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Abstract: Climate change poses a severe threat to biodiversity. Greenhouse gas emissions have accel-
erated climate warming and significantly impacted species distribution and population dynamics.
Zanthoxylum armatum DC. is an ecologically, medicinally, and economically important plant; it is
cultivated as an economic crop at large scales in China, and is a valuable medicinal plant in India,
Nepal, etc. A precise prediction of the potential distribution areas of Z. armatum will contribute
to its protection and determination of its planting areas. In this paper, based on 433 distribution
points and 19 climate factors, the MaxEnt model was used to analyze the spatial distribution pat-
tern of Z. armatum between 1970 and 2000, predict its spatial distribution pattern in 2040-2060 (the
2050s) and 2081-2100 (the 2090s), and comprehensively assess the critical climate factors limiting its
geographical distribution. The findings are as follows: (1) in the 1970-2000 scenario, the potential
suitable distribution areas of Z. armatum include the subtropical monsoon climate regions of Japan,
the Korean Peninsula, the south of the Qinling-Huaihe Line of China, and the regions along the
southern foot of the Himalayas (India, Bhutan, Nepal, etc.), with an area of 330.54 x 10% km?; (2) the
critical climate factors affecting the potential distribution of Z. armatum include temperature (mean
diurnal temperature range, mean temperature of the coldest quarter, and temperature seasonality)
and annual precipitation; (3) the distribution areas of Z. armatum will shift to higher latitudes and
shrink under the three climate change scenarios in the 2050s and 2090s. In the 2090s-SSP585 scenario,
the total area of suitable habitat will decrease most markedly, and the decrease rate of the highly suit-
able areas will reach up to 97.61%; only the region near Delong Town, Nanshan District, Chongqing
City, will remain a highly suitable habitat, covering an area of merely 0.08 x 10* km?. These findings
suggest that Z. armatum is susceptible to climate change. The border area between Guizhou Province
and Chonggqing City and the southwest district of Leshan City, Sichuan Province, will be a stable
and moderately high potential suitable habitat for Z. armatum in the future. The above regions are
recommended to be managed as key protected areas.
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1. Introduction

The Intergovernmental Panel on Climate Change (IPCC) argues that, at present, the
global average surface temperature is 1.09 °C higher than that in 1850-1900, and global
climate change will intensify in the next few decades [1]. Climate change is an external
driving factor affecting the distribution, population size, reproduction, and migration
of species [2]. Under the influence of climate change, biogeographic distributions show
dynamic changes in time and space [3,4]. By climate simulation using eight general
circulation models (GCMs), certain spatial vegetation patterns were observed; specifically,
the high-latitude northern forest expanded to the polar region, and the tropical vegetation
types significantly degraded [5]. In the future, global climate change will become the most
significant factor influencing biodiversity and population diversity [6].

Sustainability 2022, 14, 12422. https:/ /doi.org/10.3390/su141912422

https:/ /www.mdpi.com/journal/sustainability


https://doi.org/10.3390/su141912422
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://doi.org/10.3390/su141912422
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com/article/10.3390/su141912422?type=check_update&version=2

Sustainability 2022, 14, 12422

2 of 14

The prediction of niche and potential suitable areas for specific organisms under
climate change is a research focus in ecology and biogeography [7,8]. Species distribution
models (SDMs) can associate the known living areas of organisms with environmental
factors and foresee their potential living areas [9]. At present, many climate change-
based modeling methods are accessible for species distribution prediction, such as Bioclim,
GAM, GLM, GARP, and MaxEnt [10,11]. An appropriate one should be selected to avoid
deviation from the prediction results [12]. The MaxEnt model shows optimum performance
in terms of overall software utility and has been widely used [10]. Since 2006, the MaxEnt
model has been used in more than 1000 published applications to predict the potential
distribution areas of rare and endangered economic and medicinal species worldwide [13],
to assess their extinction risk [14]. For example, Ye et al. [15] and Tan et al. [16] utilized the
MaxEnt model to predict the potential geographical distribution of the endangered plant
Davidia involucrata and medicinal plant Gentiana macrophylla under climate change in China.
Moreover, they put forward protection strategies according to the prediction results. Feng
et al. [17] employed the MaxEnt model to predict the change in potential planting areas of
soybean in the world under climate change. The prediction of the potential living areas of
various species under different climate scenarios is critical for the protection of germplasm
resources of critical species.

