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ecological and economic values. In this study, 160 recorded occurrences and 22 environmental factors were used to predict
the potential suitable areas of Quercus sect. Heterobalanus based on the MaxEnt model optimized by using ENMeval package
in R 4.1.1 to adjust regularization multiplier (RM) and feature combination (FC), as well as on ArcGIS software. We
probed main environmental factors affecting its geographical distribution. In addition, we predicted the spatial distribution
pattern of potential suitable areas and the trend of centroid change in the Last interglacial ( LIG), the Last Glacial
Maximum (LGM) , the Middle Holocene (MH) , at present, as well as in future 2041—2060 (2050) and 2061—2080
(2070) under three different CO, emission paths. The results showed that the parameters of the optimal model were RM =
2.5, FC=LQHPT, the model complexity and overfitting were the lowest, but the prediction accuracy of the model was
extremely high (AUC=0.960+0.15). Based on the contribution rate of Jackknife method, replacement contribution rate and
single factor response curve, the main environmental factors affecting its geographical distribution were seasonal variation
coefficient of air temperature (biod) , elevation (dem), annual precipitation (biol2), and isothermality (bio3). And their
suitable ranges were 435—625 ( bio4), 1792—3978m (dem), 670—1050mm ( biol2) and 41.5—50.3 ( biol3),
respectively. The cumulative contribution rate of these four factors was as high as 81.6%. In general , temperature was the most
important environmental factor affecting the plants of Quercus sect. Heterobalanus. Under the current climate conditions, the
total suitable area of Quercus sect. Heterobalanus was 62.37x10*km” and the high suitable area was 10.47x10*km”, accounting
for 16.79% of the total suitable area. It was distributed in Hengduan Mountain area of Sichuan Province and Yunnan Province,
northern part of Middle Yunnan Plateau, southeast Tibet and part of western Guizhou Province. The suitable area of Quercus
sect. Heterobalanus varied greatly in different times. And the currently potential suitable area was the smallest and most
fragmented, which might be caused by climate change and human impacts. The potential distribution area would increase in
the future, but the area under RCP 8.5 would decline compared with that under other scenarios. The results indicated that
global warming was adverse to the long-term growth of Quercus sect. Heterobalanus. At the same time, the centroid analysis

showed that its distribution would trend toward low altitude and move toward south under future climate conditions.

Key Words: potential suitable area; climate change; MaxEnt model; Quercus sect. Heterobalanus
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Fig.1 Distribution points of Quercus sect. Heterobalanus after data cleaning
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Table 1 The importance of environmental variables on the distribution of Quercus sect. Heterobalanus
JFe A Uk % AR E N %
Number Variable Percent contribution Permutation importance
1 SIRZEAT AR 3 2 %L Temperature seasonality (biod ) 25.7 54.1
2 SFHE Tsothermality ( bio3) 18.1 4.3
3 = 7FE Elevation( dem) 14.5 10
4 AERE K Annual precipitation( biol2) 12.8 0.2
5 Fe V% Z5 [ 347 Mean temperature of coldest quarter(bioll) 9.5 1
6 SR % Temperature annual range (bio7) 7.3 2.9
7 5% A B AR IRRE Min temperature of coldest month( bio6) 3.8 6.3
8 e 2= P oK & Precipitation of warmest quarter( biol8) 2.9 3.8
9 SRR H 38825 Mean diurnal range (bio2) 1.1 2.3
10 ST Annual mean temperature ( biol ) 0.9 0.1
11 [ 7K 5 225 AR fk Precipitation seasonality (biol5) 0.6 1.8
12 W5 Slope 0.6 0.6
13 He T H B 7K 2 Precipitation of driest month( biol4) 0.4 7.8
14 T ZJE IR Mean temperature of driest quarter( bio9) 0.4 0.9
15 2R B IR B Mean temperature of wettest quarter( bio8) 0.4 0.6
16 1] Aspect 0.3 0.2
17 ¥ Z=JK Precipitation of coldest quarter(biol9) 0.2 0.1
18 e A 0y B IR E Max temperature of warmest month ( bio5) 0.2 1.4
19 BN SR FE Mean temperature of warmest quarter( biol0) 0.1 0
20 I A %7K Precipitation of wettest month(biol3) 0.1 1.5
21 e TR A% K Precipitation of driest quarter( biol7) 0.1 0.1
22 I ZEREIK Precipitation of wettest quarter( biol6) 0 0
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Table 2 Importance of each dominant environment variable in MaxEnt model

