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Recent climate change has been widely recognized to influence the distribution of many plants and animals,
while its impacts on the distribution of fungi remain largely unknown. Here, we used Ophiocordyceps sinensis,
an entomopathogenic fungus and important traditional Chinesemedicinewhose distribution rangewas reported
as decreased on the Tibetan Plateau in recent decades, as an example to predict the current potential distribution
and the possible range shifts in response to climate change of a fungus by using extensive field records and an
ensemble species distribution modeling method. It is demonstrated that the distribution range of the fungus
wound decrease significantly, shifting upward in altitude and toward the central part of the Plateau. In an unlim-
iteddispersal scenario, net habitat losses of 19% for both years 2050 and 2070 under representative concentration
pathways (RCP) 2.6 and of 8% and 4% under RCP8.5 for the years 2050 and 2070, respectively, were predicted. If a
non-dispersal scenario was considered, 36–39% of the current habitats would be lost in the future. The results
presented herewill not only provide useful information for the conservation ofO. sinensis, but also provide a rep-
resentative case of evaluating impacts of climate change on fungal distribution using species distribution model-
ing method.
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1. Introduction

Accelerating climate change has been observed over the past
100 years, and further climate warming is predicted to continue
through the 21st century (IPCC, 2014). Ample evidence has shown
that recent climate change has affected the distribution of species, eco-
systems and biodiversity (e.g., Walther et al., 2002; Bellard et al., 2012).
For instance, Lenoir et al. (2008) revealed that the optimum elevation of
nearly 200 forest plants has shifted upward at an average of 29 m per
decade over the 20th century due to climate warming. A recent meta-
analysis showed that the recent distributions of species have shifted to
higher elevations at a median rate of 11 m and to higher latitudes at a
median rate of 17 km per decade (Chen et al., 2011).

As one of the regions that most sensitive to climate change, the Ti-
betan Plateau has undergone an earlier and faster warming process
compared to the global mean (Liu and Chen, 2000; Yao et al., 2000)
and may continue at a faster pace in the future (Kirtman et al., 2013).
At the same time, the change in precipitation has large inter-annual var-
iability and an inconsistent spatial pattern on the Plateau (Kang et al.,
yaoyj@im.ac.cn (Y.-J. Yao).
.

2010; Cuo et al., 2013; Gao et al., 2015). Climate change effects have
been documented for plants, e.g., the tree line on the edge of the Plateau
was reported to be affected somewhat by the recent warming (Gou et
al., 2012; Gaire et al., 2014).

Many studies have reported the response of plants and animals to
climate change (e.g., Theurillat and Guisan, 2001; Jump and Peñuelas,
2005; Bradshaw and Holzapfel, 2010). In contrast, the responses of
fungi to climate change are less investigated, partly due to the availabil-
ity of data, even though they may play important roles in ecosystem
functioning and stability (Van der Heijden et al., 2008) and some (e.g.,
truffles and the Chinese caterpillar fungus) have high economic values.
Several studies have shown that climate change has altered mushroom
fruiting phenology (e.g., Kauserud et al., 2008, 2012), but there are very
few studies concerning range shifts of fungi in response to climate
change (Shrestha and Bawa, 2014). Whether and how the climate
change could affect the spatial distribution of fungi is still unclear. In
this study, we used Ophiocordyceps sinensis as an example to shed
some light on this topic.