Zanthoxylum armatum, in the genus Zanthoxylum (Rutaceae), is a small tree or shrub
with high ecological, medicinal, and economic value. It is mainly distributed in China,
Japan, Korea, Vietnam, Laos, Myanmar, India, Nepal, etc. [18-20]. Z. armatum has been
cultivated in China for a long time, with a planting area of 108.76 hectares, an annual
output of 374,000 tons, and an annual output value of more than USD 40 billion. The
planting area and output of Z. armatum in China rank first in the world. It is one of the
crucial cash crops in China [21-23]. The National Forestry and Grassland Administration
of China has taken Z. armatum as a key tree species to plant in national economic forests in
the Forest and Grass Industry Development Plan (2021-2025). In India, Nepal, and other
South Asian countries, Z. armatum is a medicinal plant important for economic develop-
ment. Due to climate change and over-exploitation, the wild population of Z. armatum
has declined rapidly, and Z. armatum has been listed as an endangered species in the
Himalayas region of India [20,24,25]. The current research on Z. armatum mainly focuses
on physiology, cultivation techniques, and chemical components. Research on the genetic
diversity of Z. armatum germplasm shows that a large proportion of the wild population
of Zanthoxylum bungeanum has gradually disappeared or been replaced by the cultivated
population [26-29]. The genetic diversity of Z. bungeanum in China was studied based on
the GBS approach, and it was found that the genetic diversity of Z. armatum was much
lower than that of Z. bungeanum [25]. These studies provide a certain basis for the protec-
tion of germplasm resources and the wild population of Z. armatum. However, at present,
studies on the dynamic changes and protection of wild Z. armatum under future climate
conditions are rare. In this paper, the MaxEnt model was used to simulate the impact
of climate change on the potential spatial distribution pattern of Z. armatum and reveal
the changes in Z. armatum distribution area in the future. In addition, the MaxEnt model
was applied to identify the key climate factors affecting the distribution and potential risk
factors of Z. armatum extinction. It is expected that this paper can provide a scientific basis
for the protection of germplasm resources of Z. bungeanum and the regional planning of its
artificial cultivation and contribute to the sustainable utilization of Z. armatum resources.

2. Materials and Methods
2.1. Species Distribution Point Data

The data on the natural distribution points of Z. armatum were collected on 15
November 2021 by visiting by accessed the Global Biodiversity Information Facility (GBIF,
https:/ /www.gbif.org/), Chinese Virtual Herbarium (CVH, http://www.cvh.ac.cn/), Na-
tional Specimen Information Infrastructure of China (NSII, http://www.Nsii.org.cn), and
published literature. A total of 466 original wild distribution points were obtained. To
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avoid geographic autocorrelation of the distribution locations, ENMTools V1.4 was utilized
for the screening of redundant data. Finally, 433 effective natural distribution points of
Z. armatum were obtained (Figure 1).
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Figure 1. Geographical distribution points of Z. armatum.

2.2. Environmental Variables

In this research, variables related to the 19 global climate factors with a geographic
resolution of 2.5 arc min in three periods, i.e., 1970-2000, 20412060 (the 2050s), and
2081-2100 (the 2090s), were obtained on 10 January 2022 by visiting by accessed the World
Climate Data website (www.worldclim.org). Two atmospheric circulation models, namely,
BCC-CSM2-MR and MRI-ESM2-0 in CMIP6, were selected [30], in which three shared
socioeconomic paths, namely, sustainable path (55P126), middle path (SSP245), and fossil
fuel-based development path (SSP585), were chosen to increase the reliability of climate
data [31,32]. Based on the distribution areas of Z. armatum, R v3.6.2 software was employed
to cut the climate data and convert them to the “.asc” format.

The data of 19 climatic parameters at each location were extracted using the “Extract
Multi Values to Points” feature of the Arcgis10.2 program [16]. Then, the Pearson correlation
coefficient matrix between the corresponding climate factors at each point was calculated
with R v3.6.2 to determine their significant correlation with 0.8 as the threshold.