b Ak TR % BRI %
Number Variable Percent contribution Permutation importance
1 SR ZE T A 3 28X Temperature seasonality ( biod) 31.1 62.4
2 = 7FE Elevation( dem) 17.9 10.4
3 47K B Annual precipitation ( bio12) 17.2 0.9
4 ZEVRAE Tsothermality ( bio3) 15.4 4.8
5 I T 22 3 F-4418 B Mean temperature of driest quarter( bio9) 7.9 5.3
6 S IRAFEE % Temperature annual range( bio7) 5.5 1.2
7 T-H508 H %2 Mean diumnal range ( bio2) 1.2 1
8 T H 3 F /K it Precipitation of driest month( biol4) 0.9 3.9
9 Y FE Slope 0.9 0.3
10 [k 2= M AR Precipitation seasonality ( biol5) 0.9 1.5
11 F% I 25 B [ K it Precipitation of warmest quarter( biol8) 0.7 8
12 Y] Aspect 0.4 0.3

1.3 KA ST 5100k

5532 Fl ENMeval £ (R4.1.1) XF MaxEnt SRS T 0 FE3E BN 0.5—4 (0B 0.5 B3k 8 Al
35451 ( Regularization multiplier, RM) 55 6 ~4#1F 2 & ( Feature combination, FC) , El; L . LQ .LQH . H LQHP £l
LQHPT(L 26 HE T W BIEFE .Q o~ H O Bl P BN T 22 M S AL A L 2R
ENMeval f s ik 48 gl AT S H0MM , &5 4% delta. AICe =0, RIS HA] A UEAT MaxEnt #EAE
1.4 BEAIDEAL

iz ] MaxEnt (V3.4.3) SR S50 5 LLARZH AP ETE A oA o B S A0 A1 OB csv 4% RN PR B 800
asc A& SO AR, 235 TID0 , BB A% 2 Logistic 23X, 38 B 25% 19 437 H5C88 AE A 455 750 (1 G 0 450
36, 75% W BARAE VI8 , 2 A0S 19 RM A1 FC 1, 4 10 K, HAb SO Ry BRI I T L, K5
K96 T R A MaxEnt #E885 H 25 5 4952 1508 TAERRIE I 2k ( Receiver operating characteristic curve , ROC) [
UAUC [EEATPFAS , AUC A ERME VI Ll 0—1, B0 R /s 00 25 S vl {5 Bl s ! . AUC fE<0.7, T30
455922 ,0.7—0.8, FZE 5 —M,0.8—0.9 , T &5 R AT, >0.9, BUUZS AR LF
1.5 @A XAEGR 5

P B A5 R P XA A AreGIS (A% 46 T H A H M ase 48 L4 Raster HHE 8. =%
KBRS AEXH T ( Ulmus elongata) BFFE 1R F Y 43 FEbm o | BIR FH P 34038 48 B 25 & SEBR 40 A X, f%
S A XA A PL T 4 D45 P<0.2 FAREA X 0.2<P<0.4 FKEAE X 0.4<P<0.6 Kyl IX P=0.6 4
AR X SR GE A ) A XY TR
1.6 WyAhidi A X =5 (a4 R 284k 5 B0 o B

SR BRI TR HE AreGIS Wl HGE AR IXEA T AR, BP AR E R <0.2 1 IX I35 s AN A X
WRAEL A 0343 A MR = 0.2 XSk il A= X, Ak 1, 45 2044 I A A9 A A/ AR (E R BE , 3 3L 0—0
HARGEA: X ,0—1 FpBrdis A X, 1—0 R R X, 1—1 AR B IE A X, PHAR ) 2 S 9F e LBk Al
WHEA TR et 51 5 SR AR AL E A S TE I, A 5k DR A A T AR L B L BT

BT FARTAEE iz ] SDMtoolbox T AR THIFAALAS [F] I S0P 7 38 A DX JUART rpC i B 284k, LA [F]
FSF 300 i LLVBR R A 0386 2 DX B AR AR ST 3 | IS WA [ st BT BRI A A LA ey s 7

