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Large-scale landslide susceptibility evaluation in upper reaches of Minjiang River based on
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Abstract: Abstract; [ Objective | Accurate landslide susceptibility results enable precise prevention and control of landslide
hazards and risks. In landslide susceptibility evaluation, selection methods for different landslide negative samples represent a
critical uncertainty factor that affects the prediction accuracy of landslide susceptibility. [ Methods ] Taking the mountainous area
of the Minjiang River basin in Sichuan Province as the study area, data on 881 large landslides (>106 m’) were compiled
through remote sensing imagery. Thirteen landslide evaluation factors including topography and geomorphology, basic geology,
hydrogeology, geological environment, seismic parameters, and human activities were selected, and factor redundancy was
examined through collinearity analysis. Subsequently, landslide negative samples were selected using random sampling across the
study area, sampling in slope zones below 10°, sampling in areas outside 1 km buffer zones around landslides, Information Value
(IV) method, Support Vector Machine (SVM) method, and semi-supervised method, with the same proportion as landslide
positive samples. These negative samples were further coupled with the Random Forest (RF) to establish Random RF, Low-
Slope RF, Buffer RF, IV-RF, SVM-RF, and Semi-Supervised RF models for landslide susceptibility zoning. Finally, the
prediction accuracy of different sampling models for landslide negative samples was compared and evaluated using the mean Area
Under the Curve (AUC) value derived from the Receiver Operating Characteristic (ROC) curve. [ Results] The results showed
that; (1) the high and extremely high landslide susceptibility zones obtained by different sampling methods for landslide negative
samples were predominantly concentrated on both sides of the river valleys from Wolong to Yingxiu, Miansi to Gu’ ergou, Heihu

to Musu, and Diexi to Songpan. (2) The prediction accuracy of landslide susceptibility using different sampling methods for

landslide negative samples ranked as follows; Semi-Supervised RF (AUC=0.971) > SVM-RF (AUC=0.954) > IV-RF (AUC=

0.945) > Buffer RF (m= 0.902) > Low-Slope RF (AUC=0.895) > Random RF (m= 0.882). (3)The selection of
landslide negative samples in low-susceptibility areas significantly enhanced the prediction accuracy of susceptibility. Compared
to Random RF model, the values of the Low-Slope RF, Buffer RF, IV-RF, SVM-RF, and Semi-Supervised RF models increased
by 0.013, 0.02, 0.063, 0.072, and 0. 089, respectively. [ Conclusion] The Semi-Supervised RF model exhibits the smallest
standard deviation (0.004) and the highest mean AUC value (0.971) , demonstrating optimal stability and prediction capability.
This indicates that the semi-supervised sampling method offers the best optimization for the model. These research findings
provide references for selecting landslide negative samples and establishing models in landslide susceptibility prediction,
while offering theoretical support for landslide risk assessment and disaster mitigation strategies in the upper Minjiang River
Basin.

Keywords : landslide susceptibility prediction; sampling strategy; random forest; semi-supervised method; model averaging

method ; Minjiang River Basin; landslides; influencing factors
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Fig. 1  Geographical overview and landslide inventory in

the upper reaches of Minjiang River
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Fig.2  Schematic diagram of different selection methods for landslide negative samples
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MOFR=1 K, FWAGEFMELIW ) gt MR
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(1) MBS R, HJE HS P R MK 30 m DEM
HRI, 25T M A R 3R 20 25 A& 6 (a) —(e) TR,
T ARBA AR RN 3 2 Frd), MR YT b 30 o ol e A
HFanE 6(a) i, 761 370~3 170 m 3t FEl P 451 %
FAE(FR) KT 1, TWAE770~1 370 m 13 170~5 931 m
IR FRAE/ANT 1, BRI, W8 b g R 0 7t
e AT Se T IS AR A R A, 7 v Ll kb S0 2 s 1
STFR I E X (1 370~3 170 m) & AR A R, B
JERFE 6(b) firzn, SEEFERT 30°/) FR AKX T
1, WEE/INT 30°RF /4 FR {E/NTF 1, FR{EFEE Y E
HEINTIRG A, R WII B RBE T I e A SRR, B
A 6 (¢) Fras, 43w o8 2 PRI B, FR
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HATF 1, fTEREImE, FRE/NT 1, KHEEY
BAAEVE PR A1) A (W 2) , B T 1) B
YRz WL H AT S B BGRE, MR 2 X
™ MZRAE 1~59 f-53~-2 iF, FR{E KT
1, MHRE-2~1 0, FRIE/NT 1L 2), BWA
P T U AR B R OK, W e A AR R = [ L
Bl 6(d) ], MR BE sz i DX bt T Ay ke AR A2 Ak [ L
K 6(e)], HIEAARIEM FR b5 HIE F AR 1 K
WK, MG EIREEAE 750~1812 m B, FREKRT 1,
1E0~750 m I, FRAE/NT 1( WK 2), R ERL
PR 1 X A 1 5 AR R TR

