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Abstract
Fritillariae Cirrhosae Bulbus (FCB) is a famous traditional Chinese medicine, mainly used for relieving
cough and resolving phlegm. According to Chinese Pharmacopoeia (2020), the medicine comes from
dried bulbs of five species and one variety in Fritillaria. Due to climate change and human disturbance,
the wild resources have become critically endangered in recent years. Following three climate change
scenarios (SSP1-2.6, SSP2-4.5 and SSP5-8.5) under 2050s and 2070s, geographic information
technology (GIS) and maximum entropy model (MaxEnt) were used to simulate the ecological suitability
of FCB, a third-grade rare and endangered medicinal plant species. The results showed that the key
environmental variables affecting the distribution of were altitude, human activity intensity, and mean
temperature of coldest quarter. Under current climate situation, the highly suitable areas were mainly
located in the east of Qinghai Tibet Plateau, including Western Sichuan, southeastern Tibet, southern
Gansu, Northwestern Yunnan and Eastern Qinghai, with a total area of 31.47×104 km2, the area within the
nature reserve was 7.13×104 km2, indicating that there was a large protection gap. Under the future
climate change scenarios, the areas of the highly and poorly suitable areas of FCB showed a decreasing
trend, while the areas of the moderately and total suitable areas showed a increasing trend. The
geometric center of the total suitable area of the medicine will move to the northwest. The results could
provide a strategic guidance for protection，development and utilization of FCB though its prediction of
potential distribution based on the key variables of climate change.

Introduction
With the change of global climate, the frequency and intensity of extreme weather increase significantly,
which has a serious impact on agriculture, forestry, animal husbandry and other industries (Calvin et
al. 2020). As a special agricultural resource, the cultivation, growth and distribution of traditional Chinese
medicine are also affected by climate change. The change of traditional Chinese medicine resource
producing areas caused by climate change will change the property of traditional Chinese medicine, and
then have a potential impact on the quality, clinical efficacy and medication safety of traditional Chinese
medicine (Ma and Gao 2010). Genuine medicinal materials refer to the Chinese medicinal materials with
a long history, excellent varieties, significant curative effect, obvious regional characteristics, and better
quality than those from other places. However, the genuine areas of traditional Chinese medicine are not
fixed, and will expand, contract or migrate under the influence of climate change. For example, Cheng et
al. (2016) found that the warming of historical temperature and excessive precipitation made the genuine
area of Astragalus membranaceus move to the northeast. Zhou et al. (2015) showed that compared with
the current distribution pattern of suitable area, the total area of suitable area of original plants of Rhei
Radix et Rhizoma would be reduced in different degrees in the future. Shen et al. (2017) predicted that the
increase of annual average temperature in the future will make the main distribution area of Gentiana
rhodantha expand to higher altitude. 

Parmesan and Yohe (2003) pointed out that non climatic factors dominate the short-term biological
changes of plants, while climate change will affect the life system of plants. At large scale, climate and
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topography are important environmental factors limiting species distribution (Brooks et al. 2006; Loarie et
al. 2008; Alkemade et al. 2011). Due to the global climate change and lack of effective protection of
medicinal plant resources, the geographical distribution of many medicinal plant species has shrunk
sharply, or even disappeared. Traditional investigation of medicinal plant resources mainly relies on field
work and manual records, which requires a large amount of work, takes a long time, and has limited
evaluation ability. This method could not fully reflect the internal relationship between plants and
environmental factors, especially the change of suitable area under the future climate scenario (Wang et
al. 2002). How to effectively deal with climate change in the future is a key issue in the plant protection
planning of traditional Chinese medicine. BCC-CSM2-MR is one of the most commonly used climate
models developed by China National Climate Center to simulate the response of global climate to the
increase of greenhouse gas concentration, especially for China (Shi et al. 2020).

The maximum entropy model (MaxEnt) was first proposed by Jaynes in 1957. The model can infer
incomplete information and was applied to predict the potential distribution of species in 2004.
Nowadays, it has been widely used in many fields, such as ecology, biochemistry, resource conservation
and so on (Phillips et al. 2006; Brito et al. 2009; Warren et al. 2013). Compared with other common niche
models, such as GARP (the genetic algorithm for rule set prediction), Bioclim (the biological prediction
system), Domain (the domain model) and ENFA (ecological niche factor analysis), MaxEnt is more
accurate (Elith et al. 2010; Petitpierre et al. 2012; Zhang et al. 2016). Studies have shown that MaxEnt can
accurately predict the potential distribution area of species even if the information of species distribution
data and environmental variables in the distribution area are incomplete. Therefore, MaxEnt has been
widely used in the prediction of potential distribution areas of endangered traditional Chinese medicine
plants, such as Gastrodia elata Bl. (Zhang et al. 2017), Astragalus mongholicus Bunge (Wang et
al. 2020), Salvia bowletana Dunn (He et al. 2014), Gentiana macrophylla Pall (Tan et al. 2020).

