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Abstract: China is rich in macrofungal biodiversity. However, many species have been threatened in recent
years by human activity and climate change. Red list assessment is the first step towards species con-
servation. To protect this group of fungi, the Ministry of Ecology and Environment of the People’s Republic
of China and the Chinese Academy of Sciences launched the Red List Assessment of Macrofungi in China in
2016. A reasonable assessment largely relies on the sufficient information of species’ geographic information,
population numbers and sizes and population dynamics, which is lacked in most of macrofungal species. It is
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therefore necessary to employ new approaches to find and utilize more information for the assessment.
Among the assessed species, Ophiocordyceps sinensis, which is an edible and medicinal fungus endemic to
the Tibetan Plateau and its surrounding regions, has relatively abundant information. This species gained
attention worldwide due to its obvious economic value and its importance to local societies. A species
distribution modeling has also been an important component of its red list assessment. Here, we call on a
previous study that aimed to predict the current potential distribution and to project the future distribution of
Ophiocordyceps sinensis, and then we discuss how this modeling method can be employed in red list
assessments to predict the current potential distribution and the range shifts of other macrofungal species in
response to climate change. Challenges of using the model and possible solutions are also discussed. The
species distribution modeling method is considered to have great potential for red list assessments and the

subsequent conservation of macrofungi.

Key words: species distribution models; Ophiocordyceps sinensis; fungal conservation; biodiversity
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20164, JEFR I ORA PN o [ERL 7 Be 5 ) 5))
B KRR SR 20 (A S P I, 20184E5 22 H,
(PEAYZ OO R— KBRS B
KA o 244 5% E O B TAN19,302 K SR )
T iy 52 BUBMIR SLHEAT T PRAL, T D PR AL AE L,
6,340 ™) I O b Hdls AN I (DD), 7 VE A R R
£11168.16% (Wh— 15, 2020).

A MU Hi(Ophiocordyceps sinensis) t:—Fh i %L
a2 T, BB G H iRl 7
ELHi(Wang & Yao, 2011)jHh F4h R, 50 AH
PR E T PO I = HINSA X, Bk
RO R RE eI R BIEE L ASPREEE KR 4 b
DX(Li et al, 2011). & B G FR A FTAE T 80 ey i 2 A
2 KA AT I AR Py s, o DR G T 2
A2 GEON A, FEEHF T I A S R G e
Ve T R AR . 2Bk B R
P25 BRI ER 5, 2% e S5 ) A Yo T R A
AL o« SRAZ A d B R R AR A 2 B A 2 ) R
(Sharma, 2004; Negi et al, 2006; Winkler et al, 2008;
Cannon et al, 2009) LA S {728 k6 4 HUE L (1) 52 1)
(Shrestha et al, 2014; Yan et al, 2017; Hopping et al,
2018)AF Ak G e T M bRt o )2 Kk T4
SO N N A ECTE ) B IR AR A B S
PAREEYE, A A R SL B AR R, TN
P& BURE 2t B A O U ER AP AR ) 7 0T 5T B TE AR
YyFh(Cannon, 2011), &[0 A 2424 $E U0 HAE K
vp [ f) [ B (Zhang et al, 2012).

2 BT B PR AG R PR A AR RV A8 L
WMz —, W Ry A B (species  distribution
models, SDMs) 731 {4 Ut 5 557 jgli o 55 4 V1Al b
RAE T EEAEH, 24t T EZERERE R Ak
KRIYFLR LA A SR PRAL R OR S AT, ARSCRLA
BN, A28 T N FH A 53 A AR 2R FR0 K 7 LR
WAL 3 A X LA SR R A ARG 50T 70 A X AR 4L
EARIRE R 535, LAY A n] BEAFAE 1) ) 2
filt R T5 %, BRUTIR A AT AL K T L 52 P 5
PP AR ORI ), R B B2
ARV AR RS

W ol 53 A R AR SRR A 356 42 25 A B (enviro-
nmental niche models, ENMs). 4= 3% i ‘B B A5  (hab-
itat suitability models, HSMs). ¥§7E 4245 7 A ki 44
(potential habitat distribution models, PHDMs)%%(Gu-
isan et al, 2013), EEAKIEYIFIILA 1153 A {5 BA
NG A, B IR 8 B SR L A IR
R, fhvH R A A T A A, AR
JE BEK. g REAEAE, BRI MG AR B M
PN VA S A BRATUR ARG 57 Wk 3 A X ) 22
A, AR AP B Y R
Ay b RS 7570 SDMs AT 7 4 i B B
BRIV R BRI AT A AR
18 5T PR AT X AR R, R IR VP AL T
AR .