After screening, the data on 433 effective natural distribution points and 19 climate
factors between 1970 and 2000 were imported into MaxEnt3.4.1 for a four-time operation.
The results were analyzed by comparing the percent contribution and Jackknife values;
climate factors with a contribution rate of less than 0.5 were deleted. The relatively most
important one of the two significant correlation factors was retained. Finally, eight climate
factors were obtained from 19 climate factors for modeling (Table 1).
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Table 1. Contribution rate and permutation importance of the climate factors.
Climate Description Percent Permutation
Factor P Contribution (%) Importance (%)
Mean diurnal temperature range

BIO02 (Mean of monthly (max temp-min temp)) (°C x 10) 43.9 215
BIO11 Mean temperature of coldest quarter (°C x 10) 38.6 34.9
BIO04 Temperature seasonality (standard deviation x 100) 12.5 54
BIO14 Precipitation of driest month (mm) 2.2 7.1
BIO12 Annual precipitation (mm) 1.4 19
BIO08 Mean temperature of wettest quarter (°C x 10) 0.6 2.6
BIO15 Precipitation seasonality (coefficient of variation) (mm) 0.4 7.9
BIO18 Precipitation of warmest quarter (mm) 0.3 1.7

2.3. Model Building

MaxEnt comprises five features, namely, L = linear, Q = quadratic, P = product,
T = threshold, and H = hinge. Because the H = hinge feature was introduced later than the
T feature, it was used as an alternative to the T feature rather than a supplement [33]. The T
feature was ignored in this study. The Kuem package in Rv3.6.1 was used to provide the
judgment standard of the optimal model. Specifically, 15 combinations of 4 element types
were considered, and 40 regularization multipliers (RM) were set at an interval of 0.1 to form
600 parameter combinations. The parameter combinations were evaluated and modeled, by
which the optimization of feature type FC and RM was achieved. Then the optimum model
for modeling was selected according to the following criteria: (1) significance and omission
rate (E < 0.05); and (2) model complexity AICc (delta < 2) [34]. Finally, two element types
were sifted out, namely, the Q and P features, and RM was 0.2.

Subsequently, the data of 433 Z. armatum natural distribution points and filtered
climate factors were imported into MaxEnt software. Q and P features were selected in
the element-type part, while the subsample was chosen in the replicated run-type part.
The modeling was repeated ten times, and its RM was 0.2. A test set made up of 30%
of the distribution data was chosen, with the remaining 70% serving as the training set.
In order to ensure sufficient time for the model to achieve convergence, the maximum
iteration was set to 5000 times. After modeling by MaxEnt v3.4.1, the Jackknife method
was used to test the weight based on the percent contribution of the selected climate
factors. The receiver operating characteristic (ROC) curve was plotted. The accuracy of the
simulation results was evaluated based on the area under the curve (AUC), since AUC,
unlike AUCTRAIN, is seldom influenced by overfitting, and training data overfitting does
not necessarily improve the fitting of independent test data [35]. The AUC value varied
from 0 to 1, with larger values indicating better prediction accuracy. An AUC value < 0.6
means failure; 0.6-0.7 indicates poor prediction accuracy; 0.7-0.8 implies fair prediction
accuracy; 0.8-0.9 represents good prediction accuracy; 0.9-1.0 indicates excellent prediction
accuracy [36,37].

Based on the modeling results, Arcgis10.2 was used to visualize the prediction map
of potential distribution regions in 1970-2000, the 2050s, and the 2090s, and the areas of
suitable distribution regions were calculated. Generally, the most accurate predictions were
made based on the “sensitivity-specificity difference minimizer” and “sensitivity-specificity
sum maximizer” criteria. Therefore, in this study, the maximum training sensitivity plus
specificity threshold of 0.1227 generated by MaxEnt was selected as the threshold to
determine whether a region is suitable for Z. armatum [38]. The potential distribution
regions were classified as follows: unsuitable region (p < 0.1227), lowly suitable region
(0.1227 < p < 0.4151), moderately suitable region (0.4151 < p < 0.7076), and highly suitable
region (p > 0.7076).
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3. Results
3.1. Evaluation of Model Prediction Accuracy

According to the projection of the potential suitable distribution regions of Z. armatum
by the MaxEnt model, the average AUC value was 0.953 (Figure 2), indicating the excellent
accuracy of the model. It can be concluded that the MaxEnt model is appropriate for the
simulation of potential distribution areas of Z. armatum under the climate scenarios in
1970-2000, the 2050s, and the 2090s.
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Figure 2. Test of the ROC generated by the MaxEnt model.

