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ABSTRACT

Chinese caterpillar fungus (Ophiocordyceps sinensis) is a precious traditional medicine which is mostly distributed
on the Qinghai-Tibetan Plateau (QTP). Due to its medicinal values, it has become one of the most valuable biolog-
ical commodities and widely traded in recent years worldwide. However, its habitat has changed profoundly in
recent years under global warming as well as anthropogenic pressures, resulting in a sharp decline in its wild
population in recent years. Based on the occurrence samples, this paper estimates the potential distribution of
caterpillar fungus using MaxEnt model. The model simulates potential geographical distribution of the species
under current climate conditions, and examine future distributions under different climatic change scenarios
(i.e., RCP 2.6, RCP 4.5, RCP 6.0 and RCP 8.5 have been modelled in 2050s and 2070s, respectively). For examining
the impacts of climate change in future, the integrated effects of climatic impact, trading, and overexploitation
had been analyzed in detailed routes. The results show that: 1) The distribution patterns of caterpillar fungus
under scenario RCP 2.6 have been predicted without obvious changes. However, range shift has been observed
with significant shrinks across all classes of suitable areas in Tianshan, Kunlun Mountains, and the southwestern
QTP in 2050s and 2070s under RCP 4.5, RCP 6.0 and RCP 8.5 scenarios, respectively. 2) The exports were decreas-
ing drastically in recent years. Guangzhou and Hongkong are two international super import and consumption
centres of caterpillar fungus in the world. 3) Both ecological and economic sustainable utilization of the
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caterpillar fungus has been threatened by the combined pressures of climate change and overexploitation. A
strict but effective regulation and protection system, even a systematic management plan not just on the collec-
tors but the whole explore process are urgently needed and has to be issued in the QTP.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

Unsustainable wildlife trade is regarded as a major driver of biodi-
versity loss and ecosystem degradation (Alacs and Georges, 2008;
Toledo et al.,, 2012; Shrestha and Bawa, 2013). There are ample scientific
evidences that demonstrate the detrimental effect of world-wide cli-
matic changes in recent decades (IPCC, 2014), on suitable habitats and
even the survivals of certain species, especially the most precious natu-
ral medicinal resources (Thomas et al., 2004; Colwell et al., 2008; Jump
et al., 2009; Shrestha, 2012; Yan et al., 2017). The Chinese caterpillar
fungus (Ophiocordyceps sinensis) is a precious traditional Tibetan medic-
inal mushroom. In China it is known colloquially as chongcao, a short-
ened form of dongchong xiacao, which is itself a translation of the
Tibetan name yartsa gunbu (“summer-grass, winter-worm”). It is a
well-described remedy that has been used in traditional Chinese medi-
cine for over 700 years (Zhong et al., 2009). The fungus is endemic to the
Tibetan Plateau and its surroundings, including Tibet, Qinghai, Sichuan,
Yunnan provinces in China and Himalayas such as Bhutan, India and
Nepal (Li et al,, 2011; Yan et al., 2017). The price of natural caterpillar
fungus has sharply increased over recent years and is now sold at the
price of gold and up to 4 or more times as much for high quality prod-
ucts (Shrestha and Bawa, 2013; Li et al., 2015; Cunningham et al.,
2018). It makes this commodity one of the most valuable exports and
generates a substantial proportion of regional gross domestic product.
Its harvesting has become an important livelihood strategy for moun-
tain communities of Nepal, Bhutan and Tibet in the Tibetan Plateau
and its surroundings (Shrestha and Bawa, 2014; Shrestha et al., 2017;
Hopping et al., 2018).

Caterpillar fungus possesses a plant-like fruiting body and originates
from dead caterpillar that fill with mycelia (Fig. 1), it is called chongcao
in Chinese due to its insect-shape appearance (Paterson, 2008; Lo et al.,
2012). There are 2 critical stages in the growth of Caterpillar fungus.
Firstly, Ophiocordyceps sinensis parasitizes underground dwelling larvae
of moths (Lepidoptera), especially species of Thitarodes. Secondly, the
body of the insect host is infected by the fungus as substrate to form
the mycelium and finally converted into a sclerotium, leaving the exo-
skeleton intact (Paterson, 2008). After the stroma of the fungus grows
from the sclerotium and emerges from the ground, it is collected with
the sclerotium as a whole for medicine. The larvae of the host insect
live underground for their entire larval stage of 3-4 years or longer,
the longer growth, the larger size, feeding on roots and caudexes of
plants. They usually die in winter after infected by the fungus. And the
fungal stroma comes out in earlier April to later May of the following
year (Winkler, 2008; Li et al., 2011; Lo et al., 2012). Caterpillar fungus
is a slow-growing fungus that needs to be grown at relatively low tem-
perature, i.e., above 2 °C, but the hyphal growth is restrained when the
temperature reaches 25 °C and stopped below 0 °C (Li et al., 2011). Both
growth rate and restricted habitat are crucial factors identifying it from
other similar fungi and the distributions are restricted on the Qinghai-
Tibetan Plateau (QTP) (Lo et al., 2012; Dai et al., 2019). As it is difficult
to identify the authenticity, some similar substitutes, such as fermented
Cordyceps and cultured C. militaris, are usually found in markets (Ikeda
et al, 2008; Au et al., 2012).