Ophiocordyceps sinensis (Berk.) G.H. Sung, J.M. Sung, Hywel-Jones &
Spatafora (synonym: Cordyceps sinensis (Berk.) Sacc.) is a highly valued
fungus that has been used as a traditional Chinese medicine for centu-
ries (Pegler et al., 1994). The fungus is endemic to the Tibetan Plateau
and its surrounding regions, including Tibet, Gansu, Qinghai, Sichuan
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and Yunnan provinces in China and certain areas of the southern flank
of the Himalayas such as Bhutan, India and Nepal (Li et al., 2011). The
optimum temperature for hyphal growth ranges from 15 to 18 °C, and
the species is usually considered as psychrophilic (Dong and Yao,
2011). Ophiocordyceps sinensis parasitizes underground larvae of ghost
moth species in the family Hepialidae, especially species of the genus
Thitarodes (Wang and Yao, 2011). Most of these ghost moth species
largely feed on the roots of alpine plants, thereby constituting a compli-
cated system of biotic interactions. Because of its confined distribution
and host specificity on moth insects, the natural resource of the fungus
is limited and it has been listed as an endangered species under the sec-
ond class of state protection in China since 1999 (State Forestry
Administration and Ministry of Agriculture, 1999). The price of natural
O. sinensis products has sharply increased over recent years and is
now sold at the price of gold and up to four times asmuch for high qual-
ity products (Li et al., 2015). On the other hand, the production and the
distribution of the fungus have decreased over recent decades, probably
due to over-exploitation, excessive grazing and climate change (Hu et
al., 2005). The climatewarming anddecrease of precipitation on thePla-
teau were reported to result in reduction of nature habitats, density and
the quality of O. sinensis (Hu et al., 2005; Li, 2007) and have altered the
distribution pattern of the fungus (Yang et al., 2010). However, a contra-
dict report was published recently (Shrestha and Bawa, 2014) indicat-
ing that the distribution range of O. sinensis might expand under the
future climate change in Nepal based on collection records from that
country and using theMaxEntmodelingmethod.Whether the distribu-
tion of O. sinensis is decreasing or increasing in response to the climate
change requires further clarification based on robust data and compre-
hensive analyses.

In this study,we used a comprehensive collection dataset and an en-
semble species distribution modeling method aiming to: 1) investigate
whether and how climate change could affect distribution of a fungal
species, such as O. sinensis., and 2) predict potential range shifts of the
fungus in a medium term of about 50–70 years in response to climate
change. The results presented here could facilitate the conservation of
this precious fungal species and provide a representative case for
predicting the impacts of climate change on the distribution of fungal
species.

2. Materials and methods

2.1. Occurrence data

Occurrence data of O. sinensiswere mainly based on field collections
made on the Tibetan Plateau beginning in 2000. The latitude, longitude
and elevation were recorded for each specimen during fieldwork. Addi-
tional recordswith reliable evidence in the literaturewere also included
in the analyses. A total of 206 records from 84 counties of China and 12
different localities in Nepal were established (Suppl. Table A.1), cover-
ing nearly the whole distribution area and representing all types of
known natural habitats of O. sinensis (Fig. 3).

2.2. Climate data

Available climate datawere collected from 21NationalWeather Sta-
tions located in the distribution area of O. sinensis (Suppl. Table A.2) in
Tibet, Sichuan and Qinghai provinces.

2.3. Environmental variables

Given that the distribution of O. sinensis is influenced by climate,
vegetation and soil properties (Yang et al., 2010), a dataset with a
total of 29 environmental layers representing climate, soil physical
and chemical properties and vegetation was compiled. The environ-
mental data were grouped (correlation coefficient N |0.85|) using a
spearman correlation analysis (Suppl. Table A.3). To eliminate the
effects of collinearity, factors were selected from each group based on
previous reports of the factors potentially affecting O. sinensis (e.g., Xu,
2007; Jin et al., 2010). Finally, 17 environmental variables, including
seven climatic variables, i.e., isothermality (ISO), mean diurnal range
(MDR), mean temperature of the wettest quarter (MTWQ), precipita-
tion of the driest quarter (PDQ), precipitation seasonality (PS), precipi-
tation of the wettest quarter (PWEQ) and precipitation of the warmest
quarter (PWAQ); eight soil properties, i.e., bulk density of the fine
earth fraction (BLD), cation exchange capacity (CEC), coarse fragments
volumetric (CFRVOL), clay content mass fraction (CLYPPT), soil organic
carbon (ORCDRC), soil pH in H2O (PHIHOX), silt content mass fraction
(SLTPPT) and sand contentmass fraction (SNDPPT); and two vegetation
cover categories including shrub (SV) and herbaceous vegetation (HV),
were compiled at 30-second (approximately 1-km) resolution tomodel
the habitat of O. sinensis.