3.2. Critical Climate Factors Affecting the Geographical Distribution of Z. armatum

As seen in Table 1, BIO02 and BIO11 exerted the greatest impact on Z. armatum.
The percent contribution and permutation importance of BIO02 were 43.9% and 21.5%,
respectively, while those of BIO11 were 38.6% and 34.9%, respectively. According to the
importance assessment of climate factors related to Z. armatum distribution by Jackknife
(Figure 3), the test gain was the highest when there was only BIO02; the test gain was the
second highest when there was only BIO11; the test gain ranked third when there was
only BIO04, indicating that the three factors were the most important ones. Moreover,
the gain of BIO18 was the smallest, indicating that it is the least important factor for the
prediction of Z. armatum geographical distribution. When BIO02 and BIO12 were ignored,
the overall gain became smaller, proving the two factors contained exclusive information.
In summary, the principal climatic elements impacting Z. armatum distribution were BIO02,
BIO11, BIO04, and BIO12.

Figure 4 shows the response curves of Z. armatum. These curves show how each
environmental variable affects the MaxEnt prediction. It can be seen that BIO12 and BIO04
exerted the most marked effect on the future distribution of bamboo leaf peppercorns. When
BI012 was 2.63 °C, BIO04 was 55.53 °C, BIO11 was 4.57 °C, and BIO12 was 1076.62 mm;
also, Z. armatum grows best, and its distribution range is the largest.
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Figure 3. Evaluation of the relative significance of the leading environmental factors for Z. armatum
using the Jackknife of test gain. The contribution rate and permutation significance of the related
climatic variables are shown in Table 1.
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Figure 4. Response curves of Z. armatum show how the predicted probability of presence changes as
each environmental variable is varied; the response is the mean (red) + standard deviation (blue).

3.3. Distribution of Potential Suitable Areas of Z. armatum in 1970-2000

Based on the simulation by the MaxEnt model, the potential distribution areas of
Z. armatum under the climate scenario in 1970-2000 are mainly located in China, Vietnam,
Laos, Myanmar, Kyrgyzstan, Tajikistan, Pakistan, North Korea, South Korea, and Japan;
moreover, Z. armatum is also distributed in the southern foothills of the Himalayas (India,
Bhutan, Nepal, and southern Tibet of China). The above potential areas are wider than
the current distribution points (Figure 5). The entire area of the distribution regions is
3.30 x 10° km?. The highly suitable regions are mainly in Sichuan Province, Chongging
City, and Guizhou Province of China, with an area as small as 3.56 x 10% km?2 (1.08% of
the total); the moderately suitable regions are mainly in the southwest of China, covering
an area of 1.49 x 10° km? (45.14% of the total); the lowly suitable regions cover an area of
1.78 x 10° km? (53.79% of the total).
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Figure 5. Potential distribution areas of Z. armatum under climate conditions in 1970-2000.

3.4. Potential Suitable Areas of Z. armatum under Future Climate Scenarios

Under the three climate scenarios, namely, SSP126, SSP245, and SSP585, in the 2050s,
the overall suitable regions for Z. armatum will present a decreasing trend (Figures 6 and 7);
it will reduce 7.61 x 10* km?, 2.03 x 10* km?2, and 5.00 x 10* km?, respectively. The lowly
suitable regions will increase by 4.70 x 10° km?, 3.51 x 10° km?, and 4.52 x 10° km?, respec-
tively; in contrast, the moderately and highly suitable regions will decrease. The moderately
suitable regions will be reduced by 5.12 x 10° km?,2.99 x 10° km?, and 4.68 x 10° km?, re-
spectively, and the highly suitable regions will be reduced by 3.36 x 10* km?,3.12 x 10* km?,
and 3.30 x 10* km?, respectively. Under the SSP585 scenario in particular, the highly suitable
regions can only be found between the border of Chongging City and Guizhou Province,
covering an area of merely 1.94 x 10° km?.