(2) FEf b 5T R 2R T 2 M A A T B S R b
i, DARET 2 0 R R R At b 5 PR R () AL bR 2
—, WmE6(f) iR, BEWIZE R 0~2 500 m B,
FRAERT 1, HEEWZEGTR;, FREK, 7EHHT
JEREES>2 500 m B, FRE/NT 1, #5755 W12 M
XS ) e A T (WL 2) , HBR AR T A A
B IR0 SERRRE | KA AE R AR AR I Y
R MR A TER TR 6(g) B, YHLE N
Z.REBR. ARRES BERENE LK, FRIERT
1, FEmizb 2R MR E R (L& 2) .,

(3)7KSCHLR R R . HIRIR R B (TWD) F6 7 T
TN BRI R, Y TWI 7E 1.8~3.8
55.8~7.81F, FRIEKT 1, 7£3.8~5.8 5 KT
7.8 W, FRE/NT 1(WFE2), RUALEh% R
IRy KA, TR IK R AR A AR v
MR AR AT, R i im s BRI R e
PR, BRI, DAFEIRTI Y R B A oK SCH T R 2R i i fk
Tebrz—0 ) HERH AR T 6 (h) Bk, #
TR BAE 0~1 600 m i, FREAT 1, HEEWH
TR FR (AR, ZERT1600m B, FR/NT 1,
FE A BT A Y XI5 R (W 2)

(4)Hb R R R, M9 HE S35 5 (NDVI) $8 7R
THFFE X AR A A DR 0 AN S5 Y Y N
HFE 6 (i) Fias, 4 NDVI {HAE-3.95~0.3 i},
FR{EKRTF 1, £ 0.3~0.76 i, FR {H/NF 1 (0
F2), UBATERE R/ 1 DR B A B

(5)IFERAMHZE . AR ATBIR A AR A 2546 fn
REEAREME, AR FE, LI RE 2 W (E hn ok B2
(PGA) Kt G s B[ WLIE 6(g) 1, 4 PGA K
T 0.20g B, FREKT 1, 7£0.04g~0.20g 5}, FR
H/NF 1, 4878 16 M B2 36 BR X0 W 3 & A AR R 45
(W 2), FEFPEER S AR 53 mE&E k7,
R N =R B R =S 53] 3 TR IR (R 8
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Table 2 Classification of evaluation factors of landslide susceptibility in the study area

