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Abstract

Panzerina lanata possesses significant medicinal and ecological value, playing
an important role in maintaining human health and ecosystem balance. To in-
vestigate the distribution pattern of suitable habitats for this species and its
response to climate change, this study utilized 86 natural distribution points
of P. lanata and 20 environmental variables to simulate and predict the suit-
able habitats and their dynamic changes under current and future (2041-2060,
2081-2100) climate change scenarios using the Max Ent model. The importance
of key environmental factors was evaluated using a combination of comprehen-
sive contribution rates and the Jackknife method, and the diffusion pathways
of P. lanata were simulated using the least-cost path method based on chloro-
plast haplotype data from 27 populations of P. lanata and distribution model
simulation data from different time periods. The results indicate that: (1)
The main environmental factors influencing the geographical distribution of P.
lanata are maximum temperature of the warmest month, elevation, precipita-
tion of the wettest month, and temperature seasonality. (2) Under current
climate conditions, the potential high-suitability habitat area of P. lanata in
China is approximately 21.04$x$104 km2, mainly distributed in Ulangab, Or-
dos, and eastern Alxa of Inner Mongolia, northern Ningxia, northern Shaanxi,
and Gansu Province. (3) Under two typical concentration pathway climate sce-
narios (SSP1-2.6 and SSP5-8.5) in the future (2081-2100), the total suitable
habitat area and high-suitability habitat area of P. lanata both show an increas-
ing trend, with its core distribution area still located in Inner Mongolia. The
east-west direction along the northern edge of the Mu Us Sandy Land represents
an important diffusion pathway during population migration of P. lanata, and
the connectivity among populations is strongest in the Alxa Left Banner and
Ordos regions.
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Abstract

Panzerina lanata holds significant medicinal and ecological value, playing an
important role in maintaining human health and ecosystem balance. To in-
vestigate the distribution patterns of suitable habitats for this species and its
response to climate change, this study employed the MaxFnt model to simulate
and predict the suitable distribution areas of P. lanata under current and future
climate scenarios. Based on 86 natural distribution points and 20 environmental
variables, we assessed the importance of key environmental factors by combin-
ing comprehensive contribution rates with the jackknife method. Additionally,
using chloroplast haplotype data from 27 populations and distribution model
simulation data from different periods, we simulated the dispersal pathways
of P. lanata using the least-cost path method. The results indicate: (1) The
primary environmental factors influencing the geographical distribution of P.
lanata are the maximum temperature of the warmest month, elevation, precip-
itation of the wettest month, and temperature seasonality. (2) Under current
climate conditions, the potential highly suitable area for P. lanata in China cov-
ers approximately 21.04 x 10* km?, mainly distributed in Ulanqgab, Ordos, and
eastern Alxa in Inner Mongolia, as well as northern Ningxia, northern Shaanxi,
and parts of Gansu Province. (3) Under future climate scenarios (2041-2060,
2081-2100), both the total suitable area and highly suitable area of P. lanata
show an increasing trend, with the core distribution region remaining in Inner
Mongolia. The east-west corridor along the northern fringe of the Mu Us Sandy
Land represents an important dispersal pathway during population migration,
with the strongest connectivity between populations in the Alxa Left Banner
and Ordos regions.

Keywords: Panzerina lanata; climate change; MaxEnt model; potential suit-
able distribution; dispersal pathway
Introduction

Global climate change has intensified ecosystem degradation and biodiversity
loss, triggering “warming” phenomena in species distributions, altering geograph-
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ical ranges, and causing habitat degradation, all of which pose severe challenges
to species’ adaptive capacities [1]. According to the Sixth Assessment Report
(ARG6) of the Intergovernmental Panel on Climate Change (IPCC), global sur-
face temperature is projected to increase by 1.5-4.3°C within the next century
[2]. This level of warming will expose species in terrestrial ecosystems to high
extinction risks; when the temperature increase reaches 4.3°C, 29.7% of species
will face extinction risks [3]. Medicinal plants are important plant resources
closely related to human life, playing a significant role in safeguarding human
health. However, under the influence of global climate change and intensified
human activities, the production areas of authentic medicinal materials in China
have shifted, and the number of wild medicinal plant resources has decreased
sharply, making population regeneration unsustainable [4]. Predicting suitable
habitat changes for medicinal plants under climate change is of great significance
for their conservation and sustainable utilization.