Fritillariae Cirrhosae Bulbus (FCB), also called ‘Chuanbeimu’, is a kind of valuable Chinese herbal
medicine with the functions of clearing heat and moistening lung, relieving cough and resolving phlegm,
relieving asthma, antibacterial and antiviral (Sun et al. 2013; Zhao et al. 2020). According to the 2020
edition of Chinese Pharmacopoeia, original species of the medicine includes Fritillaria cirrhosa D. Don, F.
unibracteata Hsiao et K. C. Hsia, F. przewalskii Maxim., F. delavyi Franch., F. taipaiensis P. Y. Li and F.
unibracteata Hsiao et K.C. (Chen et al. 2019; Xiong et al. 2020). These species mostly grows in alpine
meadow or shrubs with an altitude of 3200-4600m, except F. taipaiensis with lower regions. And growth
and distributions of these species are very vulnerable to their wild habitats (Chen et al. 2003). FCB is a
conventional medicine used in traditional Chinese medicine formulations, and there are more than 100
kinds of Chinese patent medicines with it as raw materials (Xiao et al. 2007; Chen et al. 2014). Due to low
biological yield, few number of mature fruits, terrible germination and survival rate of the species, wild
resources are far from meeting the growing market demand. Driven by economic interests, continuous
high-intensity and disordered mining result in sharply decline of the wild resources. Therefore, most of the
species have been listed as the 3th class protected plant.
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At present, the research on FCB and its original species mainly focuses on the methods of physiological
ecology (Chen et al. 2003; Zhang et al. 2010), chemical and pharmacological components (Cao et al.
2009; Wang et al. 2011; Wang et al. 2012; Pan et al. 2014), seedling breeding (Wang et al. 2010; Hu et al.
2013), and molecular biology (Lee and Hsing 2002; Tan et al. 2011), while the research on its
geographical distribution mainly focuses on specific species (Wang et al. 2014; Jiang et al. 2016; Liu et
al. 2018), lacking comprehensive research. Based on MaxEnt model, the potential distribution of FCB
under current and future climate conditions was simulated by using the latest distribution information of
the medicine and environmental data, the key environmental variables influencing its distribution were
screened, the relationship between suitable distribution area of FCB and environmental factors was
analyzed, and the population diffusion degree and suitable area change of FCB in the future were
revealed. The results of this study can provide a theoretical basis for formulating the protection strategy
of the precious medicine.

Methods
Occurrence data of FCB

Firstly, the distribution data of original plants of FCB were obtained by searching GBIF (Global
Biodiversity Information Facility) , etc, and related journals. Secondly, Google Earth system was used to
pick up and proofread the longitude and latitude of distribution data. Then the repeated distribution
points were removed by using the data statistics function of Excel, and the longitude and latitude
data were converted into decimal. Thirdly, the spatial analysis function of ArcGIS was used to calculate
the distance between the distribution points and the center of the censored grid to ensure that each
censored grid contains only one distribution point closest to the center, so as to reduce the impact of
spatial autocorrelation (Wang et al. 2020). Through the above procedure, a total of 484 distribution points
were obtained (Fig. 1).

Environmental variables

The grid data of 19 bioclimatic variables with WGS84 coordinate system and 2.5 arc-minutes resolution
were accessed through the Worldclim database (https://www.worldclim.org/), and the current climate
data was obtained by interpolating the detailed meteorological information recorded by meteorological
stations all over the world, with a time span of 1970-2000. The future climate data is based on BCC-
CSM2-MR climate system model developed by National Climate Center, involving SSP5-8.5, SSP2-4.5 and
SSP1-2.6 emission scenarios. Compared with the previous emission scenarios, the SSPs scenario can
more scientifically describe the future global climate change. The other was the human activity intensity
(HAI) (5293 records) provided by the 4th National Census of Giant Panda, mainly including livestock,
electric line, roads construction, fire trace, resident plot, collection of bamboo shoots, collection of
medicinal plants, and farming. We then derived the layer of distance to the human disturbance using
Euclidean linear distance analysis in ArcGIS 10.5.



Page 6/26

The 1:16 million administrative division map of China was downloaded from the website of the Ministry
of natural resources of the people's Republic of China (http://bzdt.ch.mnr.gov.cn/index.html).

Principle and method of Geodetector

Geodetector is a tool to detect the main influence factors and spatial differentiation. It uses q value as an
index to measure the influence of spatial differentiation of independent variables and dependent
variables. Geographical detectors include factor detectors, interaction detectors, risk detectors, and
ecological detectors (Wang et al. 2021). In this study, factor detectors were used to detect the extent to
which environmental variables affect the spatial distribution of FCB. The expressions are as follows:

where q is the value to measure the correlation between environmental variables and spatial distribution

of FCB, N is the sample size and σ2 is the variance. Nh and are the sample size and variance of h
layer, respectively. 

The value range of q generally varied from 0 (lowest) to 1 (highest). The higher the q value, the stronger
the correlation between environmental variables and spatial distribution. When q = 1, it indicates that the
variable completely controls the spatial distribution, while when q = 0, it indicates that the variable has
nothing to do with the spatial distribution. 

Selection of environment variables

The selection procedure of environment variables was divided into two steps. Firstly, all the environment
variables were imported into MaxEnt (Table S1), and the variables with contribution rate of 0 were deleted
after three operations. Secondly, the earth factor detector was used to calculate the remaining variables,
and the variables with q value greater than 0.2 were retained. After the above program, 10 environment
variables were selected to build the final model (Table 1).