2 ERE5H5H

2.1 BOROLAES R R HER PR O
MaxFEnt AT LERL )R VR L7047 I 23 S BUR T d BERLA . BIFSE IR T ENMeval £33 Tk 73415 25 1
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WREHEAE RM Fl FC (AR RIAE T2 IR UEAE . 3R 3 FTLUE ), SRR BRIA S 4L B RM = 1, FC
=LQHPT i, Dealt. AICc = 135.164 ;24 RM =2.5, FC = LQHPT i}, Dealt. AICc = 0, 5 ZRINSHA L, Avg. diff. AUC
FFET 29 20.6% ,Mean.OR,, F % T 2 37.8% , W24 RM=2.5,FC=LQHPT A fifi f3 4 784 (1) &2 ek Fnad #6145 72
FERRAR M RORS BB L PR, WP %68 RM = 2.5, FC = LQHPT {8 g 45 70 (1) S50 AT 105 . S B0k I
P2 523 E TAERAE I T 1A AUC 3R 0.960+£0.015 , 2% BHAR Y F00 25 55 0] {75 BE A 51

#& 3 MaxEnt 2 ENMeval {44 E M 515
Table 3 Evaluation metrics of MaxEnt model generated by ENMeval

B 5 S 03 i S —
%ﬁﬁﬁ ﬂﬁ'flﬁljbw(RM> th‘fE«ﬂ (=] (FC> E“R/J\{Hu_n U” 2}% AUC ‘:J‘Ujﬁt% lo%ﬂllé;ﬁﬁﬁ%i
Parameter seftings Regularization Feature HEN] AICe AUC - 2E1E Mean.OR
arameter setimnes multiplier combination Delta. AICc Avg.diff. AUC e
ZRIA Default 1 LQHPT 135.164 0.034 0.331
4k Optimized 2.5 LQHPT 0 0.027 0.206

RM . ¥ £5 55 Regularization multiplier; FC ;. #3fiEZH 4 Feature combination ; AICc; Akaike {5 B i #EN] The akaike information criterion corrected;
AUC: ZIXE TAERAE 28 N I X The area under the subject curve; OR o :10% Yl Zkist i % 10% training omission rate; LQHPT; £k ¥ F#1iE ( Linear
features , L) + "R EVEAE ( Quadratic features, Q) + F Bt fb ##1iE ( Hinge features, H) + I AU 4FAE ( Product features, P) + [ {E M 45 4E ( Threshold
features, T) ; Delta. AICc ; e /M B HEN] AICe The minimum information criterion AICc value; Avg. diff. AUC; Yl 2k 46 AUC 545 AUC 1 2
Average difference between the training and testing AUC ; Mean.OR : 10% Y1 2538 I % F-25{H Mean value of 10%training omission rate

2.2 SO e LLRRZH B A ) T B e A T

WF5E IR i MaxEnt AR5 H 45 5 IE I 70003k 04 18 WAL I 2508 25 DTk | 4 oa ik DA B B DR = e i iy
LKA 7 S AR A MR A 1) R R A R (R 2 K 2 81 3) o AR 2 FIET 2 v A BTk R ok DTk T
DIEH, SIRFTT AR S R A (biod) | iR (dem) AFFF/K I (biol2) AETEYE (bio3) M TTRR R 4r 314 31.1%
17.9% 17.2% \15.4% , B3t STHRFE 35 81.6% , B30 Tk 70 3 R 62.4% ,10.4% ,0.9% F1 4.8% , ZitikE| T
78.5% , LA I 4 A IS5 PR - 52 i ey LU SR ZEL AR A0 2 A 1) 2 IR B TR 7

O &fdE B UtEE  OERERE
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= bio9 bio9
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EMAEI 253435 Regularized training gain MK Test gain

B2 FEMEEFHIITERTR
Fig.2 Evaluation of major environmental factors by Jackknife method
slope : Y B ; dem : 2 5 bio9 « 5 T ZE B S R B s bio7 . IRAFER 2 s biod . IR BT HEAE 8 R 8K bio3 . R ; bio2 . V-3 U H 3522 5 biol8 . fik
W 2 B R 7K Ak s biol 5« /K 4 2= 5 PR 4K s bio14 s e T H 3 K dik s bio 1 2 EFK 4k ; aspect : B T7] 5 all ; A7 7R 4