Species Distribution Models (SDMs) can estimate species’ actual and potential
distribution areas and have become a hot tool in research fields such as biogeog-
raphy and regional ecology [5]. Among numerous distribution models, the Max-
imum Entropy Model (MaxEnt) has been widely applied in endangered species
conservation and invasion biology due to its simple operation and good simula-
tion performance [6], providing a theoretical basis for selecting priority protec-
tion areas, investigating plant resource inventories, and introducing cultivation.
In recent years, domestic and international scholars have extensively used the
MaxEnt model to study the potential suitable distribution areas of medicinal
plants, as the model can map spatial distribution ranges based on species distri-
bution points and environmental variable data [7]. However, species distribution
models still have certain limitations in identifying species dispersal pathways
and geographical isolation barriers. In recent years, with the support of molec-
ular sequencing data, species distribution models can reveal species’ potential
migration routes and dispersal corridors by integrating genetic sequencing data
and SDM simulations, providing new ideas for effective species conservation [8].

Panzerina lanata belongs to the Lamiaceae family and is a perennial herb. In
China, P. lanata is mainly distributed in ecologically fragile regions such as In-
ner Mongolia, northern Shaanxi, northern Ningxia, and Gansu [9]. The whole
plant is used medicinally, possessing important medicinal value [10] and signif-
icant ecological functions in windbreak and sand fixation [11]. Due to climate
change and human activity destruction in recent years, the wild population of P.
lanata has gradually decreased and is becoming endangered. Current research
on P. lanata has mainly focused on chemical composition studies [12], pharma-
cological activity research [13], and phylogeography [14]. However, studies on
the potential geographical distribution range of P. lanata and the impact of
future climate change on its distribution are limited. Among them, Yang et
al. [15] discussed the potential distribution of P. lanata in China under current
and a single climate scenario based on 19 climatic factors, but large-scale predic-
tions of its potential geographical distribution under multiple extreme emission
scenarios and its migration corridors are rarely reported. Therefore, this study
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utilized the MaxEnt model to simulate and analyze the suitable distribution
range and area changes of P. lanata in China under current and future climate
scenarios (low emission scenario SSP1-2.6 and high emission scenario SSP5-8.5),
exploring the key environmental factors affecting its geographical distribution
and potential migration dispersal pathways, to provide a scientific basis for the
effective conservation and artificial cultivation of P. lanata.

Methods
1.1 Distribution and Sequencing Data Sources

Distribution data for P. lanata were obtained from the Global Biodiversity Infor-
mation Facility (GBIF, https://www.gbif.org/), the China National Specimen
Resource Platform (http://www.nsii.org.cn/), and field surveys. The dismo
package in R was used to filter the obtained distribution points, retaining only
one valid distribution point per 5 km x 5 km grid cell for habitat simula-
tion, resulting in 86 distribution data points (Figure 1). The distribution data
mainly came from field surveys conducted in 2021, primarily distributed in In-
ner Mongolia (Hongginghe Town, Yijinhuoluo Banner, Xinjie Town, Tuke Town,
Aolezhaoqi Town, Mukainuoer Town, Bayanhaote Town, Duguitala Town, Enge-
bei Town, Saihan Town, Hongshitou Village, Xuejiawan Town, Saiwusu Town,
Wusitai Town), Shaanxi (Erlintu Town, Baijie Town, Mahe Town, Jingbian
County, Dingbian County), Ningxia (Ningdong Town, Lingwu City), and Gansu
(Liangzhou District, Gulang County). Chloroplast gene fragment (rpoB) haplo-
type data were derived from published literature [14].

1.2 Environmental Data Sources and Screening

Current and future (2041-2060, 2081-2100) climate data were downloaded from
WorldClim  (http://www.worldclim.org), including 19 bioclimatic variables
(Biol-Biol9) and elevation data, all at a spatial resolution of 2.5 arc-minutes.
Future climate data were selected from the Sixth International Coupled
Model Intercomparison Project (CMIP6) under two typical emission scenarios:
SSP1-2.6 (low emission scenario) and SSP5-8.5 (high emission scenario).

