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Abstract: Cremastra appendiculata (Orchidaceae) is a perennial medicinal herb, which is included
in the national second-class protected plant catalog in China. Due to the influences of climate
change and anthropogenic activities, in conjunction with soaring commercial prices, the wild sources
of C. appendiculata have been drastically reduced and are in danger of extinction. Consequently,
it is important to predict the distribution of potentially suitable growth/propagation areas for
C. appendiculata under the backdrop of climate change for its protection and sustainable use. For this
study, an optimized maximum entropy model was employed to analyze the distribution patterns
and changes of potentially suitable regions for C. appendiculata during different periods since the
Last Glacial Maximum (LGM, 18–24 ka). Based on multiple climate change scenarios (SSP1-2.6,
SSP2-4.5, SSP3-7.0, and SSP5-8.5), the distribution range of C. appendiculata was predicted for the
2050s (average for 2041–2060), 2070s (average for 2061–2080), and 2090s (average for 2081–2100). The
results revealed that during the LGM period, the highly suitable growth area for C. appendiculata was
0.28 × 104 km2, which accounted for only 3.26% of the current highly suitable growth area. During
the mid-Holocene (MH, 6 ka) period, the area of highly suitable regions increased to 8.38 × 104 km2,
which accounted for 99.30% of the present highly suitable growth area. Further, the cumulative exist-
ing potentially suitable growth area for C. appendiculata is 213.9 × 104 km2, which accounts for 22.28%
of China’s territory. Of these lands, the low, medium, and high suitable areas are 147.76 × 104 km2,
57.71 × 104 km2, and 8.44 × 104 km2, respectively. The highly suitable areas are primarily distributed
across Sichuan, Gansu, Shaanxi, Chongqing, Guizhou, Hubei, and Anhui Provinces. Moreover, in
the future the potentially suitable growth areas for C. appendiculata will decrease to varying degrees.
Further, the results of this study found that the relatively low impact areas for C. appendiculata were
mainly distributed across Shaanxi, Sichuan, Chongqing, and Guizhou Provinces. Centroid transfer
analysis indicated that the center of potentially suitable growth areas for C. appendiculata shifted to
the northwest in SSP2-4.5 and SSP3-7.0, while they initially shifted to the northwest and then to the
southeast in SSP1-2.6 and SSP5-8.5.

Keywords: climate change; endangered plant; MaxEnt model; potential distribution; suitable region

1. Introduction

Climate change/global warming has significantly impacted the distribution of various
ecosystems, and the effects of future climate change will likely modify the habitat, scope,
and distribution of myriads of species [1–3]. According to the Fifth Assessment Report
(AR5) of the Intergovernmental Panel on Climate Change (IPCC), the average global surface
temperature is anticipated to rise 0.3–4.8 ◦C by the end of this century [4,5]. Global warm-
ing has triggered an array serious of environmental issues, such as changes in the spatial
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patterns of species, which threatens species diversity and sustainable development [6]. A
continually warming climate might lead to the extinction of geographically limited species
and endemic species that are unable to adapt to unusual climatic conditions [7]. Increases
in drought, heat stress, and extreme weather events may produce an unprecedented series
of pressures for species [8,9]. As endangered plants have very specific habitat require-
ments [10], the determination of their current geographical distributions, population status,
and identification of specific threats and extinction risks are key for their conservation.
Therefore, an elucidation of the distribution dynamics of endangered plant species under
climate change is beneficial toward the formulation of robust protection strategies.

The evolutionary trajectories, ecological habits, and terrestrial distribution of plant
species are affected, restricted, and driven by climate change and human activities, which
are also the key to the formation of ecosystem biodiversity [11–14]. The Last Glacial
Maximum (LGM) refers to the most recent period in Earth’s history when the glaciers were
at their thickest and sea levels at their lowest, roughly between 24,000–18,000 years ago [15].
Due to rapid climatic deterioration, some species became extinct, while the distribution
areas of most surviving species also dropped sharply [16–18], as many surviving species
migrated to glacier shelters [17,19]. With post-glacial warming (Holocene), surviving plant
populations began to expand from these shelters to new suitable habitats.

Ecological niche models (ENMs) (also known as species distribution models), may be
employed to predict the spatial distributions of target species, assess the potential responses
of organisms to climate change, and determine species niches based on their environmental
conditions [20,21]. The ENMs can forecast the potential terrestrial distribution of species
in selected landscapes through pattern matching, or through effective statistical linking
where species exist within certain environmental variables [22]. Its predictive results are
stable and reliable, and the estimation accuracy of the distribution of endangered species is
high, even for small sample sizes [23]. MaxEnt software analyzes climate data to estimate
past and future species distribution for potentially suitable growth areas to determine sites
for relatively stable species habitats, as well as their migration and dispersal pathways [14].
MaxEnt has been successfully employed for nature reserve design, endangered species
surveys, infectious diseases, exotic species risk assessments, and climate change impact
studies on plant habitats, for example, Semiliquidambar cathayensis [14], Bacillus anthracis [22],
Ageratina adenophora [24], and Ziziphus spinosa [25].