2.1 BEEFERIEE
Yy ih 53 A A5 1Y 43 B A0 355 itk 20 A1 B4k (oceu-
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rrence data) [ 3RHX . 5548 B (environmental vari-
ables)[FIEFEFNEL I AL . BB EBEFNPEMY . Rk
{4 5% (representative concentration pathways, RCPs)
BT WAk £ R TS LA BL. YanE
(2017)R} & dU 52 FEY) P I3 AT R 73 B 530 S ad A WL
HEBEIT, AHICACHS 27 M Sl https://github.com/saltp
awpaw/OS_distribution_modeling/ I A7
22 EEISMERRELEIE

B2 RS T A R B RE A AR WAy
A X B AR SR AR A 5 4 HUR B A X[ AR
iy, It — R T R g AT I .
Yan <5 (2017)%F & B BRI A7 1 3 Bt 45 8 S
UEJT R AE 2.
2.3 ZHEESZRMER TG

FESE BER R L 21 4 s vl b, &
BT PR AE EAR 78 2 Ahz —o JLHLBE 3 A W]
i, FED AR 2, KRBT B S )
R R T ZFE M STE R . AR
FHO, A AR A AT e A& d S B R R 43 A 7 AR
KFEM(Yan et al, 2017). & T4 10, Bk B RA% A0
S G M A& B R 3 A (1) EE 52 TR 35 (Hopping et
al, 2018). MbAh, MEBH. RAZE SR IKE
TRAGEA « J5t B AN T B A AR SR B ) BEA it i 1

HEE: YanE(2017)3 & HE B F D TR B FT7 i E R TE:

1. BERE MR Yan35(2017)IL48 M 1 40 3 op B A0 Je v R 9
VAT 7 5 A MU RN [ 43 A1 DX RN A B 2 20 (¥ 2 18 4% 1 4l 43 Al
il

2. MR MERE: Yan®E(Q017) 294 M HEf . T i
ok BRI A S IR T 17N, IR BT R R
T3 R 30 s (LA km x 1 km).

3. BTG AT 7 v RIS R R £ Yan %5 (2017) A F 43 260 43
(classification tree analysis, CTA) J~ XN A% (generalized
additive models, GAM). |~ X 2457 (generalized linear models,
GLM). % 7t H &N AE 4k A (multivariate adaptive regression,
MARS). f AR (maximum entropy, MaxEnt). BEHLARH
(random forest, RF) 6FpHIF T 72458, SRR L
B )5 9 i 1R MaxEnt 458 288 11 3 Ffr RF 450 84 #4) 4 41 & 155 24
(ensemble model, Aratjo & New, 20071715 J& IR0 4T

4. ARAAFARANE FEIE PR ML XS AN [R] AR 7R 75 568 o J5L
DA (K PEAl 45 S (Su et al, 2013), YanZ5(2017)kF54
KGR (general circulation models, GCMs) & H-F#41H
X ARRAFEAR A 5 T 4 DU R AT X AR A BEAT TR . R
KAMEARALNEFILRCP2.6. RCPS.5 ¥ Flb o i HE SO B, il
W7 BT TR AR 20504F 20704

HEE2: YanZE(2017)3 & HE B FH D HARBL D745 R R HIIE:

1 BERL I By 45 AL W) B I 2 B K (PWAQ) « B I 2= 4 ikt
(MTWQ)- fitit Z5 B /K (PWEQ) AN FEANH ) 7 5% £ (HV) A& 5 )
AU B A I RN IR 3R, G AR AR AR R A T v Ll B
O R LE M, 3@ A 3 - e D = Rt & R
MAEAE AT X AR RIE T P WU, =r. HlS
AU S ALK R R JE /R . EREE L ANFHLL R A i
X fE YU 5t (non-dispersal scenario) ¥, & HE
B AEARK = ARG ZEL36%-39%, 551l
% KA DO A TG & 4 U R K

2. RS, R TR ) PR AR i 5 O AT AU S I B
Hr; AT S 98 A 43 A DX I i S i iR A R STk e Sk —
(L et al, 2011); ABERITRIN H 125N FE S0 P F048 X R 4
AT L) 5 H AT T R0 7 X e i A — 8 A Ry
ATE PRI FA T BT A B AT FACBH P52 T o 1) B A 45 St A 45 2R
FEAT . LA B4 A m] UGG RS 73 B 1 R Sk