To reduce multicollinearity among environmental variables, the Hmisc package
in R was used to calculate Pearson correlation coefficients for all environmental
factors. For pairs with |r| > 0.8, the factor with lower contribution was removed
based on the species’ ecological characteristics [16]. Ultimately, 11 environmen-
tal factors were retained as modeling data (Table 1). The regularized training
gain of environmental variables on the distribution of P. lanata was assessed us-
ing the jackknife tool in MaxEnt 3.4.1 software, combined with environmental
variable contribution rates and permutation importance values, to comprehen-
sively determine the main environmental variables affecting its distribution.
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1.3 MaxEnt Model Construction and Result Evaluation

The MaxEnt 3.4.1 model was used to simulate the current and future potential
distribution areas of P. lanata based on its ecological niche requirements. In
model construction, 75% of the data were randomly selected as the training
set, with the remaining 25% as the test set, with 10 replicate runs. The Area
Under the Receiver Operating Characteristic Curve (AUC) was used to evaluate
model prediction accuracy, with values ranging from 0 to 1; values closer to 1
indicate higher prediction accuracy [17]. The current potential geographical
distribution simulation results for P. lanata in China showed an AUC value of
0.978, indicating good model fit and high prediction accuracy, making it suitable
for predicting the potential distribution range of P. lanata in China.

1.4 Suitable Area Classification and Centroid Migration Analysis

The natural breaks method was used in combination with field survey condi-
tions to classify the suitable distribution areas of P. lanata into four categories:
highly suitable area (0.6-1.0), moderately suitable area (0.4-0.6), low suitable
area (0.2-0.4), and unsuitable area (0-0.2) [18]. Suitable area changes under
different climate scenarios were then calculated and statistics compiled. The ge-
ometric center of P. lanata distribution areas under different climate scenarios
was calculated using ArcGIS 10.5 to analyze migration trends of suitable area
centroids under climate change, thereby determining spatial pattern changes in
its geographical distribution.

1.5 Dispersal Pathway Analysis

Based on the least-cost path analysis method, species haplotype data and species
distribution simulation data were integrated to visualize the dispersal pathways
of P. lanata under current and future climate scenarios. First, the ArcGIS
reclassification tool was used to convert current and future potential distribution
data into a species habitat resistance model. Second, SDMtoolbox v2.0 was used
to create cost distance raters for each sample location using the resistance layer
of P. lanata. Simultaneously, based on shared haplotypes in the cpDNA data,
pairwise comparisons were conducted among populations sharing haplotypes to
calculate migration route layers between sites. Finally, all individual path layers
were overlaid to visualize the dispersal pathways of P. lanata.

Results

2.1 Current Suitable Distribution Areas and Influencing Factors of P.
lanata in China

Under current climate conditions, the highly suitable area for P. lanata covers
approximately 2.19% of China’ s land area, mainly distributed in Ordos, Bayan-
nur, Wuhai City, and eastern Alxa in Inner Mongolia; Shizuishan, Yinchuan,
Wuzhong, and Zhongwei in Ningxia; Yulin in Shaanxi; Baiyin in Gansu; and
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a small area in the Aksu region of Xinjiang. Except for the Aksu region in
Xinjiang, the highly suitable areas align well with field survey results. The mod-
erately suitable area is concentrated at the periphery of highly suitable areas,
covering approximately 3.77% of China’ s land area. The low suitable area
is mainly located in eastern Alxa, Bayannur, Baotou, Ulangab, and Hohhot
in Inner Mongolia; Yan’ an in Shaanxi; Qingyang in Gansu; northern Shanxi
Province; and scattered areas in the Aksu region of Xinjiang (Figure 1, Table
2).