Cremastra appendiculata (D. Don) Makino (Orchidaceae) is a perennial herb with un-
derground pseudobulbs that are utilized as medicine, with narrow oval and long-stalked
single leaves that emanate from the tops of the pseudobulbs. According to traditional
Chinese medicine, C. appendiculata has the effect of clearing heat and detoxifying the body,
moistening the lungs, and relieving cough, and activating blood circulation to relieve pain.
It can be used externally to treat snake and insect bites and skin burns and taken internally
to fight liver cancer and breast cancer. Cremastra appendiculata (D. Don) Makino typically
grows in forest or ravine wetlands at altitudes of from 500–2900 m [26]. In China, it is
distributed across the Gansu, Shaanxi, the Yangtze River Basin, as well as in Southwest and
Southern China. Cremastra appendiculata grows well in humus soil, is a cross-pollination
plant, and due to the unique structure of its flowers, the fruiting rate is only 1.3%–2%
under natural conditions, as it must be fertilized with the help of insects [27]. It has been
listed as a Grade-II state-protected plant by the central government. In addition to its
excellent ornamental value, C. appendiculata is one of the sources of the traditional Chinese
medicine “Shancigu”. Its pseudobulbs contain chemical compounds such as bibenzyl,
phenanthrenes, and alkaloids [26], and studies have confirmed that the pseudobulbs have
significant positive effects for the treatment of cancer. Thus, wild sources of C. appendic-
ulata have been subject to predatory harvesting, coupled with the restriction of its own
reproductive mechanisms and the destruction of its shaded habitats. Its habitat area has
gradually dwindled, which has resulted in a sharp drop in the number of scattered and
wild distributions, leading it to the verge of extinction. Thus, C. appendiculata has been
added to the National Key Protected Wild Plants list, which means that it is in urgent
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need of protection. Therefore, accurate estimates of the distribution of potentially suitable
habitats for C. appendiculata in the context of climate change are of great significance for the
conservation and sustainable use of its resources.

This study employed an optimized maximum entropy model to analyze the distri-
bution patterns and changes in potentially suitable growth regions for C. appendiculata
in the LGM, MH, modern times (1970–2000), under multiple shared socioeconomic path-
ways (SSP1-2.6, SSP2-4.5, SSP3-7.0, and SSP5-8.5) over different periods (2050s, 2070s, and
2090s). The objectives of this research work were to: (1) predict the potential geographic
distribution of C. appendiculata under different climate scenarios, (2) understand the rel-
evant environmental factors that affect the geographical distribution of C. appendiculata,
(3) predict the relatively stable habitats of C. appendiculata under climate change, and
(4) provide a theoretical basis for the conservation of germplasm resources and the delin-
eation of suitable artificial cultivation areas for C. appendiculata.

2. Materials and Methods
2.1. Study Area

Wild C. appendiculata is mainly distributed across the subtropical regions of central
and southern China, including Hunan, Hubei, Guizhou, Sichuan, Chongqing, and Taiwan
Provinces. Its distribution is bounded by Jinzhong City, Shanxi Province in the north, Chiayi
City of Taiwan Province in the east, Linzhi City of the Tibet Autonomous Region in the west,
and Honghe Prefecture of Yunnan Province in the south. The geographical coordinates of
the natural range of C. appendiculata are 23◦07′84′′–36◦89′53′′ N and 95◦8′67′′–120◦8′93′′ E.

2.2. Species Distribution Point Data

From 2020 to 2021, the distribution data of 25 C. appendiculata in southern Shaanxi,
Gansu, Shanxi, and Yunnan were systematically collected through field investigations.
Furthermore, data for 97 C. appendiculata distribution points were obtained by consult-
ing the scientific literature and public databases [China National Knowledge Infrastruc-
ture/CNKI (https://www.cnki.net (accessed on 10 January 2022)), China Digital Plant
Herbarium/CVH (https://www.cvh.ac.cn (accessed on 10 January 2022)), and Global Biodi-
versity Information Facility/GBIF (https://www.gbif.org (accessed on 10 January 2022))].
To reduce the spatial autocorrelation of sample points, some relatively concentrated sample
plots were excluded for this study to ensure that the spatial distance between any two
sampling points was >10 km. Finally, 108 occurrence point datasets were selected for
MaxEnt modeling [28], (Figure 1; Table S1).
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2.3. Filtering of Environment Variables

Climate change/global warming is the most important environmental factor that im-
pacts the distribution of suitable species habitats; thus, climate factors are often used in the
development of plant habitat models [29,30]. The bioclimatic factors selected for this study
were downloaded from the WorldClim website (https://www.worldclim.org (accessed on
22 March 2022)), which covered the past (LGM, MH), contemporary (1970–2000), and future
(2050s, 2070s & 2090s).

