and analyzed on the vector
boundary of China’s nature reserve to obtain its conservation
vacancy map. Gap analysis is carried out to identify its
conservation vacancy area (Figure 7), thus providing a
theoretical reference for its scientific protection and
management. According to the gap analysis, there are almost
no nature reserves. The area of the most appropriate habitat of C.
appendiculata in the reserve was 0.47 × 104 km2, there is a large
gap in the protection of C. appendiculata, and there are few areas

appropriate for growth in the protection area, which need to be
protected urgently.

Environmental Variable Analysis
Among the 14 environmental variables predicted by MaxEnt
(Table 3), the top three variables and their rates of contribution
are as follows: the lowest temperature of the coldest month (bio6,
63.9% contribution rate), the wettest seasonal rainfall (bio16,
13.8%), and the normalized vegetation index (NDVI, 11.8%).
These variables represented almost 89.5 of the protections
(Table 3). The jackknife test also confirmed that the lowest
temperature of the coldest month (bio6) is the most influential
environmental factor, followed by the wettest seasonal rainfall
(bio16) and precipitation seasonality (coefficient of variation)

FIGURE 7 | Protection vacancy map of Cremastra appendiculata.

TABLE 3 | Proportional contributions of environmental predictors on the possible spatial distribution of C. appendiculata in China.

Variable Relative
contribution (%)

Variable Relative
contribution (%)

Lowest temperature of the coldest month
(bio6)

63.9 Specific soil types in the soil unit related to agricultural uses (add-
prop)

0.7

Wettest seasonal rainfall (bio16) 13.8 Land use/land cover change (LUCC) 0.5
Normalized vegetation index (NDVI) 11.8 Topsoil sand fraction (t _ sand) 0.1
Slope 3.4 Mean temperature of the wettest quarter (bio8) 0.1
Altitude 3.2 Standard deviation of temperature seasonality (bio4) 0.1
Aspect 1.5 Precipitation seasonality (bio15) 0.1
Isothermality 0.9 Topsoil pH (H2O) (t _ pH _ H2O) 0
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(bio15) when using only a single environmental factor
(Supplementary Figure S4), suggesting that these
environmental factors are important for the growth suitability
of C. appendiculata under modern climatic conditions. The
response curves of the dominant environmental variables
(Supplementary Figure S5) indicated the most suitable habitat
for C. appendiculata as follows: the lowest temperature of the
coldest month (bio6) was −3–6°C, the wettest seasonal rainfall
(bio16) was 480–1300mm, precipitation seasonality (coefficient of
variation) (bio15) was 45–75, and the normalized vegetation index
was 0.35–0.8. Climates suitable for the distribution of C.
appendiculata are characterized by cold and humid climate
conditions. However, C. appendiculata still showed a low
tolerance to temperature.

DISCUSSION

Climate, soil, terrain, and human factors will affect the spatial
distribution of species. In order to consider the environmental
factors affecting species comprehensively, distribution, climate,
terrain, and soil factors were selected to simulate the potential
distribution of C. appendiculata. When the MaxEnt model is
used to predict the potential distribution of species, the model is
overfitted, resulting in the decline of themodel’s accuracy. This study
optimized the model by setting two parameters: characteristic
parameter (FC) and regulation magnification (RM) in the
MaxEnt model. In this study, 48 combinations were set, and the
accuracy of the model was evaluated by △AICC and AUC. The
results showed that when FC was LQPH and RM = 2.5, the
overfitting and complexity of the model were lower than the
default parameters. The appropriate growth area of C.
appendiculata in different periods was predicted by optimized
parameter modeling. The average AUC of the model test was
0.933, indicating a good model prediction accuracy. The response
curve obviously became smooth and nearby the positive distribution
curve, which conformed to Shelford’s tolerance law (Zhao et al.,
2021b; Song et al., 2021).