The current climatic variables (mean of 1950–2000) were
downloaded from the WorldClim dataset (Hijmans et al., 2005, http://
www.worldclim.org/). Soil properties were obtained from ISRIC
SoilGrids 2014 (Hengl et al., 2014). A standard depth of 10 cmwas cho-
sen for the predictedmean soil properties as the larva of host insects are
often observed in soil at depths of 0–25 cm during the growing season
(Liu et al., 2005). Vegetation cover was obtained from a global consen-
sus land-cover product using generalized land-cover classes (Tuanmu
and Jetz, 2014). The soil properties and the vegetation cover type
were assumed to be stable in the Tibetan Plateau (Li et al., 2013; Gao
et al., 2016); there is a time lag of decades to centuries for soil and veg-
etation to catch up with sudden climate change (Adams, 2010).

Future climate can be projected with general circulation models
(GCMs). A number of GCMs have been used and their outcomes varied
a lot in different regions (Flato et al., 2013). To eliminate the bias of such
difference, five GCMs from Coupled Model Intercomparison Project
Phase 5 (CMIP5) including BCC-CSM1.1 (Beijing Climate Center, China
Meteorological Administration, China), HadGEM2-ES (Met Office Had-
ley Centre, UK), IPSL-CM5A-MR (Institute Pierre-Simon Laplace,
France), MRI-CGCM3 (Meteorological Research Institute, Japan) and
NorESM1-M (Norwegian Climate Centre, Norway) were chosen for cli-
mate prediction for the years 2050 (mean of 2030–2060) and 2070
(mean of 2060–2080). These models were selected because of their ac-
ceptable performance at simulating the current climate of the Tibetan
Plateau (Su et al., 2013) and the online data availability (http://www.
worldclim.org/). In addition to the five GCMs, their mean values were
also calculated and used as the future climate datasets in this study.
Four different Representative Concentration Pathways (RCPs), i.e., a
stringent mitigation scenario (RCP2.6), two intermediate scenarios
(RCP4.5 and RCP6.0) and one scenario with very high GHG emissions
(RCP8.5), were included in the IPCC Fifth Assessment Report (IPCC
AR5, Kirtman et al., 2013). The RCP2.6 and RCP8.5 were used in this
study to represent two extreme scenarios with the lowest and the
highest greenhouse gas emissions, respectively. Annual mean tempera-
ture will rise approximately 2 °C under the RCP2.6 scenario, whereas it
will rise approximately 5 °C under the RCP8.5 scenario in the study area
by 2070. The future climate data at 30-second resolution were also col-
lected from the WorldClim dataset. All environmental layers were
cropped to the Tibetan Plateau and its surrounding regions (N 22° −
42°, E 71°− 108°). Information regarding the distribution of current cli-
mate and projected climate change in study areas is provided in Suppl.
Figs. A.1, A.2 and A.3.

2.4. Species distribution modeling

Biomod2, a comprehensive modeling package for R, was employed
to conduct the modeling process (Thuiller et al., 2009). Six modeling
methods, including classification tree analysis (CTA), generalized addi-
tive models (GAM), generalized linear models (GLM), multivariate
adaptive regression (MARS), maximum entropy (MaxEnt) and random
forest (RF), were adopted.

http://www.worldclim.org
http://www.worldclim.org
http://www.worldclim.org
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Fig. 1. Performance comparison of six modeling methods using AUC and TSS. CTA,
classification tree analysis; GAM, generalized additive models; GLM, generalized linear
models; MARS, multivariate adaptive regression; MaxEnt, maximum entropy; RF,
random forest. Black bars depict quantiles of AUC values, and a value higher than 0.7
indicates good performance of the model. White bars depict quantiles of TSS values, and
a value higher than zero indicates non-randomness.

Table 1
Mean importance of 17 environmental variables.