Considering the influences of climate scenario selection on model prediction results,
we selected four shared socioeconomic pathways (SSPs; SSP1-2.6, SSP2-4.5, SSP3-7.0, and
SSP5-8.5), which corresponded to three general circulation models (GCMs; BCC-CSM2-
MR, CNRM-CM6-1, and MIROC-ES2L GCMs) in the future chronological climate data,
after which the prediction layers corresponding to each SSP were arithmetically averaged.
Further analyses were arithmetically performed on the composite layers for each SSP to
reduce the uncertainty of individual circulation patterns in predicting the distribution of
potentially suitable species habitats. Therefore, a total of 37 sets of climate data were used
in this study, including one set of contemporary and 36 sets of future climate data. The
spatial resolution of these data was 2.5 arc min.

The selection of climatic factors has an important influence on the accuracy of model
predictions. Based on the species distribution data and 19 bioclimatic factors, we analyzed the
most important bioclimatic factors that affected the distribution of potential C. appendiculata
habitats using Pearson’s correlation coefficient and the Jackknife method. Secondly, the Pearson
correlation coefficients between the 19 bioclimatic factors were calculated, and |R| ≥ 0.8 was
used as the threshold for determining the significant correlation between climatic factors.
Finally, for each pair of significantly correlated variables, only the variable with the largest
contribution was retained [28,31,32].

2.4. Model Building, Optimization, and Evaluation

For this study, MaxEnt v3.4.1 software [33] was employed to construct the maximum
entropy model for C. appendiculata. To ensure that the distribution of C. appendiculata
presented a probability that was close to a normal distribution, we selected 70% of the
data for model training, and the remaining data for model testing. Further, for error
reduction, the maximum number of parameter repetitions was 5000, each process was
repeated 10 times, and other settings were defaults [34,35].

We optimized the feature class (FC) and regularization multiplier (RM) of the model
using the <kuenm> language package [36] in the R v3.4.1 program. First, the RM was set
to 0.1–4, with each interval at 0.1, for a total of 40 RM values. Next, the four FCs of the
MaxEnt model [Linear (L), Quadratic (Q), Hinge (H), Product (P)] were combined to form
15 FC combinations [L, P, Q, H, LP, LQ, LH, LPQ, LPH, LQH, LPQH, PQH, PQ, PH, and
QH], and a total of 600 FC and RM multiplication parameter combinations. We selected the
model (OR_AICc) with a statistically significant omission rate below the threshold (0.05),
and the delta AICc value was not higher than 2 as the basis for determining the optimal
model [37,38].

2.5. Model Reliability Test and Suitable Habitats Classification

Once the model was developed, the area under the receiver operating characteristic
curve (AUC) value was typically used to test its accuracy. The AUC value was (0, 1), and
the higher the AUC value, the more credibility of distinguishing the suitable and unsuitable
habitats, where the AUC ≥ 0.9 indicated a very accurate model prediction [39,40].

Further, the habitat suitability for a species was generally represented by a value
between 0 and 1, with a larger value indicating that the species was more suitable for
growth in a given area. Tang et al. [41] argued that the maximum test sensitivity plus
specificity (MTSPS) threshold was superior to other threshold options for the ranking of
suitable habitats. For this study, the MTSPS was also employed as a threshold to segregate

https://www.worldclim.org
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the unsuitable areas below the threshold, and the value between the threshold and 1 was
further divided into three parts: low, medium, and high suitable habitats [32,42].

2.6. Analysis of Relatively Stable Suitable Habitats and Changes in Spatial Patterns

Relatively stable suitable habitats refers to the areas where species are relatively
unaffected by climate change [43], which are obtained by overlaying binary prediction
maps of suitable habitats of different ages, and taking the completely overlapping part. First,
DIVA-GIS v7.5 software (http://www.diva-gis.org (accessed on 20 April 2022)) was used
to superimpose the distribution maps of potential suitable habitats of different generations,
where the spatial units with probability values greater than the MTSPS threshold were
redefined as suitable habitats for the species. The spatial units, whose probability values
were less than the threshold, were considered as non-suitability zones, after which the
unsuitability and suitability matrices of C. appendiculata were established. Finally, the
overlapping portion of the overlaid layer was selected. For this study, we forecast the
relatively stable suitable habitats for C. appendiculata in the past (LGM and MH) and present,
under four different shared socioeconomic pathways (SSP2-4.5 and SSP5-8.5), as well as for
the future (2050s, 2070s, and 2090s), respectively.

Spatial pattern variation refers to changes in the potential suitable habitats of species
across generations, which were obtained by superimposing the bivariate prediction maps
of suitable habitats across generations [44–46]. DIVA-GIS v7.5 software was used to su-
perimpose the distribution maps of potentially suitable areas over different generations
to establish the matrix of non-suitable and suitable areas of C. appendiculata. Based on the
matrix, spatial pattern changes in the suitable distribution areas for C. appendiculata under
past, contemporary, and future climate change scenarios were further analyzed. Finally,
the past, present, and future potential habitats of C. appendiculata under different shared
socioeconomic pathways were analyzed using spatial pattern changes.