Al we R T Al , HERL &)
wy | eow ) G BRE e | R e o] BT TERC e
770~1 370 1.07 9 0.95 -53~-8 0.43 9 2.37
1370~1 970 4.51 143 3. 60 -8~-4 3.97 47 1.34
1 970~2 570 9.52 254 3.03 —4~-2 11.46 120 1.19
— 2570~3 170 e 17. 14 303 2.01 -2~-1 ‘ 14. 08 110 0. 89
3 170~3 770 32.39 147 0.52 M % -1~1 JELEH | 42.35 327 0.88
3 770~4 370 27.53 24 0.10 1~2 12.79 119 1.06
4370~4 970 7.42 0.02 2~4 10.70 101 1.07
4970~5 931 0.42 0 0. 00 4~8 3.78 39 1.17
0~10 5.16 3 0.07 8~59.333 0.44 9 2.32
10~20 16. 14 47 0.33 0~250 2.03 2 0.11
» 20~30 28.75 186 0.73 250~500 15.17 61 0. 46
f%fi 30~40 LR | 29.85 320 1.22 o 500~750 33.51 246 0.83
40~50 15. 56 233 1.70 e 750 ~900 LR | 21.63 218 1.14
RE/m
50~60 4.04 81 2.27 900~1 150 22.13 275 1.41
>60 0.50 11 2.49 1 150~1 400 5.13 70 1.55
M 0.16 1 0.70 1400~1 812 0.39 9 2.61
it 11.26 86 0.87 <500 4.48 69 1.75
& db 12. 04 96 0.90 500~1 000 4.29 63 1.67
S 14.09 127 0.92 1 000~1 500 3.96 56 1. 60
f%f? K B | 13.38 100 0.85 o 1 500~2 000 3. 66 42 1.30
3] 11.98 103 0.98 &/ 2.000~2 500 | JELEHY 3.37 49 1. 65
i 11.87 130 1.24 2 500~3 000 3.09 24 0.88
[} 12.75 131 1.17 3 000~3 500 2.87 23 0.91
g 12. 47 107 0.97 3 500~4 000 2.73 36 0.95
1.8~3.8 8.76 133 1.72 >4 000 71.55 519 0.82
3.8~5.8 56. 52 446 0.90 0~400 13.97 143 1.16
- 5.8~7.8 o 23. 64 244 1.17 400~ 800 13.58 286 2.39
7.8~9.8 6.90 51 0. 84 &3 800~1200 | . .| 12.98 159 1.39
i LT
9.8~11.8 2.14 6 0.32 #/m 1 200~1 600 12.08 107 1.01
11.8< 2.05 1 0.06 1 600~2 000 10. 85 57 0. 60
-3.95~0 51.73 475 1. 04 >2 000 36. 54 129 0.40
0~0.1 20. 51 146 1.11 695 ~730 5.83 75 0.92
0.1~0.2 10. 45 108 1.17 730~ 760 22.39 251 0. 89
NDVI 0.2~0.3 o 6.71 71 1.20 p— 760 ~790 25.01 147 0.67
0.3~0.4 4.92 32 0.74 ' 790 ~ 820 LR | 23.53 209 1.01
M/ mm
0.4~0.5 3.43 29 0.96 820~ 850 16. 54 123 0.84
0.5~0.6 1.82 11 0. 69 850~ 880 4.35 37 1.27
0.6~0.76 0.45 9 0.87 880~ 1 067 2.35 39 1.88
Q 0.79 9 0.74 0~300 4.66 77 1.88
N 0.05 3 0.44 300~ 600 4.41 148 3.81
E 0.23 0 0 T 600 ~900 . 4.26 133 3.55
J 2.46 0 0 #/m 900~ 1 200 4.11 86 2.38
T, 46.92 216 0.52 1 200~1 500 3.97 62 1.77
T, 14. 40 78 0. 61 >1 500 78. 60 375 0.54
2 T, — 4.55 31 0.77 0.04~0.2 69.13 348 0.57
Fayin P 9.59 167 1.98 0.2~0.4 14. 34 173 1.37
C 3.31 32 1.10 0.4~0.6 5.50 70 1.44
D 8.31 144 1.97 T? 0.6~0.8 LN 3.16 96 3.45
S 7.18 133 2.10 0.8~1 3.48 125 4.08
0 0.03 0 0 1~1.2 2.81 54 2.18
£ 0.11 0 0 1.2~1.72 1.59 15 1.07
Z 2.02 68 0.83
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Fig. 6 Evaluation factors of landslide susceptibility
RHEPEM T [ WK 6 (k) ], ML4EMEMETE 790~820  AB THESBEEIOESNA LN EZ —, AU
mm 5 850~ 1 067 mm I, FRAEKT 1, MifE 695~  FEIABGEEBS Mt AR TR WK 6(1) ], 4HEIA
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Table 3 Statistical results of landslide susceptibility grades under different selection methods for landslide negative samples