Environmental categories Environmental variables Mean importance

Climatic variables PWAQ 0.48
MTWQ 0.42
PWEQ 0.38
ISO 0.05
MDR 0.05
PDQ 0.05
PS 0.04

Soil properties BLD 0.05
CLYPPT 0.05
ORCDRC 0.05
SNDPPT 0.05
CRFVOL 0.03
PHIHOX 0.03
SLTPPT 0.03
CEC 0.02

Vegetation cover HV 0.18
SV 0.02

PWAQ= precipitation of the warmest quarter; MTWQ= mean temperature of the wet-
test quarter; PWEQ = precipitation of the wettest quarter; ISO = isothermality; MDR=
mean diurnal range; PDQ=precipitation of the driest quarter; PS=precipitation season-
ality; BLD=bulk density; CLYPPT= soil texture fraction clay; ORCDRC= soil organic car-
bon content; SNDPPT = soil texture fraction sand; CRFVOL = coarse fragments
volumetric; PHIHOX = soil pH in H2O; SLTPPT = soil texture fraction silt; CEC = cation
exchange capacity; HV = coverage of herbaceous plants; SV = coverage of shrubs.
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As all modeling methods other than MaxEnt are presence-absence
models, two sets of pseudo-absence data (Wisz and Guisan, 2009;
Barbet-Massin et al., 2012), each comprising 2180 records, were ran-
domly generated for the absence data of O. sinensis. The occurrence
data were combined with each pseudo-absence dataset separately and
then randomly split into 75% (used for training) and 25% (used for cal-
ibrating). The random split was repeated five times. In addition to
these five split datasets, another dataset using all data as training and
calibrating was also applied to the six modeling methods. Finally, 12
runs (six for each set of pseudo-absence data) were performed for
each model, and a total of 72 species distribution models were
generated.

The variable importance for all 17 environmental variableswas com-
puted using Biomod2, and the computation was repeated three times.
Variables with mean importance N0.05 across all models were used to
build the final predictive models. To evaluate the performance of differ-
ent models, two common measures of accuracy, i.e., area under the re-
ceiver operating characteristic curve (AUC, Hanley and McNeil, 1982)
and true skill statistic (TSS, Allouche et al., 2006) were applied. AUC is
independent of prevalence and ranges from 0.5 to 1 with values higher
than 0.7 indicating good performance of the model (Swets, 1988). TSS
ranges from −1 to +1, with scores higher than zero indicating non-
randomness (Allouche et al., 2006). To distinguish the major trends of
predicted patterns, models with an AUC higher than 0.95 were assem-
bled using the committee averaging algorithm (Araújo and New,
2007). Projected probabilities of occurrenceswere converted to a binary
presence/absence map based on the receiver operating characteristic
(ROC) threshold (Nenzén and Araújo, 2011).

2.5. Data analysis

Two possible dispersal scenarios, i.e., the universal dispersal and the
non-dispersal scenarios, were considered for the future distribution in
2050 and 2070. Habitat changes were plotted if more than three
GCMs reached an agreement. Range shifts of different elevations were
also calculated for the years 2050 and 2070 using altitude data obtained
from the Shuttle Radar TopographyMission (http://srtm.usgs.gov/). Re-
sponse curves were plotted for the fourmost important variables based
on the mean occurrence probability at each value by modeling the spe-
cies distribution using each variable separately using GAM, GLM, MARS
and MaxEnt. All of the analyses in this study were performed in R3.2.0
(R Core Team, 2015) and ArcGIS 10.2 (ArcGIS, 2013).

3. Results

3.1. Model performance

All six modeling methods performed well, with AUC values ranging
from 0.84 to 0.99 and TSS values ranging from 0.67 to 0.99 (Fig. 1, Suppl.
Table A.4). Among the 72 tested models, four models with AUC N 0.95,
including one MaxEnt and three RF, were used to make the consensus
model. The AUC, sensitivity and specificity values of the consensus
model are 0.99, 95.55 and 95.43, respectively.