2.7. Core Distributional Shifts

The SDMtoolbox v2.4 toolkit of ArcGIS v10.2 [47,48] was utilized to calculate the
trends of different regions for C. appendiculata and to compare the central points of different
regions. We considered the suitable habitats of C. appendiculata as a whole and simplified
them to a vector particle, while using the variation of the centroid position to reflect the size
and direction of its suitable habitats. Finally, the SDMtoolbox toolkit was used to trace the
centroid of C. appendiculata over different time periods under various climatic conditions,
and to assess the migration distance and elevation changes of the suitable habitats for
C. appendiculata using latitudinal and longitudinal coordinates [46,49].

3. Results
3.1. Model Parameter Optimization and Accuracy Analysis

In this study, seven environmental variables were screened to construct a predictive
model. These included the mean diurnal range (max temp-min temp) (BIO02), temperature
seasonality (BIO04), mean temperature of wettest quarter (BIO08), mean temperature of
coldest quarter (BIO11), precipitation of driest month (BIO14), precipitation seasonality
(BIO15), and precipitation of warmest quarter (BIO18). The contribution percentages of
these variables for model construction were BIO02 (51.1%) > BIO04 (38.5%) > BIO08 (3.8%)
> BIO11 (2.3%) > BIO14 (2.3%) > BIO15 (1.2%) > BIO18 (0.8%) (Table 1; Figures S1 and S2).

Based on 108 distribution points for C. appendiculata and seven climatic variables, the
MaxEnt model was used to predict the distribution of potentially suitable habitats for
C. appendiculata in China. According to the model optimization results, the FC was QP, the
RM was 0.3, the model omission rate was 0.0303, and the delta AICc value was 0. The mean
value of the training AUC (AUCTRAIN) was 0.9589 ± 0.0023, the mean value of the test
AUC (AUCTEST) was 0.9539 ± 0.0070, and the absolute value of the difference between the
training AUC and the test AUC (|AUC DIFF|) was 0.005, which indicated that the model
had an excellent prediction (Figure S3).

http://www.diva-gis.org
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Table 1. Environmental variables and their contributions and suitable value ranges.

Code Environmental Variable Percent
Contribution

Permutation
Importance

BIO02 Mean diurnal range (Mean of monthly (max temp −min temp)) (◦C) 51.1 30.7
BIO11 Mean temperature of coldest quarter (◦C) 38.5 51.4
BIO04 Temperature seasonality (standard deviation × 100) 3.8 4.7
BIO14 Precipitation of driest month (mm) 2.3 3.2
BIO08 Mean temperature of wettest quarter (◦C) 2.3 2.7
BIO15 Precipitation seasonality (Coefficient of Variation) (mm) 1.2 2.8
BIO18 Precipitation of warmest quarter (mm) 0.8 4.5

Based on the MTSPS threshold (0.1349), the spatial units for this study were divided
as follows: 0–0.1349 unsuitable; 0.1349–0.4233 low suitability; 0.4233–0.7116 moderate
suitability; 0.7116–1 high suitability.

3.2. Current Potentially Suitable Regions

According to the results predicted by the model, the total present potentially suit-
able growth area for C. appendiculata was 213.9 × 104 km2, which was mainly distributed
across Sichuan, Guizhou, Chongqing, Anhui, Hubei, Taiwan, Zhejiang, Tibet, and Yun-
nan Provinces (Figure 2). The high, moderate, and low potential suitable areas were
8.44 × 104 km2, 57.71 × 104 km2, and 147.76 × 104 km2, respectively. The highly suitable
regions were mainly distributed across southern Anhui and Shaanxi, western Hubei, central
and northern Guizhou, central Taiwan, and a few areas in Sichuan.
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Figure 2. Predicted distribution of C. appendiculata in China under current climate conditions.

3.3. Potential Past Suitable Regions

Our models predicted that the highly suitable growth regions for C. appendiculata
decreased significantly during the LGM compared to modern times. The area of the highly
suitable area was only 0.28 × 104 km2, accounting for 3.26% of the present highly suitable
area, which included only central Chongqing, eastern Sichuan, and a very small portion of
southern Anhui. In the MH, the highly suitable area for C. appendiculata was significantly
increased compared with LGM, which was 8.38 × 104 km2, accounting for 99.30% of the
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modern highly suitable area. The northern part of Taiwan transitioned from the moderately
suitable regions in the MH period to the modern highly suitable regions. Compared with
the MH, the highly suitable regions in southern Anhui also increased, and the low suitable
regions in Guangxi decreased slightly in modern times.

3.4. Potentially Suitable Areas in the Future

Overall, the potential C. appendiculata habitat area is estimated to decrease to vary-
ing degrees over the next three eras. Except for the 2090s, the potential habitat area of
C. appendiculata was predicted to show a decreasing trend with intensifying climate severity
(SSP2-4.5→ SSP5-8.5). (Figures 3–5, S4 and S5; Table 2).
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Table 2. Predicted suitable areas under current and future climatic conditions.