The overall suitable areas will shrink under the three 2090s climatic scenarios, namely,
SSP126, SSP245, and SSP585; it will reduce to 1.02 x 10° km?, 7.71 x 10* km?, and
3.26 x 10° km?, respectively. The lowly suitable regions will expand 2.83 X 10° km?2,
4.86 x 10° km?, and 7.29 x 10° km?, respectively, shifting to higher latitudes. The mod-
erately suitable regions will shrink 3.55 x 10° km?, 5.29 x 10° km?, and 1.02 x 10° km?,
respectively. Under the SSP585 scenario, the area of moderately suitable regions will be
reduced to 4.7 x 10° km?, and they will only be located in the center of Sichuan, northwest
Guizhou, southeast Chongqing, southwest Hubei, southern Shaanxi, northern Jiangxi,
southern Anhui, eastern and western Zhejiang, and the hot regions of the Himalayas
(Yunnan, Myanmar, Tibet, Bhutan, Nepal, India, etc.), as well as small parts of South Korea,
North Korea, and Japan. The decreasing trend of highly suitable regions in the 2090s is more
intense than that in the 2050s, with 3.02 x 10* km?, 3.35 x 10* km?, and 3.47 x 10* km?
reduced, respectively. Under the SSP585 scenario, the area of highly suitable regions will
drop to 8 x 10? km?, covering only 0.03% of the total. They will only be located in the
southern border area of Chongging in China; in other words, the highly suitable regions
will almost disappear.
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Figure 7. Prediction of Z. armatum suitable areas under climate scenarios in 1970-2000, the 2050s, and
the 2090s.

4. Discussion
4.1. Important Climate Variables influencing Potential Distribution of Z. armatum

Based on the MaxEnt model, the suitable distribution areas of Z. armatum in 1970-2000,
the 2050s, and the 2090s were predicted. The AUC value was 0.953, and thus higher than
0.9, indicating the excellent prediction accuracy and high reliability of the model [36,37].
Feng et al. [26] performed GBS sequencing research. They found that the southwest moun-
tainous area of China might be home to Z. armatum, which was considered a refuge during
the peak of the last glacial period. Z. armatum began to migrate outward during the inter-
glacial period. The model simulation results showed that the main potential distribution
areas of Z. armatum in 1970-2000 include the subtropical monsoon climate areas of Japan,
the south of the Qinling—Huaihe Line in China, and the Korean Peninsula, as well as the
areas along the southern foot of Himalayas (India, Bhutan, Nepal, etc.). The most highly
suitable regions are in Sichuan and Guizhou in southwest China. These findings are in
line with those in previous studies [26,39] and the record in Flora of China [19]. The model
results are consistent with the actual growth characteristics of Z. armatum.

As screened by MaxEnt modeling, the importance of the critical climate factors affecting
Z. armatum distribution followed the order of BIO02 > BIO11 > BIO04 > BIO12. When BIO02 is
2.63 °C and BIO04 is 55.525 °C, the growth vigor of Z. armatum is the best. With the increase in
temperature difference, the adaptability of Z. armatum continues to decrease. When BIO11 is
4.57 °C, the Z. armatum fitness is optimal and decreases with the increase in BIO11, indicating
that excessively high or low temperature will impede Z. armatum growth. When BIO12 is
1076.62 mm, Z. armatum has the best adaptability, which also explains the reason why highly
suitable regions for Z. armatum are mainly distributed in the Sichuan and Guizhou regions of
Southwest China. Xu et al. [39] believed that the principal climatic variables influencing the
distribution of Z. armatum were the relevant temperatures in January, February, and March;
the precipitation in July; and the average temperature and average annual precipitation in
the coldest quarter. Z. armatum is mainly distributed in the south of the Qinling—Huaihe Line.
This region is affected by a subtropical monsoon climate characterized by abundant heat and
precipitation, which provide suitable conditions for the growth of Z. armatum [40]. Moreover,
in China, the coldest season is from December to February of the next year, during which the
growth of Z. armatum is significantly impacted by temperature. In winter, Z. armatum stops
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growing; the leaves fall, and buds are in a dormant state. When the temperature rises in
spring, it enters a slow growth period; i.e., the ovary differentiation stage. Then, the young
leaves outside the flower bud begin to unfold, the light green inflorescences are exposed at
the bud top, and the inflorescences are drawn out, which marks the end of the bud stage.
The spring temperature in the south of the Qinling-Huaihe Line in China is suitable for the
dormancy release of Z. armatum [41,42]. In addition, the cold resistance of Z. armatum is
weakened below 0 °C. The flower buds and leaf buds of Z. armatum are bare and tend to
sustain freezing damage at excessively low average temperatures in winter [43]. Z. armatum
likes water and fertilizer but can easily die of water accumulation; thus, the precipitation will
also significantly impact its growth and development [44]. The warm and humid airflow
of the Indian Ocean brings abundant rainfall to the southern foothills of the Himalayas,
making them suitable regions for the growth of Z. armatum [45]. In summary, BIO02, BIO11,
BIO04, and BIO12 are the critical climate factors influencing the growth of Z. armatum and its
potential distribution in the future.