& G KAL) FHL RF K3 RF X RF IV-RF SVM-RF LB RF
W % 61.58 60. 69 61.59 37.80 49.03 59. 06
55 A X T i 10. 15 11.34 11.17 5.28 13.07 7.52
% ﬂf 8.49 8.10 8.01 5.72 7.75 5.34
= 7.76 7.84 7.63 11.35 9.23 6.36
W "= 12.02 12.03 11.61 39.85 20.92 21.72
o A 2.12 3.19 2.80 5.02 2.63 0.46
e i 4.76 4.15 4.33 1. 60 2.79 0. 84
[ /% T 5.07 4.49 4.50 1. 84 3.82 1.30
= 10.97 11.39 11. 87 5.05 11.21 3.40
W 77.08 76.78 76. 50 86. 50 79. 54 94. 01
T, FRAAMCK, TMPYIRIERKEE KT 1 500 m B, FR -
{E/NF 1, UERHRRE FE AT A W S AR (W 2) — ] BiHIRF  —e— BGALRF 100
60 [ %} IRYERF  —— {iE 3% ERF
N W S e XS W XRF —»— 21 [XRF —
4 m&&i%}%ﬁgk Ii'tl’:l:m X 50 | :I IV-RF —«—V-RF 80 <
L -~ S [ | SVM-RF —e—SVM-RF 2
ASCGHEIBEYL RF, K RF, Z 0l X RF, IV- % 40 [ REEME ——RreRE ) 60 &
RF, SVM-RF Flf i RF BOEGHSTIRVE EUs ey 8 £
I . X o 30
W S 5 & XA A AR R K R -
19.78% . 19.87% . 19.23% . 51.19% . 28.08% . ¥ 2 20i§
23.08% (WA 3 A 7) o ANIF] 1 3 GRE A R S " .
G RF BRI AR 2 A T 3% o & X B B4R v T Wﬂ ] H( 0
DU DA & (UL 8) . (1) EMEFH M F B, £ 0 A 1% I o WS

BT PO = K R = (AL —m 55 B 24 ) E A,
PGA {HAE 0.80 g~ 1.72 g, AbT = 72 B W5 (R0 i o
X, HEBEh s LE 14 km DL, J2801H5E
X R AR R BT R E R A X
(2) #EM—E L S — R BB, B T AR ik
B LA s, MR A T BN TRCE . A
B, TERETN . MR LLROT T UMR AR R A A T
g R AR, (3) BIBREEARGEE, 2B
BT, WEBYRE, K X I E AR EAE 1150 ~
1812 m, YEJERT 400, MR K HILBEERE, Hb
BEAEEEERTHCE . G, 52 RS
A ZRERE, TR m ALK (4) SERE RN
WB, 2B AL IR T W 2, MR A E B T AL
. lRES, SREMTEE S RERIR 7.5 9t
B SEUR RS, S KRS, XX e’
TE 1 370~4 390 m Z[0], VRS ARER K, JE R 3
e AU i X

WY AERE AL RF . K3 RF, 220l X RF,
IV-RF, SVM-RF F12- Wi RF #5580 e 0 S i 5 A
1o o 2 4y DX i 3B TR o A BB 40 5 R 88, 05%
88.17% . 88.38% . 91.55% . 90.75% . 97.41%, %
FIASSC AN ) 9 B SRR AR SR AR SRS G 1) R S LA

52

B7 ANEREMEST

Fig. 7 Grid statistics of six models

RVTUIN RB e T 3 ME XA A 55 T R0
Ye HSRIE R, BEPL RF, IR RF 522 0P IX RF #iAY
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(UL 8), eI B B T 3t B R A RAE 5 % ol DX i
B REACRAE M PSSR R B, IV-REF AR T fr)
e e A e T 30 5 R A Y B TR B AR 91, 55%, T
R 1o R T 30 B Atk A DX T AR o Lk 51.19%, 55K
PRAGOLASE (WL 7) o [RIF, IV-RF B /NG 0T
IR DA S AR FCTR VA A S5 e A M B ) X Al 3] 0y
e R = oy A X, RERIRT g R 22 [ IR 8(d) ], &
BRIV (Y AREA R AR 2 FIrE 4, $3
PRI S OREA BT s A, WTREZ IV A B e AR
SRAEZAR T HE bR E] B AH BAE S 6 R s i 3 ) &
PETI LS ) amibE TR . SVM-RF BRI AR %
SEIMBEAL R 5 R 7E R =5 A0 = 0 3 &) % 1 4 DX T AR