Decades Predicted Area (×104 km2) and % of the Corresponding Current Area

Total Suitable Region Lowly Suitable Region Moderately Suitable Region Highly Suitable Region

LGM 193.49 130.53 62.69 0.28
(90.46%) (88.34%) (108.64%) (3.26%)

MH 187.61 124.29 54.95 8.38
(87.71%) (84.11%) (95.21%) (99.30%)

1970–2000 213.90 147.76 57.71 8.44
SSP1-2.6 2050s 137.87 106.12 30.07 1.68

(64.45%) (71.82%) (52.10%) (19.92%)
2070s 140.54 106.40 31.98 2.17

(65.70%) (72.01%) (55.42%) (25.69%)
2090s 153.85 116.84 34.74 2.27

(71.92%) (79.08%) (60.19%) (26.88%)
SSP2-4.5 2050s 145.42 111.56 31.75 2.11

(67.98%) (75.50%) (55.01%) (24.99%)
2070s 125.32 98.45 25.57 1.30

(58.59%) (66.63%) (44.32%) (15.36%)
2090s 112.65 89.88 21.97 0.80

(52.66%) (60.83%) (38.08%) (9.47%)
SSP3-7.0 2050s 155.87 119.44 33.88 2.55

(72.87%) (80.84%) (58.70%) (30.23%)
2070s 124.61 99.65 23.83 1.12

(58.25%) (67.44%) (41.30%) (13.31%)
2090s 98.19 80.87 16.68 0.63

(45.90%) (54.73%) (28.91%) (7.49%)
SSP5-8.5 2050s 128.16 110.10 26.57 1.48

(59.91%) (67.75%) (46.05%) (17.56%)
2070s 98.14 80.54 16.93 0.67

(45.88%) (54.51%) (29.34%) (7.91%)
2090s 183.65 135.63 43.77 4.26

(85.86%) (91.79%) (75.84%) (50.45%)

Under the SSP2-4.5 scenario, the total area of potential suitable habitats for C. appen-
diculata revealed a shrinking trend (67.98%, 58.59%, and 52.66% of corresponding present
values). From the 2050s to the 2090s, southeastern Shandong and eastern Jiangsu tran-
sitioned from originally low suitable habitats to unsuitable habitats for C. appendiculata
growth. The highly suitable areas showed an obvious trend of contraction, accounting
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for 24.99% (2050s), 15.36% (2070s), and 9.47% (2090s) of the corresponding contemporary
values, respectively. The highly suitable areas in northern Guizhou, central Chongqing,
and southern Shaanxi gradually shifted to moderate or low suitable areas.

Under the SSP5-8.5 scenario, the total potential habitat area of C. appendiculata ex-
hibited a trend of initially shrinking and then expanding over time. The percentages
of contemporary corresponding values were 59.91% (2050s), 45.88% (2070s), and 85.86%
(2090s). From the 2050s to 2070s, the coastal areas of Shandong and Jiangsu, eastern Hubei,
and northeastern Fujian gradually shifted from low suitable habitats to non-suitable habi-
tats. From the 2070s to 2090s, the low suitable habitats gradually recovered, and the area
of high suitable habitats increased from 0.67 × 104 km2 (2070′s) to 4.26 × 104 km2 (2090s),
which were still primarily distributed across Shaanxi, Chongqing, Hubei, Anhui, and
Taiwan Province.

3.5. Relatively Stable Habitat

Relatively stable suitable habitats refer to areas where species are relatively less affected
by climate change, where the predicted results under different climatic scenarios are differ-
ent (Figures 6 and S1; Table 3). With increasing climate severity (SSP1-2.6→ SSP3-7.0), the
area of relatively stable suitable habitats for C. appendiculata decreased
(130.01 × 104 km2 → 82.95 × 104 km2), which accounted for 60.78%, 47.75%, and 38.78%
of the total area of the present potential suitable habitats, respectively, eventually stabilizing
at SSP5-8.5. Under the SSP5-8.5 scenario, the total area of relatively stable C. appendiculata
habitats was 84.40 × 104 km2, which accounted for 39.46% of the total area of the present
potential habitat. Furthermore, the predictions also indicated that central Sichuan, the
entirety of Guizhou, southern Chongqing, western Hubei, northwestern Hunan, and south-
ern Anhui were relatively stable suitable habitats for the growth of C. appendiculata under
any climate scenario.
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Table 3. Low impact areas (LIAs) under different shared socio-economic pathways (SSPs).