4.2. Future Change in the Potential Distribution of Z. armatum

By predicting the potential suitable distribution regions of Z. armatum given the current
and future climate, it was found that the subtropical monsoon humid climate provides
the most suitable conditions for Z. armatum, and both supercooling and overheating may
impede the growth of Z. armatum. According to the model prediction of previous studies,
global warming is still a serious issue in 2040; the middle and high latitudes of Asia will
show an exceptional warming trend, and the cold events will continue to drop. By 2090,
the temperature will rise most dramatically under the SSP585 scenario, by about 7-10 °C.
Moreover, the future precipitation will also show an increasing trend in the north and
a decreasing trend in the south. The precipitation in high latitude zones in the warm
season will be enhanced slightly, while that in the cold season will increase by about
10-40% [46]. The high latitude regions in the north of the existing range will become
suitable for Z. armatum growth due to future climate change. Under the six scenarios
in the future, the distribution range of Z. armatum may shift to higher latitudes. The
modeling results show that with the social economy being more complex and the radiation
degree becoming higher than before, the migration trend to higher latitudes will be more
significant, and the suitable regions will be more fragmented, especially under the SSP585
scenario in the 2050s and 2090s.

The suitable areas of Z. armatum will shrink due to future climate change. Under the
2090s-SSP585 scenario, the total area of suitable regions will be reduced from 330.54 x 10* km?
t0 297.93 x 10* km? at a decrement rate of 9.87%. Under the 2090s-SSP585 scenario, the total
area of suitable regions will decrease most markedly at a decrement rate of 9.87%. Guangxi,
southern Guangdong, and Hainan in China, as well as southern India, will become unsuitable
for the growth of Z. armatum; in contrast, suitable areas in Tibet, Gansu, Shaanxi, Henan,
and Shandong in China will increase, which indicates that the potential distribution of Z.
armatum may be impacted by climate change, and the impact will intensify with the increase
in radiation degree. Previous research has shown that the temperature in the north of the
Qinling-Huaihe Line in China will increase, and future climate change under RCP8.5 is more
dramatic than that under RCP4.5. Generally, the area of arid regions will increase while that
of humid regions will decrease, which may explain the future decrease in suitable habitats
for Z. armatum [47,48]. Under the climate scenario in 1970-2000, the area of highly suitable
regions is predicted to be 3.56 x 10* km?, and they are mainly in the border region between
Guizhou Province and Chongging City, and the southwest districts and counties of Leshan
City, Sichuan Province. Under the six future climate scenarios, the highly suitable regions
will be reduced. Particularly under 2090s-SSP585, the area will decrease by 3.48 x 10* km?,
with a decline rate of 97.61%. They will only be located near Delong Town, Nanshan District,
Chonggqing City, with an area of merely 0.08 x 10* km?. In addition, the potential moderately
suitable regions will be greatly reduced in southwest China, and the regions will also present
a high degree of fragmentation. Moderately and highly suitable regions are transformed into
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lowly suitable regions, and therefore, lowly suitable regions generally show an increasing
trend. In conclusion, future climate change may cause the moderately or highly suitable
regions for Z. armatum to become less suitable or even non-suitable regions, with an enhanced
radiation intensity.