The caterpillar fungus is mostly used as a tonic for boosting the im-
mune system in traditional Chinese medicine. Modern pharmacological
studies have shown its therapeutic effects on a wide range of diseases
and conditions, such as respiratory, renal, liver, nervous system, and
cardiovascular diseases, as well as possible anti-tumor, anti-cancer,
and anti-viral activity, immuno-modulating, cholesterol-reducing and

anti-oxidant effects, and potential to increase stamina and libido
(Winkler, 2008; Zhong et al., 2009; Li et al., 2011; Au et al.,, 2012; Yan
et al., 2014; Hopping et al., 2018; Dai et al., 2019). During the outbreak
of the Severe Acute Respiratory Syndrome (SARS) in China in 2003,
there was a drastically increase in the use of Ophiocordyceps sinensis
(Yan et al.,, 2014). In recent years, more and more reports manifested
that the wild caterpillar fungus was decreasing and couldn't meet the
surging demand. This is the direct cause of the dramatically increased
price of caterpillar fungus in China, Nepal, India and Bhutan (Shrestha
and Bawa, 2013; Shrestha and Bawa, 2014; Shrestha et al., 2017; He,
2018; Hopping et al., 2018; Laha et al., 2018; Pouliot et al., 2018;
Wang et al., 2018; Gao et al.,, 2019). The natural resource of this fungus
is limited not only due to its strict host-specificity on moth insects, con-
fined geographical distribution but overexploitation to meet enormous
global market demand in recent years, which has severely endangered
its wild population and jeopardized the sustainability. It has been listed
as an endangered species under the second class of state protection
since 1999. Recently, it was furtherly upgraded as an endangered spe-
cies on the China Biodiversity Red List 2018 (MEE, 2018). Therefore, a
status assessment and evaluation of caterpillar fungus is urgently
needed for its decreasing production and concerning preservation.
With a booming economy in Tibetan Autonomous Region and its
surroundings, it has been of increasing importance to collect and sell
economically valuable caterpillar fungus. Given caterpillar fungus is by
far the most profitable mushroom on the QTP, its current geographic
distribution remains incompletely understood. By examining 203 oc-
currence localities of caterpillar fungus, Li et al. (2011) suggested they
were confined to the QTP and its surroundings, including Tibet, Gansu,
Qinghai, Sichuan, and Yunnan in China and in certain areas of the south-
ern flank of the Himalayas, i.e. Bhutan, India and Nepal, no lower than
3000 m a.s.l. According to the previous literatures, it is Winkler (2009)
who made the first distribution map of caterpillar fungus with approx-
imate boundaries. The distribution area and core distribution area had
been distinguished. He suggested it was distributed in an altitude of
3000-5000 m a.s.l. grass- and shrub-lands that received a minimum of
350 mm average annual precipitation. The current potential distribution
and the possible range shifts in response to climate change has been an-
alyzed using an ensemble species distribution modelling, which dem-
onstrated the distribution range of the fungus would decrease
significantly, shifting upward in altitude and towards to the central
part of the QTP (Yan et al.,, 2017). Moreover, by integrating local har-
vester knowledge of production trends with ecological modelling,
Hopping et al. (2018) suggested the production had decreased due to
the habitat degradation, climate change and especially overharvesting
in the Himalayan regions. Up to now, however, the distribution of
Ophiocordyceps sinensis is still unclear, and even without a high-
resolution distribution map in its main growing place, China. Further-
more, it has been demonstrated much more prominent climatic
warming effects on the QTP, especially on the cryosphere and alpine
ecosystem (Yao et al., 2012; Wei and Fang, 2013; IPCC, 2014; Yang
et al., 2019). In the past few decades, glaciers on the QTP have shrunk
drastically, with a significant degradation of permafrost (Yao et al.,
2012; Biskaborn et al., 2019; Yang et al., 2019). Subsequently, profound
impacts of climate change on ecosystem functioning and services have
also been recorded (Lamsal et al., 2017; Zhong et al., 2019). However,
biophysical and community level changes of the habit, habitats, density,
population and chemical characteristics of caterpillar fungus are still un-
clear. Meanwhile technological interventions for artificial cultivation of
the species are still immature and have been largely unsuccessful (Yan
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Fig. 1. Ophiocordyceps sinensis: (A) and (B) In the natural habitat; (C) Mature Ophiocordyceps sinensis exposed in hand, cleaned of the mycelial velum that usually encloses the larva;