LIA Statistics
Shared Socio-Economic Pathways (SSPs)

SSP1-2.6 SSP2-4.5 SSP3-7.0 SSP5-8.5

Geographic area (×104 km2) 130.01 102.15 82.95 84.40
Percentage of current suitable area (%) 60.78 47.75 38.78 39.46

Percentage of SSP1-2.6 area (%) 100.00 78.57 63.80 64.92

3.6. Shifts in the Distribution Center of Suitable Habitats

From the results of the model simulations, the centroids of the potential habitats
of C. appendiculata showed a tendency to shift to the northwest under the SSP2-4.5 and
SSP3-7.0 scenarios, while the centroids of the habitats initially moved to the northwest
and then to the southeast under the SSP1-2.5 and SSP5-8.5 scenarios (Figure 7). Under
the SSP2-4.5 scenario, the centroids of the suitable C. appendiculata habitats shifted from
Yongding District, Zhangjiajie City, and Hunan Province to Lichuan City, Enshi Tujia, and
Miao Autonomous Prefecture, Hubei Province (2050s), Fengdu County, Chongqing City
(2070s), and Dianjiang County, Chongqing City (2090s) over time, with migration distances
of 174.74 km, 66.51 km, and 61.49 km, respectively. Under the SSP5-8.5 climate scenario,
the potential suitable habitats centroid shifted by 231.37 km (2050s), 192.64 km (2070s) to
the northwest, and finally 337.55 km (2090s) to the southeast, from the present Zhangjiajie
City to the 2090s in Xuanen County, Enshi Tujia, and Miao Autonomous Prefecture.
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According to elevation changes, the elevation of the center of the suitable C. appendic-
ulata habitats decreased from 484 m in the LGM to 285 m currently. Under the SSP1-2.6
scenario, the suitable C. appendiculata habitats shifted to higher elevations, while under the
SSP2-4.5 and SSP3-7.0 climate scenarios, the elevation of suitable C. appendiculata habitats
increased and then decreased. However, under the SSP5-8.5 scenario, the elevation of the
center of suitable C. appendiculata habitats increased to 766 m in the 2050s, decreased to
330 m in the 2070s, and finally increased to 691m in the 2090s.

4. Discussion
4.1. Impacts of Environmental Variables on Species Distribution

The selection of environmental variables had a certain impact on the prediction results
of the niche model [50,51]. This study demonstrated that the monthly mean temperature
difference between day and night (BIO02), the mean temperature during the wettest quarter
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(BIO08), the mean temperature during the coldest quarter, and the precipitation during
the driest month (BIO14) were the main environmental factors that affected the growth of
C. appendiculata. Plants responded differently to future climate change scenarios, which
mainly depended on their physiological or phenological characteristics [52]. The growth of
C. appendiculata is very sensitive to changes in temperature and precipitation. Cremastra
appendiculata typically grows in forest wetland understories or ditch-side wetlands and
prefers areas with brief scattered sunlight, and ample ventilation [53]. The optimum
temperature for the growth of C. appendiculata is from 15 ◦C to 30 ◦C. If the temperature is
too low, the dormant period of the plant will typically impact its normal growth, whereas
if the temperature is too high, the leaves will often burn [54]. Changes in temperature
influence the distribution of C. appendiculata by impacting factors such as germination,
water absorption, photosynthesis, transpiration, respiration, reproduction, and growth. At
the same time, water is essential for plant growth. When water is lacking, it affects the
division and elongation of plant cells. However, when there is too much precipitation, the
root system is underdeveloped and the stems and leaves are thin and young, which affects
the accumulation of biomass in medicinal plants [55]. For some endangered medicinal
herbs (such as Cremastra appendiculata), their distribution is dominated by wild resources.
Therefore, suitable habitat and suitable climate (temperature and precipitation) can ensure
a stable supply of its resources and maintain its medicinal components located at a stable
level. In case of extreme climate, continuous drought, or continuous precipitation, it may
lead to water shortage or rotten roots, resulting in plant death. Because C. appendiculata has
extremely high requirements in terms of environmental conditions, the risk of extinction
increases with the severity of climate change/global warming. Consequently, it is necessary
to establish a nature reserve as soon as possible to protect the diversity of C. appendiculata
germplasm resources.

4.2. Impacts of Climate Change on Species Distribution Dynamics and Migration Trends

The Coupled Model Intercomparison Project (CMIP), which aims to address new
scientific questions in climate change field. In the CMIP5 climate model, the Representative
Concentration Pathway (RCP) is used to characterize the impact of human activities under
future scenarios. The CMIP6 adds socio-economic development considerations compared
to CMIP5. Shared Socioeconomic Pathway (SSP) as input parameters for climate change
prediction models under the influence of human activities to describe future emissions of
greenhouse gases, reactive gases, aerosols, and concentrations of atmospheric constituents
under changes in population, socioeconomics, science and technology, energy consumption,
and land use. The SSP1-2.6 (low emissions) scenario is an upgrade to the RCP2.6 scenario,
SSP2-4.5 (medium emissions) is an upgrade to the RCP4.5 scenario, SSP3-7.0 (medium
emissions) is the new emission pathway, SSP5-8.5 (high emissions) is an upgrade to the
RCP8.5 scenario, and SSP5-8.5 is the worst-case scenario.