Parameter setting of MaxEnt model

Based on the selected distribution data and environmental variables, the model was established and
repeated 10 times. The proportion of test data was set as ‘Random seed’, the replicated run type was set
as ‘Crossvalidate’, the maximum iterations was set to 500, the importance of climatic variables was
measured by ‘Jackknife test’, the impact of variables on the distribution of FCB was analyzed by creating
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response curves, the output format was logistic, and other settings were set as the default values of the
software (Narouei-Khandan et al. 2016; Wang et al. 2020).

Verification of model accuracy

The Receiver operating characteristic (ROC) curve output by MaxEnt was one of the effective methods to
evaluate the accuracy of niche model. AUC (Areas under ROC curve) ≤ 0.8 indicated poor
performance, 0.8＜AUC≤0.9 indicated moderate performance, 0.9＜AUC≤ 0.95 indicated good
performance, and 0.95＜AUC ≤ 1 indicated excellent performance (Ortega-Huerta and Peterson 2008;
López-Collado et al. 2013).

Division of suitable grade

In the output file, the maximum value of 10 repetitions was selected as the prediction result of this
study. ArcGIS was used to convert the ASC file output by MaxEnt into raster format file. According
to IPCC’s explanation of the probability (P) of species’ presence and combined with previous research
results, the suitability grades were divided into four categories and displayed in different colors on the
map, which were: highly suitable area (P ≥ 0.66, red), moderately suitable area (0.33 ≤ P < 0.66, orange),
lowly suitable area (0.05 ≤ P < 0.33, yellow), and unsuitable area (P < 0.05, white) (Remya et al. 2015;
Zou et al. 2015; Wang et al. 2018). 

Results

Model performance
  The AUC values of training data and test data were 0.962 and 0.961 respectively (Fig. 2), and the
performance level of the model was “excellent”. 

Analysis of the importance of environmental variables

The results showed that the altitude (52.6 %, q = 0.45) and the human activity intensity (29.2 %, q = 0.39)
were the two most important variables determining the distribution of FCB, which accounted for 90 % of
the variations (Table 2). The annual precipitation (q = 0.37) explained 8.7 % of the contribution. The min
temperature of coldest month were the variable with least impacts on FCBdistribution (0.1 %, q = 0.20). 

The results of Jackknife test (Fig. 3) showed that when altitude, human activity intensity (HAI) and
annual precipitation (bio12) were used to model separately, their regularized training gain were
significantly higher than other variables, which indicated that they contained unique information
affecting the distribution of FCB.

Relationship between environmental variables and
probability of presence
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In order to clarify the relationship between key environmental variables and the probability of presence of
FCB, we used MaxEnt to draw the response curve using only a single environmental variable (Fig. 4). The
results showed that the suitable ranges of altitude, human activity intensity, annual precipitation
and were 2083.7-4081.9 m, 390.2-3825 mm, 4.8-20.1 and -7.9-8.0 ℃, respectively.

Risk detector was also used to measure the suitable range of each variable, and the results showed that
the suitable ranges of altitude, human activity intensity, annual precipitation and mean temperature of
coldest quarter were 2347-3612.7 m, 6.9-16.2, 566.0-912.9 mm, and -4.7-1.8 ℃, respectively.   

Simulation of the geographical distribution of FCB in China under current climate condition

Fig. 5 showed the geographical distribution of FCB in China under current climate conditions predicted by
MaxEnt. The results showed that the highly suitable areas were mainly located in the east of Qinghai
Tibet Plateau, including western Sichuan, southeastern Tibet, southern Gansu, northwestern Yunnan and
eastern Qinghai, with a total area of 31.47×104 km2, accounting for 3.26 % of China's land area. Among
them, Sichuan had large areas, reaching 14.23×104 km2. The moderately suitable areas were mainly
located in eastern Tibet, southern and northwestern Sichuan, northeastern Qinghai and southern Gansu,
with a total area of 30.38×104 km2, accounting for 3.15 % of China's land area. Among them, Tibet and
Sichuan had larger areas, which were 9.79×104 km2and 8.51×104 km2, respectively. The lowly suitable
areas were located in eastern and southern Tibet, eastern and southern Qinghai, central and eastern
Gansu, northwestern Sichuan, northern Yunnan and western Xinjiang, with a total area of 39.88×104 km2,
accounting for 4.13 % of China's land area. Among them, the area of Tibet was the largest, reaching
17.69×104 km2.

GAP analysis of FCB in China

In order to identify the protection gaps of FCB, the highly suitable areas and the boundaries of Natural
Conservation Area in China were overlapped in ArcGIS. The results showed that the highly suitable area
of the medicine was 31.47×104 km2, and the area within the nature reserve was 7.13×104 km2,
accounting for 22 % of the highly suitable area, indicating that there was a large protection gap of
FCB, mainly in western Sichuan, eastern Tibet, southern Gansu, northwest Yunnan and eastern Qinghai
(Fig. 6).

Potential distribution of FCB in China under climate change scenarios

Fig. 7 showed the changes of the suitable area of FCB in the future SSP1-2.6, SSP2-4.5 and SSP5-8.5
scenarios. Under the three climate change scenarios, the areas of the highly and poorly suitable areas of
FCB showed a decreasing trend, while the areas of the moderately and total suitable areas showed a
increasing trend. 

By 2050s, the areas of the highly suitable areas would be reduced to 31.22×104 km2 (SSP1-2.6),
31.71×104 km2 (SSP2-4.5) and 28.88×104 km2 (SSP5-8.5), while by 2070s, the areas would be reduced to
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31.81×104 km2 (SSP1-2.6), 30.59×104 km2 (SSP2-4.5) and 20.25×104 km2 (SSP5-8.5). 