(D) Collected mature samples for trade. (The photos were taken by Yangiang Wei.).

etal., 2014; Pan, 2018). With the boom of caterpillar fungus in Tibet and
its surroundings, overexploitation and excessive harvesting are key
threats for the species (Winkler, 2009, 2010; Shrestha and Bawa,
2014; Shrestha and Bawa, 2015; Shrestha et al., 2017; Cunningham
et al,, 2018; Hopping et al., 2018). There are widespread concerns
about the demand-stimulated economy and the sustainability of the
current harvest rates of this species in the future, but the quantitative
trends in harvest, trade, supply and demand are not well known. In
this study, we conducted extensive sampling across the QTP with the
aim of mapping the current distribution of caterpillar fungus in China.
Furthermore, the study aimed at evaluating the impacts of climate
change, trading and overexploitation on caterpillar fungus, and explore
the future changes of it in China.

2. Materials and methods
2.1. Data description

2.1.1. Species occurrence data

Precise geographic coordinates of sample Ophiocordyceps sinensis
individuals are the precondition of suitability modelling and predicting.
In this paper, the samples were obtained from field survey reports from
the last 10 years, mainly in the specimen libraries, e.g. Global Biodiver-
sity Information Facility (https://www.gbif.org/), Chinese Virtual
Herbarium (http://www.cvh.ac.cn/), China National Specimen Informa-
tion Infrastructure (http://www.naii.org.cn), and the reports in litera-
tures. Reasonable sampling sites were selected based on the following
principles: First, only one record was retained for replicated site data
and the distance between two sampling points was more than 10 km.

Second, the sampling sites must have precise latitude and longitude in-
formation to ensure geographic accuracy. Third, the sampling sites were
selected based on different environmental conditions, e.g., slope, aspect,
elevation, vegetation type, and distributed evenly to ensure indepen-
dence of the species observations. These standards profoundly mini-
mize the spatial autocorrelation of sampling points and reduce its
errors in the model's results. Finally, 301 records of species occurrence
data were obtained for analysis (Fig. 2, they are available by contacting
the corresponding author).

2.1.2. Environmental data

The 18 soil and 3 terrain indicators came from China Soil Map Based
Harmonized World Soil Database (HWSD v1.1, https://data.tpdc.ac.cn/
zh-hans/). The 18 soil datasets are 30 arc-second (1 km) raster data-
bases with GRID formats. The DEM (Digital Elevation Model) data
with cell size 90 m * 90 m were downloaded from the WIST geo-
database of NASA (http://srtm.csi.cgiar.org/), was used to generate the
slope, aspect and elevation data layers. The 19 bioclimatic indicators
were selected from WorldClim-Global Climate Database (WorldClim
1.4, http://worldclim.org/). We resampled all of the variables at a 30”
(approximately 1 km?) spatial resolution (Table 1). These variables
are the most widely used climatic variables in species potentially distri-
bution models. Future bioclimatic variables for the 2050s and 2070s
were from 4 IPCC-CMIP5 representative concentration pathways
(RCPs). RCP 2.6, RCP 4.5, RCP 6.0 and RCP 8.5 represent the full possible
range of total radiative forcing values +2.6, +4.5, +6.0 and + 8.5 W/
m?, respectively, in the year 2100 relative to pre-industrial values
(Fig. 3). The climate scenario data were provided by the International
Center for Tropical Agriculture (http://ccafs-climate.org). They were
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Fig. 2. Geographic locations of caterpillar fungus occurrences in China.

derived from three global climate models (GCMs: CCSM4, BCC-CSM1-
1, and MIROC5). CCSM4 is an efficient global climate tool for the simu-
lation of future climatic conditions, which covers daily mean surface
temperature, maximum temperature, minimum temperature, precipi-
tation, etc. and has been thoroughly evaluated in China and successfully
applied to predict the influence of future climate changes on the distri-
bution of plant species in similar environments (Abdelaal et al., 2019; Li
et al., 2020).