With the impacts of global climate change and the fragmentation of habitats caused by
anthropogenic activities, barriers against the propagation of C. appendiculata are increasing.
The speculation of past and future species habitats is critical for understanding the ecolog-
ical needs of particular species and their biological and behavioral responses to climate
change [56]. At present, GIS technology is an important tool for simulating the spatial
distribution patterns of species [14]. The combination of ENM and ArcGIS was used to
predict the potential geographical distribution of C. appendiculata in China. The results of
this study indicated that under current climatic conditions, the area of 23–36◦N, 95–121◦E
is the main potential growth area for C. appendiculata in China, such as Sichuan, Guizhou,
Chongqing, Anhui, Hubei, Taiwan, Zhejiang, Tibet, and Yunnan Provinces. Global warm-
ing is a decisive factor for changes in species distribution patterns, which are the clearest
and most direct reflection of climate change [57]. The climate change characteristics af-
fected by global warming have been altering the structures and functions of terrestrial
ecosystems, thereby modifying the habitats and terrestrial distribution of species. Through
field investigations, our research found that C. appendiculata grows well in shady and wet
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humus soil under hillsides, and in wetlands along ditches. Although C. appendiculata can
reproduce both sexually and asexually under natural conditions, its asexual reproduction
is dominant. However, all orchid species have a complex seed germination process in
the wild; thus, they are more dependent on the environment. The seeds lack endosperm,
cotyledons, and primordial roots, and symbiotic mycorrhiza is necessary for seed germina-
tion. It is estimated that only 0.01% of the millions of seeds produced by a flock of orchids
germinate under field conditions [58]. Therefore, due to the reasons above, difficulties for
the natural migration of C. appendiculata increase further. Currently, all orchids are listed
under Appendix-II of the Convention on International Trade in Endangered species of Wild
Flora and Fauna (CITES) [58].

MaxEnt estimated that the highly suitable C. appendiculata regions in the LGM were
in central Chongqing, eastern Sichuan, and a very small portion of southern Anhui, the
area of highly suitable regions was also much smaller than presently. This may have been
caused by weather instability, such as rapid and intense cold events. The LGM is the
closest extreme cold period to today, when the average temperature was 5–10 ◦C lower
than modern times [59]. The extremely cold climate caused a smaller area of the highly
suitable regions for C. appendiculata than in modern times. In the middle Holocene (MH,
6 ka), the suitable regions of C. appendiculata were like today. The most suitable habitats
for the growth of C. appendiculata obviously expanded to lower altitudes, as the altitudes
of suitable areas are currently lower than other predicted periods, which may have been
due to the monsoon areas and precipitation increasing during the MH by 10.7% and 18.7%,
respectively, compared with modern China [14].

The results revealed that if the climate continues to warm, the potential distribution
areas of C. appendiculata will reduce to varying degrees. The present potential medium
and highly suitable areas are primarily concentrated in central, southern (Gansu, Shaanxi,
Chongqing, Sichuan), and southeastern China (Anhui, Zhejiang, Taiwan). Under the SSP2-
4.5 scenario the suitable C. appendiculata regions will continue to decrease, and be smaller
than what currently exists, whereas under the SSP5-8.5 scenario, C. appendiculata will
initially decrease and then increase. With intensifying climate severity, under the SSP5-8.5
scenario (2070s), the eastern coastal area of China will become unsuitable for the growth of
C. appendiculata. Simultaneously, the currently highly suitable regions in Hubei, Chongqing,
and other places will also disappear. However, under the SSP5-8.5 scenario (2090s), the
area of the suitable regions will have recovered to a certain extent, and transition to the
northwest and high-altitude areas. The suitable regions for C. appendiculata in Qinghai
and Gansu are estimated to increase slightly in the future. This was consistent with the
prediction of Charitonidou [60] for Ophrys helenae, which projected that C. appendiculata
will eventually adapt to the habitat changes brought about by climate change. However,
the premise here is to protect the genetic resources of C. appendiculata long before this.

4.3. Guiding Significance for Resource Protection and Artificial Cultivation of C. appendiculata

As a strategic natural wild health reserve resource, the future development and
utilization of medicinal plant resources is of great significance. Highly suitable growth areas
for C. appendiculata (e.g., Shaanxi, Chongqing, Hubei, etc.) should be regarded as priority
areas for protection. The first task is to carry out the in situ and ex situ conservation of
existing C. appendiculata resources and its genetic diversity, while formulating differentiated
conservation strategies according to the geographical characteristics of different regions.
The establishment of nature reserves is the most effective strategy for protecting rare and
endangered wild resources in situ [61]. According to the prediction results of the model,
C. appendiculata nature reserves should be established on Guanshan Mountain in Gansu
Province, Shennongjia in Hubei Province, Zhangjiajie in Hunan Province, and on Lushan
Mountain in Jiangxi Province.