By 2050s, the areas of the total suitable areas would increase to 106.3×104 km2 (SSP1-2.6),
107.75×104 km2 (SSP2-4.5) and 107.81×104 km2 (SSP5-8.5). Under SSP5-8.5 scenario, compared with
the current simulation results, the increase and decrease areas were the highest, the increase areas were
mainly located in eastern Tibet, southern and eastern Qinghai and northwestern Xinjiang, and the
decrease areas were mainly located in southeastern Gansu, southern Sichuan and northern Yunnan (Fig.
8). By 2070s, the areas would increase to 106.89×104 km2 (SSP1-2.6), 106.14×104 km2 (SSP2-4.5) and
108.9×104 km2 (SSP5-8.5). Under SSP5-8.5 scenario, the areas reduced most (10.52×104 km2), mainly
distributed in Sichuan, Shandong and Shaanxi. Under SSP5-8.5 scenario, compared with the current
simulation results, the increase and decrease areas were the highest, the increase areas were mainly
located in southeastern Gansu, southwestern Sichuan, northern Yunnan and southeastern Tibet (Fig. 8).

Variations of the geometric center of the suitable areas under climate change scenarios

Under SSP1-2.6, the geometric center of the total suitable areas of FCB would move 96.19 km from
Jiangda (Current) to northwest to Yushu (2050s), then 7.02 km to northwest to Yushu (2070s). By 2070s,
the center will generally displaced 101.51 km to the northwest. Under SSP2-4.5, the geometric center of
the total suitable areas of the medicine would move 117.26 km from Jiangda (Current) to northwest to
Yushu (2050s), then 11.12 km to northwest to Nangqian (2070 s). By 2070s, the center will generally
displaced 128.04 km to the northwest. Under SSP5-8.5, the geometric center of the total suitable areas of
FCB would move 133.52 km from Jiangda (Current) to northwest to Nangqian (2050s), then 37.28 km to
northwest to Nangqian (2070 s). By 2070 s, the center will generally displaced 170.72 km to the
northwest (Fig. 9).

Discussion
Potential distribution of FCB under current climate situation

In this study, the simulation results showed that the highly suitable areas of FCB in China were mainly
located in the east of Qinghai Tibet Plateau, including Western Sichuan, southeastern Tibet, southern
Gansu, Northwestern Yunnan and Eastern Qinghai. According to field investigation and literature review, F.
cirrhosa is mainly produced in Tibet, Sichuan and Yunnan, F. unibracteata is mainly produced in northern
Sichuan and southern Qinghai, F. przewalski is mainly produced in Gansu, Qinghai and western Sichuan,
F. delavayi is mainly produced in southern Qinghai and western Sichuan, and F. taipaiensis is mainly
produced in Shaanxi and Chongqing(Jiang et al. 2016; Xiong et al. 2020). All the above areas were
located in the suitable areas predicted in this paper, which showed that the results were reliable.
Compared with the prediction results of Jiang et al. (2016), the distribution of suitable areas in this study
was more wider, which may be due to the different distribution data and environmental variables. Studies
have suggested that the sampling range and sample size are the key factors to determine the reliability of
the simulation results of species distribution model. The larger the sample size and the wider the
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sampling area, the more information about the relationship between species and environment will be
obtained, and the higher the estimation accuracy of the species distribution model will be. In this study,
we selected 484 distribution data through field survey and a large number of data, which could not only
represent the habitat of its distribution area, but also avoided the deviation of simulation results due to
the sample problem.

GAP analysis and protection measures of FCB

In the past decades, the importance of global climate and environmental change research in the field of
scientific research has received more and more attention (Carosi et al.; Williams and Cary 2002;
Katragkou et al. 2020). For example, in the international well-known journal Science, there has been
researches on resource reserves in recent years (Bruner et al. 2001; Curran et al. 2004; Avasthi 2005;
Gerber et al. 2005). Ecologists have realized the great harm caused by the loss of biodiversity, and take
ecological protection as a priority topic in the field of environmental research. In this paper, we conducted
a GAP analysis of FCB nature reserves in China, and the results showed that there was a large protection
gap in western Sichuan, eastern Tibet, southern Gansu, northwest Yunnan and eastern Qinghai. Through
years of continuous observation, it was found that the distribution area of the resources in China was
generally reduced, the population was isolated, and the population quantity was rapidly reduced. In this
regard, the ecological problems faced by FCB must be solved in the following ways: (1) Establishment of
wildlife reserves. Wild resources protection areas should be set up in the areas where FCB are
concentrated to prevent human destruction. If necessary, artificial auxiliary measures such as wild
tending should be adopted to restore vegetation and population. (2) Seasonal rest grazing. In the area
where wild resources of the medicine are concentrated, seasonal rest grazing should be carried out in the
growing season, which is conducive to its normal growth and development, and improve the probability
of bearing fruit and seed maturity. (3) It should be strictly forbidden to plant fast-growing forest in the
area where FCB wild resources are concentrated, otherwise it will bring devastating damage to its existing
ecological environment. (4) Establish resource collection garden or resource bank of this medicine. As
FCB in the field and cultivation environment also appeared some different characters of plants, it is
necessary to strengthen the protection and research, the plants in desperate need to take timely on-site
protection and transplanting protection measures. (5) Take productive protection measures. The artificial
cultivation technology of FCB should be vigorously developed to meet the market demand as soon as
possible, fundamentally solve the situation of short supply and high market price, and solve the
ecological problems caused by excessive mining.