2.1.3. Socio-economic data

The products and socio-economic statistical data of every county
were obtained from the annual statistic yearbooks (1983-2018) of the
Tibet (http://www.stats.gov.cn) and the annual China county (city) so-
cial economic statistic yearbooks (Department of Rural Socioeconomic
Investigation, 1983-2019) of the Tibet. The export amounts of China
were from China General Administration of Customs (http://www.
customs.gov.cn/). The prices were based on the annual average prices
on the website of Chinese herbal medicine information (https://www.
zyctd.com/). Although caterpillar fungus is mainly distributed in the
QTP, its harvest and trade are controlled by local natives. It is impossible
to collect the production and trade volumes year by year in each county
of QTP. Nagqu prefecture is a main production area of caterpillar fungus
in Tibet. As a representative production area in QTP, we take it as an ex-
ample for manifesting the fortunes of other most precious natural me-
dicinal resources in QTP. The national basic geoinformatics for
mapping, e.g., administrative boundaries, were obtained from the Na-
tional Platform for Common Geospatial Information Services with the
scale of 1:1 000 000 (http://bzdt.ch.mnr.gov.cn/).

2.2. Model process
2.2.1. Model settings

Maximum entropy (MaxEnt) modelling is one of the most currently
popular distribution models (Phillips et al., 2004; Phillips, 2011). It is

based on freely available and user-friendly MaxEnt.jar software V3.4.1
(https://www.cs.princeton.edu/schapire). MaxEnt can alternatively be
explained as a machine-learning method (Elith et al., 2011; Phillips,
2011), by principles of Bayesian estimation (Elith et al., 2011; Merow
et al, 2013), and as a maximum likelihood estimation method
(Halvorsen et al., 2015). The algorithm evaluate the most probable po-
tential geographic distribution of a species based on the relationship be-
tween the geographical data and the known distribution of the target
species (Merow et al., 2013; Halvorsen et al., 2015; Halvorsen et al.,
2016). It has a relatively high modelling robustness as compared to
other distribution models, in situations with small number of occur-
rence samples and unclear correlations among bioclimatic variables
(Phillips, 2011; Halvorsen et al., 2016).

As a unique growth forms of fungal species, Ophiocordyceps sinensis
do not grow in the absence of suitable vegetation and soil conditions
even if the climatic and topographical environment are favourable.
Two distribution models have been utilized in this paper. One is for sim-
ulating the migration trend of the Ophiocordyceps sinensis distribution
under climate change scenarios and the other is for comprehensive pre-
diction of the potential current geographic distribution considering lim-
iting ecological factors. Comprehensive prediction model adopts all of
the 18 soil and 3 terrain indicators and together with 19 bioclimatic in-
dicators (Table 1) for predicting the current potential suitable habitats
distribution of Ophiocordyceps sinensis. However, only 10 indicators
(Table 2) which were selected by PCA analysis have been adopted in
the prediction model for simulating the migration trend of the
Ophiocordyceps sinensis distribution under climate change scenarios.
There are 301 longitude-latitude geoinformation samples in this
study. Randomly 75% of the occurrence records were selected as the
training data in MaxEnt model, and the other 25% of the samples were
used as the test set (Fig. 2). The regularization multiplier was set at
“2" to reduce overfitting and the maximum iterations as 1000 to allow
more time for convergence (threshold 0.00001). To minimize the un-
certainty of the random sampling in MaxEnt and reduce the errors in
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Table 1
Environmental indicators used in this paper to model the potential distribution of Ophiocordyceps sinensis. There are 18 soil and 3 terrain indicators, and 19 bioclimatic indicators.

Index Name Mean Unit

Bioclimatic variables Bio 1 Annual mean temperature °C
Bio2 Mean diurnal range °C
Bio3 Isothermality (BIO2/BIO7) (* 100) %
Bio4 Temperature seasonality (standard deviation *100) °C
Bio5 Max temperature of warmest month °C
Bio6 Min temperature of coldest month °C
Bio7 Temperature annual range (BIO5-BIO6) °C
Bio8 Mean temperature of wettest quarter °C
Bio9 Mean temperature of driest quarter °C
Bio10 Mean temperature of warmest quarter °C
Biol1 Mean temperature of coldest quarter °C
Bio12 Annual precipitation mm
Bio13 Precipitation of wettest month mm
Bio14 Precipitation of driest month mm
Bio15 Precipitation seasonality (coefficient of variation) 1
Bio16 Precipitation of wettest quarter mm
Bio17 Precipitation of driest quarter mm
Bio18 Precipitation of warmest quarter mm
Bio19 Precipitation of coldest quarter mm