3.2. Environmental variables

Among the 17 environmental variables tested, four of them, i.e.,
PWAQ, MTWQ, PWEQ and HV, were recognized as the most predomi-
nant factors that could affect the distribution of O. sinensis, with mean
importance values of 0.48, 0.42, 0.38 and 0.18, respectively (Table 1).
Different models showed quite similar patterns. The response curves il-
lustrated the characteristics of the most suitable habitats (Fig. 2). The
species preferred approximately 5–17 °C of MTWQ, with the highest
probability of occurrence at approximately 10 °C (Fig. 2b). Along the
precipitation gradient, the species preferred approximately 200–
600 mm (best at 400 mm) of both PWAQ and PWEQ (Fig. 2a and c).
Vegetation cover was less constrained compared to PWAQ, MTWQ
and PWEQ. Suitable herbaceous coverage was approximately 50% to
90% with 70% as the highest (Fig. 2d), indicating a preference for grass-
land with a sparse shrub layer. The main vegetation types of the distri-
bution areas were alpine meadow (approximately 45%) and subalpine
shrub (approximately 30%), and the soil types are leptosols (approxi-
mately 46%) and cryosols (approximately 28%).
3.3. Field observations of PWAQ, PWEQ and MTWQ

According to the recorded climate data from 21 national weather
stations, the warmest and wettest season is from June to August in
most cases except in Aba and Zayü (Suppl. Table A.2). The PWAQ and
the PWEQ are thus nearly identical, ranging from 226 to 398 mm with
averages of 329 and 326 mm, respectively (Suppl. Table A.2). The
MTWQ varies from 7.8 to 13.8 °C with an average of 10.9 °C.

http://srtm.usgs.gov


Fig. 2. Response curves for the four most important environment variables. (a) Precipitation of the warmest quarter (PWAQ); (b)Mean temperature of the wettest quarter (MTWQ); (c)
Precipitation of the wettest quarter (PWEQ); (d) Coverage of herbaceous vegetation (HV).
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3.4. Predicted current distribution and range shifts

The collection data used in this study were plotted on a map of the
Tibetan Plateau (Fig. 3, shown as dots), and the predicted current distri-
bution ofO. sinensiswas shaded in green (Fig. 3). The funguswas shown
to distribute mainly in the Qinghai, Tibet, Sichuan, Yunnan and Gansu
provinces in China and in certain areas of the southern Himalayas, in-
cluding Bhutan, India, Nepal and probably Myanmar (Fig. 3). The pre-
dicted suitable area was 3.54 × 105 km2 in total worldwide, of which
China, Nepal, India, Bhutan and Myanmar accounted for 94.6%, 2.8%,
Fig. 3. Location of occurrence data used for species distribution modeling and the predicted
elevations higher than 2500 m.
1.4%, 0.9% and 0.3%, respectively (Suppl. Table A.5).Within China, Qing-
hai, Tibet, Sichuan, Gansu andYunnan accounted for 29.9%, 28.7%, 24.6%,
9.9% and 1.3%, respectively (Suppl. Table A.5). The fungus is predicted to
occur in a total of 214 counties in the five provinces (Suppl. Table A.6).
According to the prediction, N90% of the suitable areas were located at
elevations of 3000–5000 m, with only 7.3% and 0.2% located at eleva-
tions b3000 m and N5000, respectively. Predicted suitable areas were
14.9%, 26.1%, 31.8% and 19.6% for the elevation bands of 3000–3500 m,
3500–4000 m, 4000–4500 m and 4500–5000 m, respectively (Suppl.
Table A.7).
current distribution of Ophiocordyceps sinensis. The colored map shows the areas with
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Distribution ranges of O. sinensis shifted inconsistently in specific
areas across six GCMs in different time periods (2050 and 2070) and
two RCPs (RCP2.6 and RCP8.5). Both gain and loss events would occur
in response to climate change under the unlimited dispersal scenario.
Gained habitats weremainly located in the Qinghai Province and in cer-
tain parts of Sichuan and Tibet, usually within areaswith relatively high
elevations (Fig. 4). Habitat loss predictions were located on the edge of
the Plateau or at relatively low elevations (Fig. 4). The amount of gained
habitat was usually less than the amount of lost habitat, except in the
case of the year 2070 if the highest anthropogenic greenhouse gas emis-
sion (RCP8.5) was considered. The net loss of habitat would be 19% for
both years 2050 and 2070 under RCP2.6, while the reduction would
be 8% and 4% under RCP8.5 for the years 2050 and 2070, respectively
(Table 2). China, Nepal, Bhutan, India and Myanmar will lose 17%, 41%,
31%, 71%, and 55% of the habitats in 2050 and 17%, 36%, 26%, 69%, and
46% in 2070 under the RCP2.6 scenario and will lose 6%, 34%, 11%, 74%,
and 44% in 2050 under RCP8.5. While there will be a slight gain (12%)
for Bhutan under RCP8.5 in 2070, China, Nepal, India and Myanmar
will lose 2%, 26%, 69% and 42% of the habitats under this scenario
(Suppl. Table A.5).