Environmental factors with contribution rates greater than or close to 10% were,
in descending order: maximum temperature of the warmest month (30.4%), el-
evation (26.7%), precipitation of the wettest month (20.5%), and temperature
seasonality (18.7%), with temperature-related factors contributing a cumulative
49.1%. Environmental factors with permutation importance values greater than
or close to 10% were precipitation of the wettest month, maximum temperature
of the warmest month, elevation, and temperature seasonality. The jackknife
test further confirmed that these four factors significantly influence P. lanata
distribution (Figure 3). These results indicate that temperature, precipitation,
and elevation are the main environmental variables affecting P. lanata distribu-
tion.

2.2 Future Potential Distribution and Centroid Changes of P. lanata
in China

Under the two climate scenarios, P. lanata suitable areas showed different trends
(Figure 4). From current to low-emission scenario SSP1-2.6 during 2041-2060,
the total suitable area increased by 12.6%, with highly suitable area increasing
by 13.2% and moderately and low suitable areas decreasing. During 2081-
2100 under SSP1-2.6, the total suitable area increased by 15.8% compared to
current, with highly suitable area increasing by 17.4% and moderately and low
suitable areas showing increasing trends. From current to high-emission scenario
SSP5-8.5 during 2041-2060, the total suitable area increased by 13.5%, but
highly suitable area decreased by 2.1% while moderately and low suitable areas
increased slightly. During 2081-2100 under SSP5-8.5, the total suitable area
increased by 16.3% compared to current, with highly suitable area increasing by
15.5% and moderately and low suitable areas showing increasing trends (Table
2). With climate warming, both total suitable area and highly suitable area of
P. lanata maintain relatively stable trends, with distribution still primarily in
current provinces.

The centroid of current suitable areas for P. lanata is located in Otog Banner.
Under future climate scenarios, centroid migration distances vary between the
two scenarios. Under SSP1-2.6, from current to 2041-2060, the centroid mi-
grates northeast; by 2081-2100, it migrates northwest. Under SSP5-8.5, from
current to 2041-2060, the centroid migrates northeast; by 2081-2100, it migrates
southwest (Figure 5).
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2.3 Dispersal Pathways of P. lanata

Under current climate conditions, P. lanata primarily disperses from east to
west along the northern fringe of the Mu Us Sandy Land. Under future cli-
mate scenarios, P. lanata continues this east-west dispersal pattern along the
northern fringe of the Mu Us Sandy Land, though the magnitude of migration
decreases significantly. Alxa Left Banner and Ordos serve as important path-
ways connecting eastern and western populations of P. lanata, with the strongest
connectivity between populations in these regions.

Discussion

3.1 Influence of Environmental Factors on the Potential Geographical
Distribution of P. lanata

In China’ s arid regions, the richness of perennial herbaceous plants is mainly
affected by precipitation, temperature, and soil nutrients [19], though different
species respond differently to climate change [20]. This study shows that the
main environmental factors affecting P. lanata distribution, in order of contri-
bution rate, are maximum temperature of the warmest month, precipitation
of the wettest month, elevation, and temperature seasonality. The cumulative
contribution rate of temperature factors approaches 50%, and precipitation con-
tributes 26.7%, consistent with Yang et al. [15], confirming that temperature
and precipitation are the dominant environmental factors affecting P. lanata
distribution, which also aligns with its ecological characteristics of preferring
warmth and tolerating humidity [21]. Additionally, elevation is an important
factor affecting potential distribution, with a contribution rate of 20.5%. P.
lanata is mainly distributed on sandy lands at 900-1350 m elevation, with field
surveys finding most populations at 1000-1400 m, consistent with jackknife val-
idation results. Overall, climatic factors (temperature and precipitation) and
elevation jointly play important roles in the suitable distribution of P. lanata.

This study focused on the effects of environmental factors and elevation on the
potential geographical distribution of P. lanata, without considering soil factors,
human activities, or interspecies interactions. Therefore, subsequent studies
should incorporate more biotic and abiotic factors to improve model prediction
accuracy and more accurately assess the potential distribution range of P. lanata
under climate change scenarios.