LN FBAEAF RS 58T A& RE oA
A R AL o HRPRTUCNZL 4 4 S PP Al b vt v A A
FARE, W STl R REAT I 22 BOR KA BT D,
AN TN D (1 A2 SRR TR S Al
BRI S5 5, D IEE> 80% RN nT VAl fE, >
50% A VPR WISE, = 30% VT4 5 fE . FEBRATT 2 4 kRt
A HURT B R A S R AT R R, AN TR PRI SR AR
8y S e A& S R PR TR ) R B b . i
FRETRTR, A BB B 43 A DX 52 SR8 A (1 5 e 7
Ak = TLHFEHN A BEZEA36%-39% (Yan et al,
2017), XM AN 1. W R AT e
(s PR 25, A HUE o) A DX RIRR R 1) 25 45 ] e 2
I 50% 6 NG ). 48T 4 U BAR XS
TR IR YA AT, HAM AR ECK,
ORI REHIE, A2 U 55 90 h o 1a,
VAL 3 A AR “A2acd + 3ed” (R 1)

3 HEE S HTHIRR

31 HHEEE

KEMFFLF B, SDMs it 75 T 4 F (1) A= 25
P PETE AT X LR AR A 5 20 A0 X 1)
AR T ] DR L RS AT . (BT SRR AR
R, RO A5 R RS R A T E . A
Hedh 4% %2 K 2 5% (Moran-Ordofiez et al, 2017).
I3 AT 7 SDMs 73 HT R R, AR BT T B 20 A1
SR BB B2 BERG, 0 WA 3 AT Y T DL AR B e
(V75 5 B A T, AL 0N Fr) &5 AR T S . TR R )
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AT, JUHE IEE I B S bR o AR X A1 1) 4
A s A5 U] R S U0 45 B H I T (22 (Foody,
2011)o FHTAH G STHR o A H 5T R 23 ATt el (1) i sk A
ARG, b B2 4 RS S, 85
SCHR A 2 I ER T P s e R B R SR
S R R BRI FE M ATl sk (L et al, 2011),
Eb 41 38 43 ¥ 4R AR 3,000 m R 43 A s (S 1) B4 45
2009)%%, DAL FATTAE PO I = 22K T AR LAl
S A0 S ) oA A S, BL DR A )
SCHERIRIE ()0 AT O o W HAB KRR B R,
TR PR A ) EASEREF ST AR, KR 5
A {5 IR AR B = (25485, 2020), SDMs/HHTHE— &
FREE B30 T5 BB SCHIRBUAR A e sk . SClkid sk, TH
AR A L S At e 11 43 A H s o T R A7 AT IR 4
% — 7 THI AT DAE ik A5 Y 43 A7 5 7 1250 Bk (A ggarwal,
2013; Liu et al, 2018), B— A= FRK B LIS
5P 80E i (A% . R SDMs o #T S 7E — 8
FEPE b AT DABRAREL 5 48 S VPAl b6t P 43 A R Fef
FESN AR AR RO, (R H AR 4k 2 Bt W)
FloR UL, CA WA i I8 A 2 LHEATSDMs 7 #T,
R KI5 It R 2R A [ U A AR AT . KA
B TEHFR A R G, S A Bt 2 ke
B2 Yo AT B 1A 0E AT
3.2 HEEFNAERERE RS ERRZA
BTS2 BN A B R R, B R, A
A 2 N A S s R A i v Sk, T
BRI 3 b oK B2 R AR A A () AH B VR S DR 2%, Y
FOUM S 14 7 A e FELR TR AE K 22 B0 Bl R LG SE B
(] 4347y [l 5 ] (overestimation, Pineda & Lobo,
2009). 7EA B R BT R, FRAT11S 2
YR HT LR A B T SCHIRIRIE (1) b s Ak, 18 2
K644 B T T A ic SR SRR 8 B SC R, 1K
Forh B T A R — 2D A DA, K
0553 5 ) e 2 B i e e ) R DL A AR T
3,000 miPFJHBIX A KA e & RO B0 A ) (Li et
al, 2011; Yan et al, 2017). TR H 94 H 5 806 AR X
EHAN3.54 x 10° km™ 0] fg KT SEPR IS AR T,
IR P 0 25 S N 2w R o RV R 1) A A
FELFH 23 A1 T AR /E SDMs 73 BT AT g 43 5k 2 52D b
Fe A, AR IRY o0 B A PR R 43 A DX AR e 5
5 S AE D052 S0 55 G VEAS ATy v] R 5 AR A,
JE AL IR A0 R LB VP AL 5 Rk = FLXE LSRR 1%