Key climatic variables affecting the occurrence of FCB

According to specimen records, the original species of FCB are almost distributed in alpine or subalpine
regions, and their growth is greatly restricted by altitude. In low altitude areas, they could not grow and
reproduce normally. However, in high altitude area, the biomass of bulb and the total biomass of these
species decreased with the increase of altitude. Therefore, areas with too high or too low altitude are not
conducive to their normal growth. The results of this study showed that the most important
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environmental variable affecting the distribution of FCB was altitude, and the suitable range was 2347-
3612.7 m which was basically consistent with the existing literature. FCB liked the cold and humid
climate and endures a strong cold, but was intolerant of drought and susceptible to disease especially in
hot and humid conditions. It was mainly distributed in the eastern Qinghai-Tibet Plateau at an altitude of
about 3000 m. Due to the control and influence of southwest monsoon, westerly circulation and Qinghai
Tibet high, its main climatic characteristics are low heat, large annual rainfall, small annual temperature
difference and large daily temperature difference, which are consistent with its biological
characteristics. In this study, the average temperature of the coldest quarter suitable for
the existence of FCB was from -4.7℃ to 1.8℃, which indicated that the safe overwintering can be
ensured when the temperature is not too low in winter. 

Xu et al. ((2019) studied the different responses of the distribution of widespread plant species and
narrow-ranged plant species to human activities, and found that the impact of human activities on
narrow-ranged species was negatively correlated. This study showed that the increase of human activity
intensity reduces the potential probability of the species and makes its distribution area fragmented,
which means that the species is very sensitive to the disturbance of human activities. Studies have
shown that one of the reasons for endanger situation of this medicine was human over harvesting (Wang
2013), and this study also proved that human activities had an important impact on the distribution of
FCB.

Potential distribution of FCB in China under climate change scenarios

In this paper, we quantitatively analyzed and demonstrated the area changes of suitable areas of FCB in
2050s and 2070s under SSP1-2.6, SSP2-4.5 and SSP5-8.5 scenarios. The results showed that the areas
of the highly and the total suitable areas would decrease in the future, and the decreasing trend would
increase with the increase of SSP concentration. At the same time, the geometric center of the total
suitable area of FCB would move to the northwest. Some studies have shown that under the influence of
climate change in the future, the suitable areas of some traditional Chinese medicine plants will move
northward (Yang et al. 2017; Ji et al. 2020; Tan et al. 2020). Many scholars pointed out that most of the
changes in the geographical distribution of plant species caused by climate change were related to the
increase of temperature and the decrease of precipitation in the growing season (Root et al. 2003; Guo et
al. 2014; Zhu and Xu 2019). In the suitable area of FCB, the mean annual temperature (Bio1) would
generally increase and the mean annual precipitation (Bio12) would decrease in the future. Sillmann et
al. (2013) and Dyderski et al. (2018) respectively pointed out that global climate change was a trend of
aridity, which is unfavorable to its growth and development in most suitable areas of western China.
Therefore, it was imperative to increase the biomass per unit area of FCB, improve the utilization rate and
find reliable and feasible protection methods through science and technology under the situation that the
highly suitable area was constantly broken and shrinking.

According to the results of this study, under the three climate change scenarios in the future, the stable
area of the total suitable area, that was, the area less affected by climate change, accounted for a
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relatively high proportion (84.43-93.36 %), which could be used as an ideal candidate for large-scale
cultivation of FCB. In contrast, the remaining areas significantly affected by climate change should be the
priority areas for investigation and collection of FCB wild planting resources, so as to protect this
precious medicinal plant resources.

Declarations
Author contribution

L. Liu and Y.J. Li planned and supervised the project. L. Liu and J.D. Zhang performed the experiments,
analyzed the data, contributed reagents/materials/analysis tools. Y. Huang, Y.Y.Zhang, Q.Y. Mou, J.Y. Qiu,
R.L. Wang contributed to data collection and evaluation. D.Q. Zhang revised the manuscript.

Funding

This work was supported by the Identification and Excavation of Excellent Germplasm Resources of the
Endangered Medicinal Plant, Fritillaria cirrhosa, the Tibetan Plateau Scientific Expedition and Research
Program (STEP) (#2019QZKK0402), the Technological Development of Meteorological
Administration/Heavy Rain and Drought-Flood Disasters in Plateau and Basin Key Laboratory of Sichuan
Province (Key Laboratory of Sichuan Province-2018-Key-05-06), the Innovation and entrepreneurship
training program for college students in Sichuan Province in 2020 (S202010639044), and the National
Natural Science Foundation of China (31660081 & 32060091).

Data availability 

The datasets used and/or analyzed during the current study are available from the corresponding author
on reasonable request.

Ethics approval and consent to participate Not applicable.

Consent for publication Not applicable.

Competing interests The authors declare no competing interests.