If a non-dispersal scenariowas considered, i.e., the specieswould not
effectively colonize habitats that become suitable, the total habitat loss
will reach as much as 37% (RCP2.6) and 36% (RCP8.5) for the year
2050, and 37% (RCP2.6) and 39% (RCP8.5) for the year 2070 (Table 2).
The habitat loss for China, Nepal, Bhutan, India and Myanmar would
be 36%, 49%, 35%, 73%, and 55% in 2050 and 37%, 48%, 28%, 72%, and
48% in 2070 under the RCP2.6 and would be 35%, 49%, 23%, 78%, and
Fig. 4. Predicted range shifts of Ophiocordyceps sinensis under future climate change. (a), RCP2
shows the areas with elevations higher than 2500 m.
47% in 2050 and 38%, 52%, 18%, 76%, and 46% in 2070 under the
RCP8.5. Of the five main provinces in China, Yunnan was expected to
face the largest decrease in suitable habitat percentage (50–60%)
under all pathways, while Tibet will lose the largest suitable acreage ex-
cept in the case of the year 2050 under RCP2.6 (Suppl. Table A.5).

Range shifts varied greatly at different elevation bands. Most habi-
tats lower than 3000 m would be lost, especially under the RCP8.5 sce-
nario (Fig. 5). The lost distribution (6–8%) at elevations of 3000–3500m
was far more than that gained (1–2%) (Fig. 5, Suppl. Table A.7). For the
elevations of 3500–4000m and 4000–4500m, potential gained habitats
were less than the lost in the years 2050 and 2070 regardless of which
RCPs were used, while in the regions above 4500 m, potential gained
distribution was more than that lost, especially under the RCP8.5 sce-
nario (Fig. 5).

4. Discussion

This study presents an example of predicting the potential range
shifts of a fungal species in response to climate change. As one of the
most medicinally, economically and ecologically important fungi
(Cannon, 2010; Zhang et al., 2012), the distribution of O. sinensis has
been well-documented (Li et al., 2011). Based onmainly field collection
records covering almost the entire distribution area, the distribution of
O. sinensis was generally predicted to decrease by using an ensemble
modeling approach considering different modeling algorithms, climate
models and greenhouse gas emission scenarios. The net habitat loss
would be 19% for both years 2050 and 2070 under RCP2.6, and would
.6 in 2050; (b), RCP2.6 in 2070; (c), RCP8.5 in 2050; (d), RCP8.5 in 2070. The colored map



Table 2
Predicted range shifts of Ophiocordyceps sinensis under the two dispersal scenarios.