In recent years, wild Chinese herbal medicines has been broadly welcomed by con-
sumers; however, the disparities between scarce wild resources and immense market de-
mands are becoming increasingly fierce. The artificial planting of Chinese herbal medicines
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is an effective approach toward the fundamental alleviation of this contradiction, where the
division of suitable planting areas is the basis for artificial introduction. The pseudobulb of
C. appendiculata, commonly known as “Shan-Ci-Gu”, is a traditional Chinese medicine that
clears heat and detoxifies, removes blood stasis and reduces swelling, and is typically used
to fight cancer [62]. Therefore, elucidating the adaptability of C. appendiculata to environ-
mental changes and the distribution of its suitable growing areas can provide a scientific
basis for optimizing its planting areas. Additional efforts invested in the optimization
of the medicinal compound contents of C. appendiculata pseudobulbs, will have further
guiding significance for commercialization.

Furthermore, the prediction results revealed that under any climate scenario, central
Sichuan, the whole of Guizhou, southern Chongqing, western Hubei, northwestern Hunan,
and southern Anhui are all areas with less impacts on C. appendiculata. The quality of
Chinese medicinal materials is significantly influenced by the environment, where the
chemical compositions of medicinal materials is intimately related to the environment and
have obvious regional characteristics [63]. Thus, when artificially planting C. appendiculata
in predicted suitable areas, the geoherbalism of medicinal materials should be taken
into consideration. As the traditional producing areas of C. appendiculata, Guizhou and
Chongqing Provinces can lead the way toward promoting the artificial cultivation of
C. appendiculata in this area.

4.4. Model Limitations and Future Research Directions

Although the MaxEnt model has the advantages of simple operation, small sample
requirements, and high prediction accuracy, it also has some limitations, akin to other
prediction models. For example, investigations into the distribution of potential suitable
areas of species based on the MaxEnt model can typically only be analyzed from variables
such as climate and environment [25,28]. However, critical factors that affect the distribution
of TCM species, such as geology, soil, land use history, interactions between species, and
population dynamics, are difficult to quantify; thus, it is difficult to input into the model for
data visualization analysis [64]. Therefore, based on existing technologies, analysis results
should be combined with local geological, environmental, human geography, and other
factors to realistically predict and analyze the potential suitable areas of C. appendiculata [65].
In addition, symbiotic fungi are essential for the germination and survival of orchids. The
specific relationships between orchids and their mycorrhizal partners as relates to their
growth remains unclear, as many studies have shown that orchids can form symbiotic
relationships with many fungi [66–69]. Due to the lack of comprehensive data on orchid
vegetation, pollinator communities, and mycorrhizal partners across the region, we did
not incorporate these data into our analysis. Consequently, the roles of mycorrhizal fungi
and pollinator communities in niche differentiation, and the large-scale distribution of C.
appendiculata in China warrants further investigation [58,60].

5. Conclusions

For this study, an optimized maximum entropy model was used to estimate the distri-
bution of potential suitable habitats for C. appendiculata in China under different climate
scenarios in the past (LGM and MH), modern times, and future eras. The results revealed
that the suitable habitats area of C. appendiculata in the past was comparable to the total area
of current potential suitable habitats. Among them, the highly suitable areas were primarily
distributed across Shaanxi, Chongqing, Guizhou, Hubei, Anhui, and Taiwan Province. In the
future, except for SSP5-8.5 2090s, the area of potentially suitable C. appendiculata regions will
be reduced to varying degrees. Meanwhile, this study found that the relatively low impact
areas of C. appendiculata were mainly distributed across Sichuan, Guizhou, Chongqing, Hubei,
and Anhui Provinces. Furthermore, the central point of the potential suitable habitats of
C. appendiculata moved to the northwest under the SSP2-4.5 and SSP3-7.0 scenarios, while the
central point of the suitable habitats initially transitioned to the northwest and then moved to
the southeast under the SSP1-2.5 and SSP5-8.5 scenarios. These research results will provide
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some theoretical references for the protection of wild resources and artificial cultivation of
the endangered medicinal plant C. appendiculata.

Supplementary Materials: The following supporting information can be downloaded at
https://www.mdpi.com/article/10.3390/f13091504/s1. Figure S1: Jackknife test of the importance
of variables. Blue, green, and red bars represent running the MaxEnt model with the variable alone,
without the variable, and with all variables, respectively. (A): regularization training gain; (B): test
gain; (C): AUC; Figure S2: Response curves of seven environmental predictors used in the ecological
niche model for Cremastra appendiculata; Figure S3: Prediction validation with receiver operator
characteristic (ROC) curves using the MaxEnt model. AUC: the area under curve; Figure S4: Pre-
dicted distribution of Cremastra appendiculata in China under future (2050s–2090s) climatic scenarios
(SSP1-2.6 & SSP3-7.0); Figure S5: Changes of potential suitable areas of Cremastra appendiculata
from current to future climatic conditions (SSP1-2.6 & SSP3-7.0); Table S1: The rarefying data points
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