Terrain variables ASL Elevation m
SLOP Slope °
ASPE Aspect °

Top soil variables AWC_CLASS AWC range
T_GRAVEL Topsoil gravel content %vol
T_SAND Topsoil sand fraction % wt
T_SILT Topsoil silt fraction % wt
T_CLAY Topsoil clay fraction % Wt
T_USDA_TEX_CLASS Topsoil USDA texture classification name
T_REF_BULK_DENSITY Topsoil reference bulk density kg/dm3
T_ BULK_DENSITY Topsoil bulk density kg/dm3
T_OC Topsoil organic carbon % weight
T_PH_H20 Topsoil pH (H20) -log(H+)
T_CEC_CLAY Topsoil CEC (clay) cmol/kg
T_CEC_SOIL Topsoil CEC (soil) cmol/kg
T_BS Topsoil base saturation %
T_TEB Topsoil TEB cmol/kg
T_CACO3 Topsoil calcium carbonate % weight
T_CASO4 Topsoil gypsum % weight
T_ESP Topsoil sodicity (ESP) %
T_ECE Topsoil salinity (Elco) dS/m

the results, the process was repeated 10 times to generate an averaged
result for subsequent analyses. Other parameter settings for the MaxEnt
model were set according to the MaxEnt software Tutorial (Phillips,
2011).

2.2.2. Model evaluation

Previous studies have demonstrated that a serious multicollinearity
problem exists among the bioclimatic variables (Yang et al., 2013;
Guisan et al,, 2017; Guo et al., 2019). In this paper, we applied principle
component analysis (PCA) to select a subset of the environmental vari-
ables (Guo et al,, 2019). We finally selected 10 most representative indi-
cators, i.e., Elevation (gloelev), Precipitation of Warmest Quarter
(bio_18), Mean Temperature of Coldest Quarter (bio_11), Topsoil TEB
(t_teb), Annual Precipitation (bio_12), Min Temperature of Coldest
Month (bio_06), Topsoil Gypsum (t_caso4), Topsoil CEC (clay)
(t_cec_clay), Precipitation of Driest Month (bio_14) and AWC Range
(awc_class) as the modelling factors (Table 2). The accumulated contri-
bution of the top 10 indicators to the model was up to 93.9%. The Pear-
son correlation coefficient (1) was used to examine the cross-correlation
of these 10 variables, and the results manifested that all of the correla-
tion coefficients of these variables were less than 0.7.

The accuracy of each model prediction was quantified by calculating
the area under the Receiver Operating Characteristic (ROC) curve (AUC)
(Fielding and Bell, 1997; Lobo et al., 2008). The ROC curve has been
recommended because it summarises model performance over all con-
ditions a model could operate in (Swets, 1988), using all the information
provided by the predictive model (Fielding and Bell, 1997). AUC is the
area between ROC and x-axis and its value is [0.5, 1]. The higher the

value, the higher accuracy of the model. Generally, AUC values below
0.7 were considered as poor, values between 0.7 and 0.9 were moderate
and higher than 0.9 were considered as high accuracy (Marmion et al.,
2009; Franklin, 2010; Halvorsen et al., 2015).

The MaxEnt results for Ophiocordyceps sinensis niche suitability
index ranged from 0 to 100% (Fig. 4), and 0-5% was regarded as ex-
tremely unsuitable, 5-30% was regarded as unsuitable, 30-50% was
regarded as low suitable, 50-70% was regarded as moderately suitable,
70-100% was regarded as extremely suitable (Guo et al., 2019; Liu et al.,
2019a).

3. Results and analyses
3.1. Model accuracy

The mean test AUC and mean training AUC obtained from the final
model were 0.970 and 0.980 in current and future predictions respec-
tively, while the random prediction AUC was 0.5, denoting the model
had high accuracy and good performance for modelling the geographic
distributions of Ophiocordyceps sinensis.

3.2. Critical environmental factors

Of the top 10 variables (Table 2) used for modelling, the most signif-
icant factors affecting the spatial distribution of Ophiocordyceps sinensis
were elevation (60.5% of variation), precipitation of warmest quarter
(Bio18, 16.6% of variation), and mean temperature of coldest quarter
(Bio11, 3.9% of variation). The cumulative contribution of the top 3
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factors were up to 81.0%. Elevation was the most critical factor deter-
mining the distribution of Ophiocordyceps sinensis. The following factors
were bioclimatic precipitation of warmest quarter and mean tempera-
ture of coldest quarter. It manifested Ophiocordyceps sinensis was a
high climate sensitive fungal species and much dominated by the cli-
mate regimes especially the summer precipitation and winter mean
temperature. Of the top 10 factors, high contributions of annual precip-
itation (Bio12, 3.4% of variation) and minimum temperature of coldest
month (Bio6, 2.3% of variation) demonstrated the importance of precip-
itation and winter temperature again. Another bioclimatic factor was
precipitation of driest month (Bio14, 0.8% of variation). These climatic
factors demonstrated Ophiocordyceps sinensis was a high precipitation
and temperature sensitive fungal species, climate was its dominating
niche factor. For the top soil conditions, only 4 variables were on the
list of top 10 indicators. Additionally, all of them had low contribution.
The cumulative contributions of Topsoil TEB (T_TEB, 3.4%), Topsoil Gyp-
sum (T_CASO4, 1.2%), Topsoil CEC (T_CEC_CLAY, 1.1%) and AWC Range
(AWC_CLASS, 0.8%) were only 6.5% of the total variation. The results
manifested that topsoil conditions had very limited influences on the
spatial distribution of Ophiocordyceps sinensis.