The results of the assessment of important climatic variables
indicated that the most crucial factors restricting the spatial
distribution of the current potential suitable habitat for C.
appendiculata are temperature, precipitation, and normalized
vegetation index. This was consistent with the habitat of C.
appendiculata, which preferred a cold, cool, and wet
environment (Averyanov et al., 2003). C. appendiculata is
born in the wetlands under the forest or on wetlands beside
ditches, and it mostly grows in places with shade, scattered light,
high air humidity, and clear air with high moisture (Wei et al.,
2017). The main areas of distribution of C. appendiculata are in
the Yellow River Basin and most areas to the south. C.
appendiculata usually grows in gully wetlands or forest
wetlands at an altitude of 500–900 m (Liu et al., 2021b). The
results of the present study were consistent with the climatic
factors (Gao et al., 2016) and spatial distribution (Liu et al., 2021a)
of C. appendiculata determined in previous research, suggesting
that the area of suitable habitat predicted by the MaxEnt model
was consistent with measurements.

C. appendiculata is found in the Yellow River Basin and across
most areas in southern China (Liu et al., 2021b). The results of the
optimized maximum entropy model indicated that the current
appropriate habitat of C. appendiculata was largely consistent
with the actual distribution, indicating that the MaxEnt model is
more reliable andmore accurate for its distribution.Climate change
results in changes in temperature in different regions and changes in
the spatial distribution patterns of rainfall. Changes in these climate
factors that approach or exceed the current threshold of plant
growth can result in the rise of plants’ lowest altitude line or
migration to high altitude (Sekercioglu et al., 2008). The habitat
of C. appendiculata showed a northwest migration under future
climate change (Figure 5). Compared with the current situation, the
average suitable habitat showed an increasing trend. At present,
many studies and observations have shown that climate change has
affected and changed the distribution pattern of the species, and
many species havemigrated to high latitude or high altitude areas to
find more suitable habitats (Parmesan and Yohe, 2003; Walther
et al., 2005). As with our results, Zhan et al. (2022) studied the effect
of climate change on the distribution pattern of Panax Notoginseng
in China and found that its suitable habitat would increase to high
altitude. Guo et al. (2021) found that moderate warming would
expand the suitable habitat of Ophiocordyceps sinensis and expand
the area of O. sinensis with high adenosine content. The study
showed that there is a large gap in the protection of C.
appendiculata, and there are few areas suitable for its growth in
the protection area, which needs to be protected urgently. This
study regards the rare and endangered plant C. appendiculata as the
protection goal and has determined its systematic protection
planning area. The conservation of plant species in situ is an
effective measure to protect endangered plants according to their
living habitats, and this protection strategy can not only protect the
plants themselves but can also protect the surrounding ecological
environment to avoid further deterioration of plants in the future
(Heywood, 2015). Relevant researchers can also establish a certain
range of nature reserves to strengthen protection according to the
actual development stage of endangered plants. The results could
provide a certain theoretical reference for the optimization of the
results of China’s nature reserves. In the process of practical
application, the results of this study need to be combined with
the actual local situation. The MaxEnt model only predicts the
probability of occurrence of certain sites, but it is not known
whether it is suitable for growth. Suitable sites for both
occurrence and growth are the real suitable areas for species.
The growth suitability will be studied in the future.

CONCLUSION

The potential C. appendiculata suitable habitat in China was
simulated in the study using the MaxEnt model with model
parameters optimized using the ENMeval package. The results of
the study indicated under the current climatic conditions that the
suitable habitat of C. appendiculata mainly occurs in parts of
Yunnan, Tibet, Sichuan, Chongqing, Guangxi, Guangdong,
Gansu, Shaanxi, Zhejiang, Jiangsu, Anhui, Hubei, Henan, Shanxi,
Hebei, and Jiangsu. An increasing trend has been noticed in the
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suitable regional habitat of C. appendiculata under three scenarios of
climate change (SSP 1–2.6, SSP 2–4.5, and SSP 5–8.5) during the
2050s and 2070s, and its suitable area of habitat extended northwest.
Temperature, precipitation, and normalized vegetation index all
have a considerable effect on the distribution of the suitable
habitat of C. appendiculata under different emission scenarios at
present and in the future. The results provide valuable references for
formulating the adaptive ability of C. appendiculata to deal with
climate change and can provide theoretical support for its further
introduction and cultivation.
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