Lm0 740 10%, A WSmA & igs 7y
2.7%, FW] SVM R 3 AR A SRAE XTI 3 &) J 1k
MEEREA —E MNP BCR (WK 7). 2B RF £
RUMIRAE G2 M REAL R 5570 76 A% o A0 4 3% 5 &
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Fig. 8 Susceptibility zoning of prediction models based on different negative samples

Ay TR PR m R o T4 8%, T M MR TR AR o L AR
F T4 9%, 3K 97.41%, A TR 9]
I WA B (8 T B SR A SR 3T 33 5y R M T 5 S
DAL SR e (WL 7)

5 ST

51 ARABHARAZENRBENBHILERBE
M
B HL RF, 3% BF RF. 2% #h X RF, IV-RF,

KFKEBREA(PEL) 8565 2025 FF9H

SVM-RF 524 W58 RF BB Y 5 & PEFUI AUC {E
JEE 4518 0.868 ~0.896, 0.881 ~0.911, 0.874 ~
0.916. 0.936~0.952_, 0.941~0.965. 0.963 ~0.978

(WLEE9), T AN ALE X B AUC 154 514 0. 882,
0.895, 0.902, 0.945, 0.954, 0.971, FWNFA
[Fi] P 48 70 R A EBURE SR W 114 4 3 oy R PR A AR 4 At
MASEE . BEHL RF BRI AUC {2 0. 882, FRIEXE R
0.009, TR AUC fEAH2Z 0.028, /N AUC H N
0.868, FHIKEHL RF 7 ELA K40 TR B 5 5
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Fig. 9 Box plots of ROC curves and AUC values of different models
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AR A R o i, 3B RF AR AR HE 2 (o =
0.010) W& K FRAML RF, e tEfl2s, RPIEIRITLH
Sl AV 100 0 Bl SRR AR SRRV X 1 30 ) R M AR Y
ARG R, EZEWF I X KA, FEd
< 10°IX BN AL A 3 T8 e oA, S B0 B T 3 7
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THEHL RF BIIMAL AUC (64825 T 0.020, {HZEn X
RF fRI U FRIEZE o} 0.013, AUC {8 T FRAH 2
0.042, ,\ﬁFkEﬁLTBE%X, HEE ek,
FHFE W B 2% b X 1 km AIMAG X 305 456 i 33 70 AR AR X A
RINA — Ak, (SRR e rE, 2R
SR IX Y Bl H AT M AR A G0 — B9 3 B 7RR AR 1k BURR
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BT, HAUC 355 0.945, kR o 2 0.006, 3
B IV-RF SERLEA B m i kase v, (NS &ty X T
FUE 205 b5 5 & M0 X AT 1 TV-RF AR R F5 0 2% 52 m
ff Rt 22, SURVT IR0 Y oA B — o JE [ WA
8(d) ], EETHIGHLER: 2T SVM-RF A58 A 4% T bl
HLRF, K3 RF, ZZ 00X RF A1 IV-RF #iA HOKS

JiE SR R E MR R IUAR T, INALAUC {815 5
0.954, HRifEZ o S 0.007, HAH B Fa E Mk B,
[FIE SVM-RF B I 55 5 5 5 & X B 35 T IFFE XK
AT I H SRV R, BLRLSE Rl R Bk R 4P, SVM
(1) 5 SRR A R YA X R A AR AL RO B,
B RF BRI T LU TR, IIALAUC {8 A5 B

BIHRA, AUC {HIAH] 0.971, truE2H 0.004, G
N E SR EfREtE, &5a 9 ko XK, &
B WS RF BRI HA DL 55 0018 3% &) & Pk T 45
i B 2 W B 1 T B B R E AR SR AR T T R 30 5 1 A
AR e by [ WL 9 (e¢)—(d) ],