3.3. The current potential distribution of Ophiocordyceps sinensis

Based on the suitability classification, the Ophiocordyceps sinensis
habitats distribution was reclassified into 6 grades. The potential and
suitable habitats distribution of Ophiocordyceps sinensis is illustrated in
Fig. 4. The areas with habitats suitability above 30% are mainly located
on the Qinghai-Tibetan plateau (QTP). We took suitability index 30%
as the suitable habitat threshold. The area of suitable habitats is
0.692 x 106 km?, and the area of the moderately and extremely suitable

Table 2

habitats is 0.285 x 10° km?. They are mainly located in Qilian mountains
in the northeastern QTP, Gannan prefecture in Gansu province, Ganzi
and Aba prefectures in Sichuan province, northwestern Yunnan prov-
ince, Yushu and Guoluo prefectures in Qinghai province, Qamdo,
Nyingchi and Nagqu in central and eastern Tibet. Interestingly, we
found that a few habitats of moderate and extreme suitability are dis-
tributed sporadically in Tianshan mountains in Xinjiang province.
These results indicate that the mountainous regions with high eleva-
tions are the main distribution areas for Ophiocordyceps sinensis. We
found the moderately and extremely suitable habitats were mainly lo-
cated in the southeast of the line of Gannan-Guoluo-Yushu-Nagqu,
which is the isotherm of 400 mm annual mean precipitation on QTP.
They converge on high precipitation and humidity areas on the QTP.
According to the distributions, the statistical threshold values (suit-
ability index, >0.3) and optimal ranges (suitability index >0.5) for each
critical environmental variable were calculated (Table 3). The threshold
elevation is 857 m to 6076 m, the optimal elevation ranges from 979 m
to 6043 m and the average is 3865 m. The precipitation of warmest
quarter ranges from 16 mm to 1205, the optimal ranges are 16 mm to
900 mm and its average is 338 mm. The annual precipitation ranges
from 21 mm to 1969 mm, the optimal ranges are 21 mm to 1542 mm
and its average is 579 mm. However, the precipitation of driest month
ranges from 0 mm to 20 mm and the average is only 3 mm. There are
only 2 temperature related indicators. Of which, the mean temperature
of coldest quarter has a high contribution to the model. It ranges from
—25.2 °Cto 10.3 °C, the optimum ranges are —22.8 °C to 8.6 °C and
the average is —7.1 °C. From the above, we could conclude that high el-
evations with high precipitation and low temperature are much
favourable for Ophiocordyceps sinensis. The soil statistical results dem-
onstrate that the optimal topsoil total exchangeable bases (T_TEB,

The contribution proportions and cumulative proportion contributions of the top 10 indicators in principle component analysis (PCA).

Variable Meaning Percentage of variance (%) Cumulative percentage (%)
ASL Elevation (m) 60.5 60.5
Bio18 Precipitation of warmest quarter (mm) 16.6 77.1
Bio11 Mean temperature of coldest quarter (°C) 39 81.0
T_TEB Topsoil TEB (cmol/kg) 34 84.4
Bio12 Annual precipitation (mm) 33 87.7
Bio6 Min temperature of coldest month (°C) 2.3 90.0
T_CASO4 Topsoil gypsum (% weight) 1.2 91.2
T_CEC_CLAY Topsoil CEC (clay) (cmol/kg) 1.1 923
Bio14 Precipitation of driest month (mm) 0.8 93.1
AWC_CLASS AWC range 0.8 93.9
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Fig. 4. The potential and suitable habitats distribution of Ophiocordyceps sinensis in China.

stand for the sum of exchangeable cations in a soil: sodium (Na),
calcium (Ca), magnesium (Mg) and Potassium (K)) range from 1.6
cmol/kg to 68.2 cmol/kg, the average is 12.1 cmol/kg. Topsoil Gypsum
(T_CASO4) ranges from 0 to 1.8%, its average is 0.02%. They both
manifest a low content of organic nutrition. However, the cation ex-
change capacity in topsoil (T_CEC_CLAY) ranges from 8 cmol/kg to
109 cmol/kg, its average is 57.4 cmol/kg. It ranks in class 5 with high nu-
trient fixing capacity of the topsoil. The mode of topsoil available water
capacity classes (AWC_CLASS) is 5, accordingly, the optimal available
water capacity is 50 mm/m (Table 3). It manifests a relatively moderate
water capacity of the topsoil. As the dominated soil types of Southeast-
ern QTP is alpine meadow leptosols (about 45%) and cryosols (about
25%) (FAO, 2012), all of these soil features indicate that the unique char-
acteristics of it is favourable for Ophiocordyceps sinensis on the QTP and
its surroundings.