Years Scenarios Gain (%)⁎ Loss (%) Net loss of habitats (%)

Universal dispersal Non-dispersal

2050 RCP2.6 18.1 (17.8–38.7) 36.6 (39.6–42.2) 18.5 (1.3–24.4) 36.6 (39.6–42.2)
RCP8.5 28.0 (13.8–38.6) 35.7 (39.7–45.0) 17.7 (1.2–31.2) 35.7 (39.7–45.0)

2070 RCP2.6 18.7 (29.1–60.5) 37.4 (39.4–44.6) 18.7 (16.8–15.5) 37.4 (39.4–44.6)
RCP8.5 35.1 (49.1–69.7) 38.7 (40.8–51.3) 3.6 (−18.4–−6.4) 38.7 (40.8–51.3)

⁎ Values before the parentheses indicate the proportion of range shifts that were supported by N50% global climate models (GCMs), and values in parentheses indicate minimum and
maximum values of five different GCMs.
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be 8% and 4% under RCP8.5 for the years 2050 and 2070, respectively, in
the unlimited dispersal scenario. The potential habitat expansion pre-
dicted by Shrestha and Bawa (2014) contradicts to the results presented
here. It is likely due to different occurrence data and modeling strate-
gies. The opposite prediction by Shrestha and Bawa (2014) may be re-
sulted from the limited collection records from only about 2.8% of the
total distribution area of the species and a single modeling method of
MaxEnt. Beside the habitat loss, the fungus was found to move uphill
and toward the central part of the Plateau. Climate change has impacts
on species distribution range and pattern has been reported in animals
and plants. About 30–50% of distribution areas were predicted to lose
for 22 ungulates on the Tibetan Plateau (Luo et al., 2015a). A range re-
duction of almost 30% by 2020, 70% by 2050 and over 80% by 2080
was predicted for snub-nosed monkey, with a trend of migrating to
higher elevations (Luo et al., 2015b). A recent study suggested that for-
ests and shrub lands on the Plateaumight expand in response to the fu-
ture climate change, while alpine steppes and meadows would not
change that much (Gao et al., 2016). As O. sinensis is an entomopatho-
genic fungus requiring insect larvae to complete its life cycle, it is sensi-
ble that the fungus shows a pattern that much more similar to animals
than to plants.

Ophiocordyceps sinensis is strictly associated with larvae of
Hepialidae. The host insects are unlikely to inhabit those predicted
new habitats because they usually have low migration rates (Cheng et
al., 2007; Quan et al., 2014). Without considering the intrinsic dispersal
ability, the changeability of vegetation could also affect the dispersal
rate of host insects since they are largely fed on certain alpine plants.
Fig. 5. Predicted range shifts of different elevation pixels. (a), RCP2.6 in 2
Several plot-based studies of vegetation suggested that the species com-
position may change, but vegetation type (especially at class level)
barely changed on the Tibetan Plateau in a few decades (Li et al.,
2013). A more recent study also suggested that forests and shrub
lands might expand, while alpine steppes and meadows would not
change that much in response to the future climate change (Gao et al.,
2016). Sincemost plants in the distribution area ofO. sinensis are peren-
nial species with low migration abilities, the assumption that the vege-
tation is stable to year 2070 is reasonable. Thus, it is more reasonable to
use the non-dispersal scenario rather than the unlimited dispersal sce-
nario for this species. In the non-dispersal scenario, the potential net
habitat loss will then reach 37% (RCP2.6) and 36% (RCP8.5) for the
year 2050 and 37% (RCP2.6) and 39% (RCP8.5) for the year 2070,
respectively.

In addition to the climate change, humanactivities can also affect the
distribution of the fungus. Excessive grazing would destroy alpine
meadows thatmay harbor the fungus, causing habitat loss. Over-exploi-
tation, especially the activity of collecting mature specimens, would in-
hibit the spore dissemination and cause decrease of mycelial biomass in
soil, which may also result in habitat loss. Therefore, the actual habitat
loss could be more than that predicted. The fungus is endangered by
both human activity and climate change. Due to data deficiency, it is dif-
ficult to estimate the relative impacts of climate change and human ac-
tivities. However, our analysis stressed the high risk of potential habitat
loss caused by climate change alone for O. sinensis.