T A AN () T 3 B RRAS SR PR TR M 1) 5 K M S R
THEE R Gy R IX . SRS B DL R Fuil 2 S As e Pk
FXT LA AT, BEMLEE O 3 AR AS 1Y RF A58 2% B v
Al P AR AR A, TIONAE E RD T A R TR
B, 2R HRKIH R BUE LR AR T2 (Hi%
IRTEEREAR T AL, FTRBE A EE | T IX N
AHM AR, SEEENRIE Y SR Y0 ARy
ik, FUIAS BEHORE T SR PRk AR B i, ANifiE
P, R EE RIS Y R A 1) RF BIEORS B A — &
eI, (HHARE TR, LRI R X S I & AR A
BRI A TR = A AR, VT B Z WA B X 3k
WAEW Y, WAk X, UM EZ IR
X, 7EBEW L X AR Y B X AU BR, SRR AR
OEMEARIE , T 1 km 2B vh X AM R BT RE AR B
RF B KA — Rt ER e R E, 2k
EHEBR M BT Xk, EE R IE AR EE, H
H HrTE e 2 v X i AR B E B v R — A e, AN
X sh AR ARz Ib R i, FIHGE A
mEEAN TSR OCR, EIRS & Xk g I
TREACHY IV-RF A RS SRE A — 2
FREERE R, (HZ 7 K T 15 B 2k T o IX
TER 21X, 5 B T e LA 45 AH O IR 7 2 [R) 1Y
HEMESBR , %8G 2 050555 L RARF K
WY kX, BAEEA PRI, EAR AT R
Z, R SVM WA 43 X, FEAR & & X 3k BT 3
FAEA ) SVM-RF BLR | FijUAS E SR e hEia 17
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W RPETE, BH SVM SLBEEn A F IR E 24 e R, i
PRARL M T 7 2 BAE T, 020 B0 3 DX 5 o A
EHITRE 2, FHSMIZE SVM BIARL BNt 5a st
[ FIGEIRIEFE, HOZ I AR TR 28, &9 in
WAL ZE, nTRERE M AR A E£E, a2
BOL RO I OREAS B 2 B RF BERL WS 5 R
DX 7 35 94. 01% ) [y 50 e, T30 A% 3 45 48 780 B
G AR R (1 N S S <Y = S P ST B UBC S AW
AT o A B SRR A a0 X ) i b A 1) K
L BEMLAR R 5 (5 e s f & ey,
it Z A 2 TAR R A xRN, (R
WA BT T N0, 5 W) LR A TR T % 22 A K, 3k
PG FE TR R AR 22 . 7S Fh A [ 9 30 TR AS SR A 3R
I 1 TR R B AP R, (HHGE 5
SRR TR, BEPLREE . 3B RAE . Zop
X RALIE GRS, IV EERAE . SVM R EE | 2F
WEBH R SR FEE F T RE AL VR4, RO AT 45 A 2 TR AL
P, W InSAR B | AL REAR e, IRR A
TN B A, BETHEIRLES X ST RS e
52 HMBETFEEESHT

PR BT B L0 A B e ir o8 Xk e 5
5y BRI I B Z R R PP M AT X
WK FEINR, SRR TR RF, (KE RF, 28
X RF, IV-RF, SVM-RF 52} 4% RF AL 2k
FEHE T, EEMEAE S HI0 19.4% , 18.9%
19.9% . 19.0% . 42.2%%33.9% (W& 10) , FFELE
1370~3 170 m YU N TS T 79. 45% A3 H 5% (L
F62), U v AR S R VA S e A e ok R A R
fEE T, BEHL RF, K3 RF, 22X RF A1 IV-RF
B B PEAf PR S B IR AL, BEWTZ IR . B
], AEXIRERN G, HOP R 2SS PeA #
B rh e R, HEEAE F A 7. 7% ~9. 2%
E], Hoa 70 2 RCE & A XD, 7R
3.5%~6.2%2Z A WK 10(a)—(d) ], {BMKIL)E RF
BRI B N FHEEENEA R ERS, B35
9. 0%, 25 IRI R AR 415 35 P85 R P A 1) {1 R 32 8
PetiREAS . SVM-RF 54 AU w5 A8 i 2 PR A o LR ok,
KE) 42.2%, IR EIRZ (19.2%) , HARHE
PR E EEPEAEE (5 FE A R/, 2B SVM-RF AR 7Y Xt
P MR R R A5 B U, 2 W RE BIRIRR =
mi Lt 33. 9% LIAN, PGA BZEANEACEE & LAl ik 12. 6%,
WiZEE S | ARYRERN . R AR E 518 S R N
BONEE, EEMERGE N HTE 6.3% ~8. 4% 2 ], H
R FHEEEAXEN, FRPEIE RF S5 AZ 1Y
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Fig. 10 Importance of environmental factors in six models
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