Table 3

3.4. Potential distributions under global warming scenarios

To understand the implications of climate change on Ophiocordyceps
sinensis habitats, we used 8 scenarios (4 RCPs each for 2050s and 2070s)
to model habitats suitability. The results showed that the distribution
range of Ophiocordyceps sinensis had a significant reduction in the future
(Fig. 5). The most similar spatial distribution patterns to present are the
RCP 2.6 scenarios. Both of the distributions in 2050s and 2070s have
very slight changes comparing to present (Fig. 5A1, B1). As RCP 2.6 is
the least emission scenario leading to very low greenhouse gas concen-
tration levels, global warming is not significant in this situation (Fig. 3).
Model results suggest that the distribution patterns of RCP 2.6 have not
obvious changes. However, significant range shrinks could be observed
in parts of Tianshan, Kunlun Mountains, and southwestern QTP in 2070s
inRCP 4.5 and RCP 6.0 (Fig. 5A2, B2, A3, B3). All classes of suitable area of

The threshold values (suitability index >30%) and optimal ranges (suitability index >50%) for each critical environmental variable.

Variable Meaning Threshold values Optimal ranges

(SI > 30%) (SI > 50%)

Min Max Mean Min Max Mean
ASL Elevation (m) 857 6076 3977 979 6043 3865
Bio18 Precipitation of warmest quarter (mm) 16 1205 344 16 900 338
Bio11 Mean temperature of coldest quarter (°C) —25.2 10.3 —74 —22.8 8.6 —7.1
T_TEB Topsoil TEB (cmol/kg) 1.6 68.2 11.5 1.6 68.2 121
Bio12 Annual precipitation (mm) 21 1969 582 21 1542 579
Bio6 Min temperature of coldest month (°C) —30.5 24 —16.9 —28.2 0.7 —16.8
T_CASO4 Topsoil gypsum (% weight) 0 1.8 0.03 0 1.8 0.02
T_CEC_CLAY Topsoil CEC (clay) (cmol/kg) 8 109 50.3 8 109 574
Bio14 Precipitation of driest month (mm) 0 20 3 0 19 3
AWC_CLASS AWC range 1 7 5 1 6 5
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Ophiocordyceps sinensis would significantly reduce, especially the mod-
erately and extremely suitable habitats. While comparing the two sce-
narios, range shrink would be lesser in the RCP 8.5 scenarios. Few
regions would experience a contraction in range in the 2070s under
the RCP 8.5 scenarios. The area of unsuitable habitat was higher in the
2070s in RCP 4.5 and RCP 6.0 scenarios (Fig. 5A4, B4). There would be
no occupancy in Tianshan, Kunlun Mountains, and southwestern QTP.
Whereas the east and southeast of QTP would be a suitable habitat for
Ophiocordyceps sinensis in every scenario. RCP 4.5 and RCP 6.0 are two
similar moderate stabilization scenarios where total radiative forcing
is slowly increasing and stabilized after 2100. RCP 8.5 is characterized
by continuing increasing greenhouse gas emissions overtime in the
literature leading to the highest concentration levels (Fig. 3).
Unexceptionally, all of the areas of predicted suitable habitats under
these scenarios demonstrate a shrink trend. Although the area contrac-
tion in 2070s under the RCP 8.5 scenarios is the least, the shrinking
trends demonstrate the future climate conditions are not favourable
for Ophiocordyceps sinensis. The future climatic environment will jeop-
ardize the suitable habitats of Ophiocordyceps sinensis. Undoubtedly,
there are many uncertainties in these scenarios. Further analyses are
highly needed for these contractions.