References
1. Alkemade R, Bakkenes M, Eickhout B (2011) Towards a general relationship between climate change

and biodiversity: an example for plant species in Europe. Regional Environmental 11:143-150

2. Avasthi A (2005) Ecosystem management. California tries to connect its scattered marine
reserves. Science 308:487-488

3. Brito J C, Acosta A L, Álvares F, Cuzin F (2009) Biogeography and conservation of taxa from remote
regions: An application of ecological-niche based models and GIS to North-African canids. Biological
Conservation 142:3020-3029



Page 13/26

4. Brooks T M, Mittermeier R A, Fonseca G A B D, Gerlach J, Hoffmann M, Lamoreux J F, Mittermeier C
G, Pilgrim J D, Rodrigues A S L (2006) Global biodiversity conservation priorities. Science 313:58-61

5. Bruner A G, Gullison R E, Rice R E, Da Fonseca G A B (2001) Effectiveness of parks in protecting
tropical biodiversity. Science 291:125-128

6. Calvin K, Mignone B K, Kheshgi H S, Snyder A C, Patel P, Wise M, Clarke L E, Edmonds J (2020) Global
market and economic welfare implications of changes in agricultural yields due to climate
change. Climate Change Economics 11:2050005

7. Cao X W, Zhang M, Li J, Xiao P G, Chen S B, Chen S L (2009) Alkaloid constituents of Fritillaria
cirrhosa. Chinese Traditional and Herbal Drugs 40:15-17

8. Carosi A, Ghetti L, Padula R, Lorenzoni M Population status and ecology of the Salmo trutta complex
in an Italian river basin under multiple anthropogenic pressures. Ecology and Evolution 14:7320-7333

9. Chen L H, Zhang Q H, Zhang L H, Guan Z Y, Zhu W F (2014) Study on the situation and development
of quality standardization of Chinese patent medicines containing Fritillaria. China Journal of
Traditional Chinese Medicine and Pharmacy 29:3044-3046

10. Chen S L, Jia M R, Wang Y, Xue G, Xiao P G (2003) Study on the Plant Community of Fritillaria
cirrhosa. 28:398-401

11. Chen Y C, Guo S H, Guan Y J, Li M, An Y, Liu H (2019) The Research Progress of Medicinal Plants
Fritillaria. Molecular Plant Breeding 17:6198-6206

12. Cheng C S, Liu Z Z, Tan T Q, Huang Q W, Cui H, Li J Y, Liu L, Zhou H (2016) Investigation on stress
factors causing Dao-Di production area change of Astragalus membranaceus using current and
historical geographic and climatic information. Modernization of Traditional Chinese Medicine and
Materia Medica-World Science and Technology 18:11-17

13. Curran L M, Trigg S N, McDonald A K, Astiani D, Hardiono Y M, Siregar P, Caniago I, Kasischke E
(2004) Lowland forest loss in protected areas of Indonesian Borneo. Science 303:1000-1003

14. Dyderski M K, Paź S, Frelich L E, Jagodziński A M (2018) How much does climate change threaten
European forest tree species distributions? Global Change Biology 24:1150-1163

15. Elith J, Graham C H, Anderson R P, Dudík M, Ferrier S, Guisan A, Hijmans R J, Huettmann F, Leathwick
J R, Lehmann A (2010) Novel methods improve prediction of species' distributions from occurrence
data. Ecography 29:129-151

16. Gerber L R, Hyrenbach K D, Zacharias M A (2005) Do the Largest Protected Areas Conserve Whales or
Whalers? Science 307:525-526

17. Guo Y L, Wei H Y, Lu C Y, Zhang H L, Gu W (2014) Predictions of potential geographical distribution
of Sinopodophyllum hexandrum under climate change. Chinese Journal of Plant Ecology 38:249-261

18. He S T, Bai B Y, Dan J H, Zhao J Y, Gao Q Q, Jing P F (2014) Prediction distribution areas of Salvia
bowletana Dunn, in China based on Maxent and suitability analysis. Journal of Anhui Agricultural
Sciences 42:2311-2314



Page 14/26

19. Hu Y, Ye M, Dai Y, Han K (2013) Study on the Effects of Different Media on the Seeding of F. cirrhosa
at Plateau. Journal of Agricultural Science 5

20. Ji L T, Zheng T Y, Chen Q, Zhong J J, Kang B (2020) Responses of potential suitable area of Paris
verticillata to climate change and its dominant climate factors. Chinese Journal of Applied Ecology
31:89-96

21. Jiang S Y, Sun H B, Qin J H, Zhu W T, Sun H (2016) Functional production regionalization for
Fritillariae Cirrhosae Bulbus based on growth and quality suitability assessment. China Journal of
Chinese Materia Medica 41:3194-3200

22. Katragkou M C, Almpanidou V, Tompkins A M, Mazaris A D, Katragkou E (2020) Projected shifts in
the distribution of malaria vectors due to climate change. Climatic Change 163:2117-2133

23. Lee T M H, Hsing I M (2002) Sequence-specific electrochemical detection of asymmetric PCR
amplicons of traditional Chinese medicinal plant DNA

24. . Analytical Chemistry 74:5057-5062

25. Liu Y M, Zhou S D, Xie D F, Huang J, He X J (2018) Potential distribution of Fritillaria unibracteata
predicted by the MaxEnt model. Guihaia 38:352-360

26. Loarie S R, Carter B E, Hayhoe K, McMahon S, Moe R, Knight C A, Ackerly D D (2008) Climate Change
and the Future of California's Endemic Flora. Plos One 6:e2502