BT, SDMs i #4623 A X AN FP R AR A0 A5 5
RN EL,

TERRAG AN W] S PR P 45 5, 9 DAY ) il
BR 1 43 A1 50 R R 7 2 R A, B IR IR
TR BT R A AR B AR ()% J2 SDMs 7y
FTIIARZ L, AR PR n e ™ A 22 e AR K R 25 2R
H SDMs 7 #r T ik g ar Lk, © A7 2 i A [R5
BT RIS FH (PFARARSE, 2015), A5 B i 2 vhont
AN TF) A R () VP A& 0 AN T 2D (1), ROC  (receiver
operating characteristic)FITSS (true skill statistic){f
R DN 2 A5 AR R 56 1K) 5 ] 75 % (Hanley & McNeil,
1982; Allouche et al, 2006). FRib #h, KN EEF
>) 5% (machine-learning  algorithms) DL J2 41 A 455 74
(ensemble/ consensus model)th & £ /=y Pl 45 AL HEAf
M)A %07 20 (Marmion et al, 2009; Kindt, 2018).
ShresthafiBawa (2014)% 8% F Fp— 155 7 5 AR5
RUGT AARARAL NG 50F JE W R & dU = 5™ b [ A8 4k
HEAT T, 4 5 Rk FH A G A A Tl 1) 45 2R (Yan
et al, 2017; Hopping et al, 201 )7 7E . & & 57, W&
(1 FTI &35 2 5 S bW BABRAZ N D3I K S 22 56
WU ANRF, 77 A Fh o2 S i) B DS, B T F 23 A 4
PEANIF S, R 16t 2 T (1) 5 ) DR 2%

W) G A AR IR T ) e 36 A e R JEL AR Ak R
AL ISR 1, T 2R AH BAE . P
(TR HRE T« WP BB PR 1 fig 0 45 oAt
Wi A A1 ) FE DA 3R (2 [ RAE, 2013) B AR AR BL
B2 PR AH EAE IR 56 e m) RN T A AR AL AR
W, RS 7K SRR 4 A SR (R ) i B
BB RE S, KR B AT AL RE 1T
FEERAL Iy 807 M OGS A& i B R,
Hp 22 AR ] LAAE L AEis, (R AT VAR B 7R 2
FMZH. &E R FIR 2 R AR
(Wang & Yao, 2011), iLFHE AR, AR KREE
2 R A AT OIS OB R B I RE ) . PR,
FRATIAE & de 2 BRI 5T 6 ) R H 4 i
(non-dispersal scenario), 5 TiMll H FR1HT 3 43 Ay X AR
Sl v & L e U R TR S N T P | /S RE R NI A
(Yan et al, 2017). H FR & L BAT A BT 20 Dyt
AR EAE H S WM B 5 5Re ) T8 1 o8 R AT
WEFT, AHAE LY H] SDMs il I 25 F6) R 2L 50 18 kAT 32
JMAEOPA I, AR S PR DL R HL A
ZRY L A PR HEEA R R B
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Table 1 Assessment information of Ophiocordyceps sinensis

53J5HufL Taxonomy

4 Kingdom [7 Phylum
LW A Fungi
24 Scientific name
1304 Chinese name
4 N Species authority

4328457 Taxonomic notes

PFEf5 B Assessment information

ARG >/ YN (EE
Red list category & criteria

VEAL4ELY Year published
PP H ] Date assessed
PEEN Assessor(s)
% N Reviewer(s)

i Justification

HF /> Geographic range
434X Range description

43 4iiE 2K Countries occurrence
A& Range map

% Population

FHEEBURE Population size
FhEE43A Current population trend
M4 B Additional data

ZE5% Habitat

AEB% Habitat

EA RS Ecosystems

HARAEFR Generation length (years)
FBLA# Use and trade

Bk i% Use and trade

B F Threats

FEZ T Major threat (s)
fR474738) Conservation actions

{R3'473) Conservation actions

THER ] Ascomycota

2N Class H Order #} Family
BEFER 4N Sordariomycetes WEER H Hypocreales £ Hi 7Rl Ophiocordycipitaceae
Ophiocordyceps sinensis

ZMFE

(Berk.) G.H. Sung, J.M. Sung, Hywel-Jones & Spatafora

= Cordyceps sinensis (Berk.) Sacc.

=Sphaeria sinensis Berk.