3.2 Geographical Distribution Patterns of P. lanata under Different
Climate Scenarios

Previous studies have shown that herbaceous plants, with shorter generation cy-
cles than woody plants, are more flexible in changing climates and have stronger
adaptability to climate change [22]. Currently, the highly suitable areas for P.
lanata are mainly concentrated in Inner Mongolia, with small distributions in
northern Ningxia, northern Shaanxi, and parts of Gansu. Under future cli-
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mate scenarios, the potential distribution of P. lanata remains primarily in
current distribution regions, with no significant changes in total suitable area
and highly suitable area compared to current conditions. This is basically con-
sistent with Yang et al. [15], though the predicted potential suitable area in
this study is smaller than in some related studies, possibly due to differences in
selected environmental factors and suitable area classification standards. Under
the low-emission scenario SSP1-2.6, the highly suitable area of P. lanata shows
an increasing trend compared to current conditions. Under the high-emission
scenario SSP5-8.5, the highly suitable area decreases during 2041-2060 but in-
creases during 2081-2100, with new suitable areas emerging in Alxa Left Banner,
Bayannur, Baotou, Ulangab in Inner Mongolia, and Shaanxi Province.

Under both climate scenarios, the suitable area of P. lanata increases compared
to current conditions, possibly related to the warming and wetting trend in
northwestern arid regions of China under global warming [23], with potential
suitable areas of P. lanata increasing with changes in temperature and precip-
itation. This also suggests that climate warming has a positive effect on P.
lanata distribution, potentially providing more habitats for future colonization.
The centroid migration results show that under different emission scenarios, the
distribution center of P. lanata will migrate to higher altitude areas by 2081-
2100, possibly related to increasing precipitation in western Ordos in the future,
allowing P. lanata to disperse and migrate to this region.

Affected by climate change, many desert plants in northwestern China show
large-scale population expansion along deserts and Gobi [24]. P. lanata grows
well in sandy environments of desert areas and typical steppes, especially on
gravelly plains and dry riverbeds. The dispersal pathways obtained through
least-cost path analysis are consistent with its suitable distribution areas, with
the northern fringe of the Mu Us Sandy Land becoming an important disper-
sal corridor. Under current climate conditions, P. lanata disperses westward
along Alxa Left Banner and eastward to western Ordos along the optimal cor-
ridor. Migration corridors connecting fragmented habitats can increase gene
flow among populations in different habitats, thereby increasing species genetic
diversity [25]. Populations distributed in the Alxa Left Banner and Ordos re-
gions have low genetic diversity, while populations around Helan Mountain have
high genetic diversity [14]. Therefore, maintaining migration corridors between
eastern and western highly suitable areas and connecting fragmented popula-
tions through dispersal pathways is essential for scientifically and effectively
protecting wild resources and genetic diversity of P. lanata. We recommend es-
tablishing priority nature conservation areas in highly suitable regions of Alxa
Left Banner and Ordos in Inner Mongolia to implement in-situ conservation
measures, addressing resource depletion and genetic erosion of P. lanata caused
by climate change and human activities, thereby protecting biodiversity and
ecological stability in northwestern arid regions. This study simulated disper-
sal pathways of P. lanata based on only two chloroplast fragments, which may
have limitations; future studies should consider multi-source data to improve
the accuracy of dispersal pathway inference.
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Conclusion

The main environmental factors affecting the geographical distribution of P.
lanata are the maximum temperature of the warmest month, temperature sea-
sonality, and precipitation of the wettest month, with elevation also exerting
a synergistic effect. Currently, the potential suitable areas of P. lanata are
mainly distributed in ecologically vulnerable regions of northwestern China, in-
cluding Inner Mongolia, Ningxia, Shaanxi, and Gansu. Under future climate
scenarios (2041-2100) for both low-emission and high-emission pathways, the
potential distribution range of P. lanata remains primarily in current provinces,
with both total suitable area and highly suitable area showing increasing trends
compared to current conditions. The core distribution area is located in Inner
Mongolia, where the east-west corridor along the northern fringe of the Mu Us
Sandy Land (Alxa Left Banner and Ordos region) represents an important dis-
persal corridor during population migration. Based on these findings regarding
suitable area changes and dispersal pathways, this study proposes conservation
strategies for the wild resources of this species.
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