BT Lk 4 A GRG0 AT B DA 5 A R DR 3 107 i e A B o 4 A A R B B PR
AR A AR A SR 2R AT LAY 463 75 e L BR AR B9 365 A XA AR R S T2 T 3058 X =2 ] B A S AR A 3
E I AAEAEREER T 0.5 WTAERA A THIR I A KSR L MR PR Wi o7 i 28 (P81 3) T, 2 i 1y
PEAZ ) R KL (biod ) /T 340 I, v ILARAAR AT AERE R L0 O, HAFAEME AR B biod AYME NI #2 & , 4 <R Z
WL R KN 456 I i LR ) 70 A1 AL 0 20K S0 {1, ahb vt oA L dmali AR A7 25 1, Z IR B biod (9 4k 223
R AFAERER BT, 55 1068 i, HAFAEMERHRAZIE T 0, DIAFEMERRT 0.5 il A= Aru [,
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LR A ) SR 2T PR Bl R B (biod ) MY il 2B A R 435—625, SR PEAE 3 R (biod) 251, /&
IR A AR B 2 (dem ) (AFFE K (biol2) FAETRME (bio3) BYSE I $2 i , 38 3] 5 A A7 W (1 Bl e
(dem) AFREZKER (biol2) FIEEIR P (bio3 ) B3 T FEAK , Fedd U (H 43 71 3366m ,805mm 48.4, & LI AR 41 AH
Y2 (dem) FodE 0 1792—3978m, 4F [ /K B (biol2) 538 1 FFl 4 670—1050mm , 25 5 M ( bio3 ) i 3 [l
h 41.5—50.3,
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Fig.3 Relationship between potential suitable areas and single factor response variables
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Fig.4 The potential suitable area of Quercus sect. Heterobalanus

in China under current climatic conditions

http : //www.ecologica.cn



16 4] FBEIA A T B R R AR Y T v v L AR AR A B g o BRS RSR A ARl 6597

BB SCLLPGACHR | W ZR G ER 5 DM ER T PR  FSREAK 2% ST PG SRR PG 350 2038 43 L IX 5 DO 1 o 1L Pa R A
ZPEHR AR BHPGIEER BT rb b H A P S ER AR BB A b X R R AR R R L R AR e A R
X I AR TR 30.96x 10 km? , i S5 A X T AR Y 49.64%
2.4 32 B AR A P AR A XA

5T LB H 6 IR TN s LUAR AL AUV TE S0 A . AR 4 FNIEL 5 W] LU i, ORI A oK BT 30 44X,
MR BOE AE X 68.90x10*km? (LIG) §" K F| 73.08x10*km?>( LGM ) , Fi-45 /N3] 68.31x10*km?( MH) , ¥ 7F B
A DT ARAE A YOI IR B oK, SR A3 I s s/ NS e 44, G vy 3 A DXORIMIGE A= X 22 BAH W] B 28 Ak
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Table 4 Areas of suitable zone of Quercus sect. Heterobalanus in different periods

AW ] ARYCHE

> 2050s 2070s
gt VKIILIC vk LOM f%%{ Eli
Period Last Last glacial Current
. . : Mid holocene RCP2.6  RCP45 RCP8.5 RCP2.6  RCP4.S RCP8.5
interglacial ~ maximum
IR R
{E&]&il: 29.58 32.86 29.30 30.96 33.35 31.49 29.34 34.10 31.76 31.37
Low suitable zone
HEH X
EplﬁLE . 26.04 24.87 24.26 20.94 22.56 23.87 25.71 26.04 25.40 26.47
Medium suitable zone
A
rjleil; 13.28 15.35 14.75 10.47 13.92 14.09 15.93 13.43 13.13 15.64
High suitable zone
JE A X
BEX 68.90 73.08 68.31 62.37 69.83 69.45 70.98 73.57 70.29 73.48