TR FR Hirsutella sinensis X.J. Liu, Y.L. Guo, Y.X. Yu & W. Zeng
anamorph: Hirsutella sinensis X.J. Liu, Y.L. Guo, Y.X. Yu & W. Zeng

% 1& Vulnerable (VU), A2acd + 3cd

2016

2016/9/27

HFECH, 284 Wen-Ying Zhuang, Yi Li
RN AR Xing-Liang Wu, Chun-Ru Li

FAR T HAB R PR ECIR, A U RLSp AT VG AR e BRI B s, i TR B R
TR, FCRHEaE B W] R I, ﬂ%i{%LwﬂﬂT %T/LWIJFME*%&?MHUH’J@LEE, AR
WS E A R F MR RAEAKI = T EA T RELBI30% L L.

Ophiocordyceps sinensis has a wider dlStl‘lbuthIl, higher population density and biomass comparing
with other Cordyceps s. 1. species. The population density was observed to decline due to

over-harvesting, and its distribution was also reported to be affected by climate change. According to ‘_lﬁ
a study with species distribution modeling, over 30% of its current habitats will be lost in the next 30 'E!z:

to 50 years in response to future climate change.

Hilts & PU)Il. = P Gansu, Qinghai, Sichuan, Yunnan, Tibet
FEL JEIH/R. ENFEL AN} China, Nepal, India, Bhutan

IR Decreasing

g, EL#EM  Alpine meadow, alpine shrub

221 A precious edible and medicinal fungus

S AR I JERAS Climate change and over harvesting

PRI 1990 B AR AN AR AL 55y [ FARF IR, JEA A BRI R B . 12
XPPIFP PR S A BEAT WY, B RS RO ORGSR R R, U H R 1
T RERIZRI, D RAZIE Z0S FCAR SR (R

Ophiocordyceps sinensis has been listed as endangered species under the Chinese Second Class of
State Protection by the State Forestry Administration and Ministry of Agriculture since 1999. Part of
its distribution areas is now covered by nature reserves. Suggested conservation actions include
monitoring the bacterial population dynamics, selecting suitable distribution sites as natural reserves,
developing essential protection measures to reduce the influence of collecting activity to its natural
habitats, especially to prevent over-harvesting.
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SDMs 73 #1 &5 FAN e S = fige A2 A0 0T e 1) 5%
Wi, N 2% 2 5 20 Ao IR Ak H e e vk i
SDMSHFATA VAL o ) & HUR Bk it o BERA2
ik P TS S A S b BT S e o) A R BT R e
FER At — 3 1520 (Yan et al, 2017; Hopping
et al, 2018). KNI TLE WAL IR0 554 5 1 1y o o
WU, REA A HEE RS, IR
R DR B KA, AR AR A T A 52 0
TR ETE A RS T o FRE LRI A,
YA EAT A I 2 TN SRS Bl R B LB R
W) ) L IR AT

2 U R SDMs 73 At SE e WY, 7E 1 DR 4 A
a3 A B O HERA PR 7 55 B TR T, seanl LA
KIS FLTR HET A SDMs, by K70 B0 18] 52l Jop 25
RVEA M R ORI AR B A S R . R
SDMs 737 1 S W FH I A7 AR & ) (Aratjo &
Guisan, 2006), HHAER LA F AR AL 38 A4 H 7
D3 A b AR AR A 348 7 TR 25 AN v AR AR
Mo fEZhtEYHh, SDMstl) 32 N FH T W Rl 48 40 A1
DX [T (2 A A, 2018; 45, 2018). A fEAR
TS 5 NP A X P AR 4K (Barrows et al, 2010;
Liu et al, 2014; Luo et al, 2015). 2@ F i) £
AU BRI OEHESE, 1994)5 . R, REURATFIT
aE AR >, H ArA WL T 4 B 5 B (Shrestha &
Bawa, 2014; Yan et al, 2017; Hopping et al, 2018)#/
¥4 (Polyporus umbellatus, X5 5255, 2014; Guo et
al, 2019)F1#2 1 B%(Tricholoma matsutake, Guo et al,
2017)55DHLN P . B 00 K B EL R OR G )
HAL, LK SDMs T 7 iAKW 5 35, A1 SDMs
FER AL DR AP 2 A7 Blok )2 (N ], SDMs
IR IRAE K P SC TR 2 U S 0PN KA XU VT
fliv W2 FEERY . ASE IR XS 55 T TR 2
HEZMHUHGE . BrIbZ 4, SDMs/ T 45 R4 &
W 1) 22 B 23 A3 23 AT 38 ] DO ) R o ok 1) 22
PRI Ak SR AT T, D R4 DR ik . PR SR
e P25 . SDMs/r#T 45 L 45 & W Pl b e 2
J5 e LBl A5 AR Ak 1) S b R 0 &5 Sk A B FRRATT T
i DR 250 L ) T A e, SIS TR Y R B U ) B
AT
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