27. López-Collado J, López-Arroyo J I, Robles-García P (2013) Geographic distribution of habitat,
development, and population growth rates of the Asian citrus psyllid, Diaphorina citri, in
Mexico. Journal of Insect Science 13:114

28. Ma Z H, Gao Y B (2010) Global Warming Influence on Chinese Medicine. Chinese Medical
Culture 5:27-29

29. Narouei-Khandan H A, Halbert S E, Worner S P (2016) Global climate suitability of citrus
huanglongbing and its vector, the Asian citrus psyllid, using two correlative species distribution
modeling approaches, with emphasis on the USA. European Journal of Plant Pathology 144:655-670

30. Ortega-Huerta M A, Peterson A T (2008) Modeling ecological niches and predicting geographic
distributions: a test of six presence-only methods. Revista Mexicana De Biodiversidad 79:205-216

31. Pan F, Hou K, Dong P L, Chen J W, Hu B, Wu W (2014) Simultaneous determination on three alkaloids
in bulbs of Fritillaria unibracteata var.wabensis by HPLC-ELSD. 28:1854-1859

32. Parmesan C, Yohe G (2003) A globally coherent fingerprint of climate change impacts across natural
systems. Nature 421:37-42

33. Petitpierre B, Kuffer C, Broennimann O, Randin C (2012) Climatic niche shifts are rare among
terrestrial plant invaders. Science 335:1344-1348

34. Phillips S J, Anderson R P, Schapire R E (2006) Maximum entropy modeling of species geographic
distributions. Ecological Modelling 190:231-259

35. Remya K, Ramachandran A, Jayakumar S (2015) Predicting the current and future suitable habitat
distribution of Myristica dactyloides Gaertn. using MaxEnt model in the Eastern Ghats, India.



Page 15/26

Ecological Engineering 82:184-188

36. Root T L, Price J T, Hall K R, Schneider S H, Rosenzweig C, Pounds J A (2003) Fingerprints of global
warming on wild animals and plants. Nature 421:57-60

37. Shen T, Zhang J, Shen S K, Zhao Y L, Wang Y Z (2017) Distribution simulation of Gentiana
rhodantha in Southwest China and assessment of climate change impact. Chinese Journal of
Applied Ecology 28:2499-2508

38. Shi X, Chen X, Dai Y, Hu G (2020) Climate Sensitivity and Feedbacks of BCC-CSM to Idealized CO2
Forcing from CMIP5 to CMIP6. Journal of Meteorological Research 34:865-878

39. Sillmann J, Kharin V V, Zwiers F W, Zhang X, Bronaugh D (2013) Climate extremes indices in the
CMIP5 multimodel ensemble: Part 2. Future climate projections. Journal of Geophysical Research
Atmospheres 118:2473-2493

40. Sun T, Peng C, Xie X F, Yu C H, Xu Y, Gao F, Zheng T, Wan F (2013) The effect of Bulbus Fritillariae
Cirrhosae cough relieving granule on rats of acute bronchitis model. Pharmacology and Clinics of
Chinese Materia Medica 29:151-152

41. Tan Y H, Zhang X J, Yun S S, Yu J H (2020) Prediction of the ecological suitability of Gentiana
macrophylla Pall. under scenarios of global climate change. Chinese Journal of Ecology 39:3766-
3773

42. Tan Y, Zhang L H, Li M C, Wang B M (2011) Identification of Chinese herb Fritillaria cirrhosa D.Don by
DNA fingerprint. Chinese Pharmaceutical Journal 46:14-16

43. Wang D, Wang S, Chen X, Xu X, Zhu J, Nie L, Long X (2012) Antitussive, expectorant and anti-
inflammatory activities of four alkaloids isolated from Bulbus of Fritillaria wabuensis. Journal of
Ethnopharmacology 139:189-193

44. Wang D, Zhu J, Wang S (2011) Antitussive, expectorant and anti-inflammatory alkaloids from Bulbus
Fritillariae Cirrhosae. Fitoerapia 82:1290-1294

45. Wang H, Qin F, Xu C, Li B, Wang Z (2021) Evaluating the suitability of urban development land with a
Geodetector. Ecological Indicators 123:107339

46. Wang J J, Cao B, Bai C K, Zhang L L, Che L (2014) Potential distribution prediction and suitability
evaluation of Fritillaria cirrhosa D. Don based on Maxent modeling and GIS. Bulletin of Botanical Ｒ
esearch 34:642-649

47. Wang L Z, 2013. Quality study on Fritillariae Cirrhosae Bulbus, Peking union medical college, Beijing.

48. Wang L, Wei F F, Cheng X, Zhao W L, Jin L (2020) Study on Suitability Zoning of Astragalus
membranaceus var. mongholicus in Dingxi City Based on MaxEnt and ArcGIS. China Pharmacy
31:321-324

49. Wang R L, Li Q, He S S, Liu Y, Jiang G (2018) Modeling and mapping the current and future
distribution of Pseudomonas syringae pv. actinidiae under climate change in China. Plos
One 13:e192153



Page 16/26

50. Wang R L, Yang H, Wang M T, Zhang Z, Li Q (2020) Predictions of potential geographical distribution
of Diaphorina citri (Kuwayama) in China under climate change scenarios. Scientific Reports 10:1-9