The reliability of the modeling strategy was tested in several ways.
Firstly, the predicted current distribution of O. sinensis, as a part of the
050; (b), RCP2.6 in 2070; (c), RCP8.5 in 2050; (d), RCP8.5 in 2070.
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results, was compared to the reported distribution (Li et al., 2011). The
modeling approach correctly predicted the 106 confirmed and 29 ex-
cluded distribution counties recorded by Li et al. (2011). For the 65 pos-
sible and three suspicious distribution counties (Li et al., 2011), 60 of the
former and two of the latter were included in the current prediction.
The two suspicious distribution counties, i.e., Madoi and Dulan, were lo-
cated on the Plateau and predicted to have a limited potential distribu-
tion area of 1260 km2 and 112 km2, respectively. These two counties lie
in the area adjacent to occurring counties with more limited distribu-
tion than most of those predicted counties in the surrounding area.
The remaining suspicious site that was located on the very edge of the
Plateau, Mt. Emei in Sichuan Province, was completely out of the pre-
dicted range distribution. Thewell concordance between the prediction
and collection records supported the accuracy of themodeling strategy.
Secondly, the predicted ranges of the four most predominant environ-
mental factors were also compared to the field observations or to
those reported previously. The predicted ranges of precipitation of the
wettest (PWEQ) and the warmest (PWAQ) quarter (both are 200–
600 mm, best at 400 mm) are comparable to the observed data from
21weather stations on the Tibetan Plateau,which is 226 to 398mm(av-
erage at 329 and 326 mm respectively). The predicted mean tempera-
ture of the wettest quarter (MTWQ) of 5–17 °C with the highest
occurrence probability at approximately 10 °C is also accordant with
the records of weather stations (7.8 to 13.8 °C, average at 10.9 °C). The
predicted herbaceous coverage of the suitable habitats (50–90% with
70% as the highest) is similar to field observations (60–90%) reported
from different regions (Xu, 2007; Jin et al., 2010; Yang et al., 2013). Fur-
ther, the species distribution modeling predicted that the precipitation
of the wettest and the warmest quarter and the mean temperature of
the wettest quarter are critically important. It is quite reasonable as
the warmest andwettest season, June to August in most parts of the Ti-
betan Plateau, is the time for growth and reproduction of the fungus,
host insects and vegetation.

Species distribution modeling methods based on bioclimatic vari-
ables may overestimate the actual extent of the ranges, as biotic factors
and dispersal of the species are not taken into account (Pineda and Lobo,
2009). Indeed, besides the formerly reported sites (Li et al., 2011), 64
additional counties, including those far from the Tibetan Plateau, were
also predicted. The unusually high proportion of distribution areas in a
number of counties, especially those in Gansu and Qinghai provinces,
coupled with distribution of areas with altitudes lower than 3000 m
where O. sinensis has never been recorded, all indicate an overestima-
tion. Those predicted sites may have potential suitable habitats, but
the fungus or its host insects have not yet colonized there. It is also
worthmentioning that a current distribution area of 4900 km2was pre-
dicted in Myanmar, a country with some mountainous areas in the
northern part but without any report of the species occurrence. It can-
not be judged whether that is an overestimation or a real distribution
until a thorough investigation to that country is carried out.

It was predicted that the current distribution areas of O. sinensis at
low elevations and on the edge of the Tibetan Plateau have high risks
to be lost. As an important and valued traditional Chinese medicine,
the species should be protected to some extent. Although impacts of
human activities to the distribution of the species are not fully under-
stood, protection actions to reduce such impacts should take into ac-
count since the impacts of climate change are irreversible and hard to
eliminate. Restricting the harvest intensity and maintaining a portion
of mature individuals could benefit the conservation of the fungus. Set-
tingupnature preservation zones is also helpful to the species conserva-
tion. Identification of representative areas that harbor more diversity
and face more risks could make the conservation plan more effective.

5. Conclusions

The present study indicates a net loss of habitats of O. sinensis in
most distribution areas as a result of future climate change. These
predictions provide analytical evidence, rather than experiences, to sup-
port that the natural resource of O. sinensis is endangered by climate
change in addition to human activities. It provides basic information
for the development of conservation strategies for this valuable fungus
and shows that more attention and the priority should be given to the
areas at lower elevations and on the edge of the Tibetan Plateau.
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