Total suitable zone
LIG: ARWRIA VK] Last interglacial; LGM ; A Y vk Last Glacial Maximum; MH: 4= 57t #P3] Mid Holocene; RCP; it 5 ¥k i ¢ 42 Representative concentration
palhways;RCP2.6;?Eni%1$ﬁmgﬁlzﬁi%% Low concentration greenhouse gas emission scenario;RCP4.5;?ﬁﬁ%%*%gﬂtﬁf%% Medium concentration greenhouse gas

emission scenario; RCP8.5 : il % S F vk EHERUE 5 High concentration greenhouse gas emission scenario
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Fig.5 Prediction of potential suitable areas of Quercus sect. Heterobalanus in different periods
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g
e

5t Medium concentration greenhouse gas emission scenario; RCP8.5: i A e HECIE B High concentration greenhouse gas emission scenario
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9.01% , AR Ak, 23 ik F] 18.02% F117.87% ., 2050sRCP2.6 F1 2050sRCP8.5 X FiM 5 i
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Table 5 Suitable distribution of Quercus sect. Heterobalanus under different climate change scenarios

Y ML Area/ (x10*km?) AR Charge rate/%
Period s e o e s o o e
Increase Reserved Lost Change Increase Reserved Lost Change
LIG 14.30 54.61 7.77 6.53 22.93 86.78 12.45 10.47
LGM 18.54 54.57 7.79 10.75 29.73 87.49 12.49 17.24
MH 13.27 55.04 7.29 5.79 21.28 88.25 11.69 9.28
2050sRCP2.6 13.63 56.20 6.13 7.50 21.85 90.11 9.83 12.03
2050sRCP4.5 13.79 55.66 6.67 7.12 22.11 89.24 10.69 11.42
2050sRCP8.5 14.12 56.86 5.47 8.65 22.64 91.17 8.77 13.87
2070sRCP2.6 16.06 57.51 4.82 11.24 25.75 92.21 7.73 18.02
2070sRCP4.5 14.90 55.39 6.94 7.96 23.89 88.81 11.13 12.33
2070sRCP8.5 16.76 56.71 5.62 11.14 26.87 90.93 9.01 17.87

AR . ERX PREFIX WX

6 AESEBEETHLFABERTHEHIEEEL

Fig.6 Suitable distribution changes of Quercus sect. Heterobalanus under different climate change scenarios
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ANBF R R, O 3955m., 2050 AFEAHES T A0 AR A RS, 1T 2070 AU AE 2050 A LAl 4k SE ) AR e i
% ,2070sRCP8.5 &5 F LA T 40 feie, 7 5.908km, 2050sRCP2.6 1 5 iR 5 2418 TH 55, 2050 4F H:
A 525 2070 4 =R AR SOB R T S AR R I RRAIC,

x6 ARMHELUHALGERBREUESR

Table 6 Alternational trends of longitude,latitude and altitude of Quercus sect. Heterobalanus in different periods

A AWK KU AT & 2050s 2050s 2050s 2070s 2070s 2070s
Index WL  WKILGM i MH Current RCP2.6 RCP4.5 RCPS8.5 RCP2.6 RCP4.5 RCP8.5
2% Longitude/(°) 100.68 101.26 100.90 100.57 100.92 100.86 100.88 100.89 100.93 101.08
L5 Latitude/(°) 23.94 28.55 28.20 28.37 28.23 28.15 28.26 28.09 28.20 28.08
8 Elevation/m 3717 3495 3426 3955 4131 2366 3261 3178 3073 3157
Z 85° 90° 95°  100°  105°  110°E gz 100°30" 100°40" 100°50" 101°00" 101°10° 101°20'E
apr e — ¢ T IS 2 6936 | Z
5~ % =
g £ S
{ 9 &
02 *‘\«k\ ?‘ & _
\\7\ e R 5
o o0
v & i
. = g
o, %m/, > = 3.629 + #3056 5
[+ LIG  22070RCP2.6 a 3721 >
¢ LGM = 2070RCP4.5 et 1 ) a
MH  *2070RCP85 § ' S 4419 25908
2050RCP2.6 ) & >
S| 2050RCP45 %LMM 7 RS 5
2050RCP8.5 0 ZZOkM;Zd 44945 S
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Fig.7 Location of centroid shift of suitable areas of Quercus sect. Heterobalanus under different climate scenarios in different periods
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