4. Discussions

During the whole growth of caterpillar fungus, the most critical stage
is that the body of the insect host is infected by the fungus as substrate
to form the mycelium and finally converted into a sclerotium. However,
until now, we have very limited knowledge about this process and that
is the quite reason why caterpillar fungus cultivations in laboratory are
always failed and it is difficult to infect the body of the insect host arti-
ficially by the fungus as substrate to form the mycelium (Paterson,
2008; Zhong et al., 2009; Lo et al., 2012; Yan et al., 2014). Therefore,
most part of caterpillar fungus grows naturally and is collected in wild
field by native residents. In this paper, we only discussed the potential
and suitable habitats distribution of Ophiocordyceps sinensis in China
by MaxEnt modelling. All of the samples only come from our field inves-
tigation and literature reports of caterpillar fungus. As MaxEnt is good at
the modelling of plant and fungus, the validations of distribution model-
ling of animal and moth are very limited (Elith et al., 2011; Phillips,
2011; Merow et al., 2013). Additionally, we have very limited knowl-
edges and field investigated data about moths (Lepidoptera), especially
species of Thitarodes (Paterson, 2008; Zhong et al., 2009; Au et al., 2012;
Loetal,, 2012; Zhang et al,, 2012; Yan et al,, 2014). It is difficult to model
the distribution of Thitarodes Larvae and examine its sensitivity to cli-
mate change and its influence on caterpillar fungus. This is one of the
first studies to investigate the impact of climate change on the potential
distribution of caterpillar fungus in China. Based on the results, three is-
sues are discussed in the paper.

4.1. Distribution trend

The QTP is the main distribution area of Ophiocordyceps sinensis in
China. Our results suggest that suitable habitats for O. sinensis are likely
to shrink in the coming decades under the climate change scenarios RCP
4.5,RCP 6.0 and RCP 8.5. Future climate conditions would jeopardize the
suitable habitats of caterpillar fungus. Actually, the real distribution area
and production of caterpillar fungus has been reducing sharply in recent
years (He, 2018; Hopping et al., 2018). Similarly, several other rare tra-
ditional Tibetan and Chinese herbal medicines face similar threats due
to overexploitation and habitat loss (Shrestha and Bawa, 2013;
Cunningham et al., 2018; Gao et al., 2019). Fig. 6 illustrates the produc-
tions of Ophiocordyceps sinensis and Fritillaria cirrhosa in Nagqu prefec-
ture, a representative main production area of caterpillar fungus in
Tibet, during 1983 to 2017. The production of caterpillar fungus was
18,490.55 kg in 1999, which was peak production and the tipping
point during the last decades. Prior to 1999 production of caterpillar
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fungus was increasing drastically. However, post 1999 production
values have shown a steady and sharp decline year by year and had
never reached the record in history after 1999. In 2017 total production
reached an all time low of 2105.9 kg, which was merely 11.39% of the
production in 1999, and broke the lowest record in history (Fig. 6). Sim-
ilar losses in net production has been observed in another famous Chi-
nese herbal medicine Fritillaria cirrhosa. Unlike caterpillar fungus, the
production of Fritillaria cirrhosa was continually diminishing during
1983 to 2017. The production in 1983 was 14,260.9 kg, however, the
production in 2017 was only 325.7 kg, 2.28% of the record in history
(Fig. 6). Until now, there have been no signs of potential increase in nat-
ural production of these medical plants, with several reports suggesting
that these two species are at high risk of extinction. If the diminishing
trend continued, there would be no more wild caterpillar fungus and
Fritillaria cirrhosa in the coming decades in China (Cunningham et al.,
2018; Hopping et al., 2018; Gao et al., 2019). Therefore, many studies
promote prohibiting the harvesting of wild natural caterpillar fungus
and protecting and encouraging artificial cultivation (Pan, 2018; Wang
et al., 2018; Liu et al., 2019b). Our results showed the ranges of suitable
habitats would shrink significantly in scenarios of RCP 4.5, RCP 6.0 and
RCP 8.0 in 2050s and 2070s, respectively. The vulnerability and risk for
caterpillar fungus is likely to increase in the coming decades. Although
there are lots of uncertainties in these scenarios, the influencing aspects
should be analyzed closely.

4.2. Climate changes

The PCA results showed there were 5 climate related indicators in
the top 10 critical environmental factors, i.e., precipitation of warmest
quarter (Bio18, 16.6% of variation), mean temperature of coldest quarter
(Bio11, 3.9% of variation), annual precipitation (Bio12, 3.4% of varia-
tion), minimum temperature of coldest month (Bio6, 2.3% of variation),
and precipitation of driest month (Bio14, 0.8% of variation). The cumu-
lative contribution of them were 37%. Therefore, climate change should
be considered as a primary and critical factor influencing the distribu-
tion of caterpillar fungus in future. The model results manifested a mod-
erate elevation (979 m to 6043 m, the mean is 3865 m) with high
humidity (the annual precipitation is 21 mm to 1542 mm, the mean is
579 mm) and low temperature (the mean temperature of coldest quar-
ter is —22.8 °Ct0 8.6 °C, the mean is —7.1 °C) were much favourable for
Ophiocordyceps sinensis. These climatic conditions restrict caterpillar
fungus to high altitudes of the Himalayas and Tibet. However, the
H