51. Wang Y H, Pei S J, Xu J C (2002) Practice and suggestions of sustainable management of Chinese
medicinal plant resources. Ｒesource Science 24:81-88

52. Wang Y H, Yan S J, Dai Y, Dai J, Lei Y, Li Y (2010) Effect of different part of explants on regeneration
of Fritillariae cirrhosae bulb. Southwest China Journal of Agricultural Sciences 23:2026-2029

53. Warren D L, Wright A N, Seifert S N, Shaffer H B (2013) Incorporating model complexity and spatial
sampling bias into ecological niche models of climate change risks faced by 90 California vertebrate
species of concern. Diversity and Distributions 20:334-343

54. Williams K J H, Cary J (2002) Landscape preferences, ecological quality, and biodiversity
protection. Environment and Behavior 34:257-274

55. Xiao P G, Jiang Y, Li P, Luo Y B, Liu Y (2007) The botanical origin and pharmacophylogenetic
treatment of Chinese materia medica Beimu. Acta Phytotaxonomica Sinica 45:473-487

56. Xiong H R, Ma Z X, Guo H, Yang Z Z, Zhao C, Yang G (2020) Research progress on wild source plant
resources distribution and conservation of Fritillariae Cirrhosae Bulbus. Chinese Traditional and
Herbal Drugs 51:2573-2579

57. Xu W B, Svenning J C, Chen G K, Zhang M G, Ming-Gang, Huang J H, Cheng B (2019) Human
activities have opposing effects on distributions of narrow-ranged and widespread plant species in
China. Proceedings of the National Academy of Sciences of the United States of America 116:26674-
26681

58. Yang X, Zheng J H, Mu C, Lin J (2017) Predictions of potential geographical distribution of Alhagi
sparsifolia under climate change. China Journal of Chinese Materia Medica 42:450-455

59. Zhang H T, Luo D, Mu X D, Xu M, Wei H, Luo J R, Zhang J E, Hu Y C (2016) Predicting the potential
suitable distribution area of the apple snail Pomacea canaliculata in China based on multiple
ecological niche models. Chinese Journal of Applied Ecology 27:1277-1284

60. Zhang Q, Zhang D F, Wu M L, Guo J, Sun C Z, Xie C X (2017) Predicting the global areas for potential
distribution of Gastrodia elata based on ecological niche models. Chinese Journal of Plant Ecology
41:770-778

61. Zhang S F, Wei J H, Chen S L, Dai Y, Li X W (2010) Floral dynamic and pollination habit of Fritillaria
cirrhosa. China Journal of Chinese Materia Medica 35:27-29

62. Zhao Q, Li B, Guan Y, Meng X C (2020) Chemical Constituents, Pharmacology and Clinical
Application of Fritillaria. China Pharmaceuticals 29:57-60

63. Zhou Y, Li Y, Wang R M (2015) Suitable Habitats Prediction of Original Plants of Rhei Radix et
Rhizoma Under Climate Change. Journal of Chinese Medicinal Materials 38:467-472

64. Zhu Y Y, Xu X T (2019) Effects of climate change on the distribution of wild population of
Metasequoia glyptostroboides, an endangered and endemic species in China. Chinese Journal of
Ecology 38:1629-1636



Page 17/26

65. Zou J, Teng F, Fu S (2015) The Latest Progress in Socioeconomic Assessment of the Mitigation of
Climate Change-Review of the IPCC Fifth Assessment WGⅢ Report. Progressus Inquisitiones De
Mutatione Climatis 10:313-322

Tables
Table 1. Environmental variables used in MaxEnt model.

Variable Description

Bio1 Mean annual temperature

Bio6 Min temperature of coldest month

Bio7 Temperature annual range（Bio5-Bio6）

Bio9 Mean temperature of driest quarter

Bio10 Mean Temperature of Warmest Quarter

Bio11 Mean Temperature of Coldest Quarter

Bio12 Annual Precipitation

Bio15 Coefficient of variation of precipitation seasonality

Slope Slope

Altitude Altitude

HAI Human activity intensity

 Table 2. Percent contribution and q value of each variable to the potential distribution of FCB defined by
MaxEnt.

Index Percent contribution / % q value
Altitude 52.6 0.45
HAI 29.2 0.39
Bio12 8.7 0.37
Bio11 4.1 0.35
Slope 1.8 0.29
Bio15 1.2 0.27
Bio1 1.1 0.26
Bio9 0.9 0.24
Bio10 0.3 0.20
Bio6 0.1 0.20

Figures
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Figure 1

Species occurrence records of FCB.
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Figure 2

ROC curve and AUC values for the model.
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Figure 3

Importance of environmental variables to FCB by jackknife analysis. Blue bar represents the regularized
training gain for models using a single variable only, while green represents the jackknife without that
single variable. Red dashed lined represent the total regularized training gain using all variables.
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Figure 4

Response curves of presence probability of FCB to altitude, human activity intensity, mean temperature of
coldest quarter and annual precipitation.
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Figure 5

Simulation of the geographic distribution of FCB in China under current climate condition
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Figure 6

GAP analysis of FCB in China.
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Figure 7

Potential distribution of FCB in China under climate change scenarios.
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Figure 8

Changes of the total suitable areas of FCB under different climate change scenarios.
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Figure 9

Variations of the centroids of the total suitable areas of FCB under climate change scenarios in the
future.
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