4.3. Z. armatum Protective Strategy

The suitable distribution areas of Z. armatum have shrunk slightly since the middle
Holocene [26]. The present study shows that with future climate change becoming more
and more severe, suitable distribution areas of Z. armatum will further decrease, and the
highly suitable areas will almost disappear. As a high-quality seasoning and traditional
Chinese medicine, Z. armatum will be cultivated on a larger scale. However, in the future,
the reduction in suitable areas, especially highly suitable areas, will lead to the loss of the
wild Z. armatum population, thus reducing the genetic diversity of Z. armatum and increas-
ing the difficulty of breeding excellent varieties, which will bring a series of adverse effects.
For example, the planting yield of Z. armatum will be significantly reduced, and its quality
will be degraded, which will influence the pepper industry in China, India, Nepal, etc.
Scientific protective strategies should be adopted for sustainable utilization of Z. armatum
resources. First, the model prediction revealed the stable and suitable areas for Z. armatum
are mainly in central Sichuan, northwest Guizhou, southeast Chongqing, southwest Hubei,
and south Shaanxi in China, especially the border area between Guizhou and Chongging
and southwest Leshan, Sichuan. These regions can be set as priority protection areas of the
wild germplasm resources of Z. armatum. At the same time, artificial planting technology
can be implemented, and a wild nursery can be established for Z. Armatum to provide suit-
able conditions for its growth and maintain minimum viable populations [49,50]. Second,
a gene bank can be built to preserve wild Z. armatum resources in moderately and highly
suitable areas that will disappear in the future through in vitro culture or low-temperature
preservation. In this way, the genetic diversity of Z. armatum can be protected, and the
exchange of global Z. armatum germplasm resources will be strengthened [51]. Third, it is
necessary to strengthen the research on the selection and breeding of excellent Z. armatum
varieties to improve the stress resistance, such as cold resistance, heat resistance, and wa-
terlogging resistance, increase the edible and medicinal value, and expand the cultivation
yield of artificially cultivated varieties within the scope of potential suitable areas. It is
worth noting that the prediction results of the MaxEnt model may deviate from the actual
situation, despite its high prediction accuracy. The possible reasons are as follows. Firstly,
in this study, the adaptive evolution of Z. armatum in response to future climate change
and its adaptive range expansion through measures such as variety improvement are not
considered. Secondly, soil conditions, biological relationships, and human activities all
affect the distribution of plants, in addition to climatic factors. Thirdly, the data used in
this study are from the WorldClim database. The time span from 2000 to the 2090s is large.
The improvement in future cultivation technology and the intensification of Z. armatum
protection may also contribute to the increase in suitable areas of Z. armatum. Despite the
above limitations, the model is still of guiding significance for natural resource protection
and artificial planting of Z. armatum, since it is difficult to incorporate all elements into a
specific model, and the geographical distribution of plants on a regional scale is mainly
restricted by climate factors [52].

5. Conclusions

The potential distribution of Z. armatum is mainly influenced by four critical climatic
factors: mean diurnal temperature range, mean temperature of coldest quarter, temperature
seasonality, and annual precipitation. The potential suitable distribution areas of Z. armatum
in 1970-2000 are the subtropical monsoon climate areas of Japan, the Korean Peninsula,
the south of the Qinling-Huaihe Line of China, and the areas along the southern foot
of the Himalayas. The distribution range of Z. armatum in the 2050s and 2090s tends to
shift to higher latitudes under the three possible future climatic scenarios, and the area of
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suitable regions will decrease. Under the 2090s-SSP585 scenario, the suitable regions will
shrink most dramatically. The southwest district of Leshan City, Sichuan Province, and
the border area between Guizhou Province and Chonggqing City potentially will be stable
and moderately to highly suitable regions for Z. armatum in the future. The above regions
are recommended to be managed as key protected areas. Considering wild Z. armatum
in the moderately and highly suitable areas that will disappear in the future, the genetic
diversity should be preserved through field gene banks and other ways, and research on
the selection and breeding of excellent varieties should be strengthened.
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