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53 3

ZEGEME S . ST XGBoost—SHAP J7 2 1) 85 4 i J A 25 i e v A% K 3K 51 BRI 3R A0 AT 177

BT 5 B i 4b B % FE Google Earth Engine
(GEE) z=-F- 65 58 /i, H T 75 Al w46 250 b R 1
55T 45 40 Bl [ MODIS & 8177 5, 8540 B
ZhnIEALAL 3 2ok 3 S o3 AT vA A 1 RSEIL, e
Gi— % 1 km 25 [\ 7p BE R, SRS K 1ok IR T
TerraClimate “T 580 4 , R U RE K & 3R
5Ky 5 e bR, I o i )RR 4 5 2 ) d
BOECRFRAL RS — 2= 1 km, AZSTE SN T 5,
AR X H R 4Bk A\ 284 X )2 (GHSL) Built-up
Surface $0H54E , 2™ i AMHE T SR AIEAS W] Bof 17
B T Y T AR R, TR IR 4 B FE T 100 m, 42
2000,2010,2020 4F- & i X A5 B I B 5 00 ]RE t
151 5 NI 95 KA Sl | NASA & #ii B GPW v4.11 %
A B R R o HER 20 R | kme MR R IfT
DEM & H SRTM ¥4 4 , HA 1R 43 BF 34 30 m, 3
&t DEM TR 3R AS s FE 2 AL B R oy, i o B
BE R GO BIE - T R A 5 B8 i
XS A A (B TR AT 2 H bR 7 HEE , DA AL S o 25—
B Z2 U5 Bl K1 HE e, O Je SRR A Sy BT B AR AL
P A

1.3 HRF=*E

1.3.1 RSEI#jz
REEG FRAEHE G X AL S e, AR SCE GEE - &5
J£T MODIS F 417 i #4  RSEL, RSEI Hi 4§ & (ND-
VD) B (WET) . T (NDBSI) 5 #¥ (LST) 4 14~
S % . NDVI R JH MODI13A1 #) NDVI % B ;
LST {1 MOD11A2 (1 H 1] b Fe 755 4 574K 15«
LST = LST,,, x 0.02 — 273.15 (1)
WET 3£ T MODO9A 1 #i1 3¢ [ 5 5% % F ole gk 28
R AR 5
WET=0.1147p, +0.2489p, +0.2408p, + 0.3132p, -
0.3122p,-0.6416p,—0.5087p, (2)
K WET RS 5y 55 p, B p, R R SR A I BE
18, 43 XTI < p, £056(Band1) .p, JT£L4M (Band2) . p,
#)6(Band3) p,58G(Band4) p, B L1401 (Bands) |
P JHEIELTAM2(Band6) p, 4140 3(Band7)
NDBSI (i # + 45 % (B 5 e itk #5545 £ (1B1)

ke

IBI + BI
3 (3)

FIBEAR 2 )25, MODO9A 1 {4 QA I B i 47
A 15 5 ) s 1) F MIND WIS 2 7K A s 15 78 IR 7K AR

NDBSI =

R R O B A 1 [ A R s = B
TEBF 5T X 2R 1%~99% 43 fiff I3 — 1k . Bl Je
XTIH—A 5 B 443 1 2047 L oA, BOE — 3
JOF RAELE G AR AR, IS NDVITE S — 2
Gy AT A5 E AT 07 10— Bk, B 2Ok L IH — 101
F|RSEI:
PCA, — min(PCA4,)

max(PCAl) - min(PCAl)

S 7 R G SCHR I 45 6 B 58 IX AR, AR SO
RSEI 430 H 9% : 1 22 (0~0.2) .\ #5 22(0.2~0.4) . —
f8 (0.4~0.6) | KL 41 (0.6~0.8) I #% 47 (0.8~1.0) 5 4~
9
1.3.2 Sen#E #4175 Mann-Kendall 13§

R AT ST 3 N RSET AR £k J7 1) AR Ak iR
JE R Hoge it & M AR SCR T Sen B AL IS
Mann-Kendall(M-K) Kz 35 4145 & B AESEOT . %
T EXSREA o A X EOR B55 , HUX i (A
TR 3 T3 SRR s 1 i R

Sen B HIHHE AN

ﬁ:Median%(l <m<ks<n) (5)

KX 15 X, 2P IR kA5 55 m AR 1) RSELHL
B> 0 F /R AESIGE e SRR ETHES p < 0%
ZSNLS N =k
M-K K 3333 A2 20 -
T= nzl‘ i sign( X, - X,) (6)

k=1 m=k+1

RSEI = (4)

T-1
J o (T)
Z= 0
T+ 1
a*(T)
A H: T 4 Mann-Kendall #5545 111 5 n 4 5 [8] /5 1)
KB X, 5 X, 430 e m 5 k4F 555 m 4E ) RSETH ;
sign WAF5 KA, 24 X, - X, >0 BFHL 1, 24 X, - X,=0
AP0, 25 X, — X, <OBTHU-1;0%(T ) NG T
2 Z ARG T . S5 M OCSUIOT 45 B R
DX b FRABESSL 0, AR 50K 5 - RSELAR L #3931 9
(£,
1.3.3 XGBoost 1% %!

XGBoost J&—F T4 L FE THHESR I 4R 17 >
D71 il R Z BRI AR SR T PR 4L A ok S B B A2
N AR 2 AR R . M T A G

(T>0)

(T=0) (7)

(T<0)




178 hE

[

546 3%

#£1 SentM-KZ{L#a#adk

Classification of change trends based on
Sen+M-K methods

Table 1

Vi z Ak
£>0 2.58<7Z DETER |

1.96<7<2.58 R
1.65<7<1.96 GETER |
7<1.65 ENTE S|

=0 JeAEAk

£<0 7>-1.65 ENTER YN
-1.96<7<-1.65 Tl

-2.58<7<~1.96 e
7<-2.58 DT o

FEFR TR, XGBoost 71 H bk R 5 A E LI,
FEAE I Ghad B v R B BB A B S R 2
PR R, DI 7E 45 il A5 80 42 2 B 1) [ s 4R T H 405
A Sz b tERE . ASWFSE L RSEL R T H A% K<
i PRl - CAE R K i AR S0 K 4377 ) (bR R+
(2 R ) LA K R0 3l 5 4 ) R - ObR
Hiu EE G R ) b EE A L g R DX E N T R M
XA 7 ED AR R i ARRAE , 74 RSET SR 35 [ 237
SRR IR B rh SR B A SR UE X S
BCHEA TP, I 38 22k 37 56 TF AR A 50 A5 A i RO 1k
SEINGE ST, LA ORIK B0 R 2 B 4 SR i T REE
1.3.4 SHAP&#

N HE— 48 78 XGBoost #5581 /7 453K 2[R 7 %
RSEI Y BTHR 7 ] 5 /E 58 B, 4% SCHE XGBoost [1] 15
FELR R JF e A58, IR FH SHAP Jy ik Xob A 4 iy i sk
TR, B R SRR E N W IR RIKE RS,
52K 0.1, FEARFHERAE LTI R 0.8, 2R H
100, BRI Zhiod 72 rp 2R T 5 47 28 B X S 40
A AT R 5 0 BE , AR IR LA e AL TS
SLRRE AT . SHAP T4 MR IR AR A5 78 7l
NAEL 3 i SRy 45 R0 X6 3000 23 SR 18 i s B ik =2 A, T
[F] Fof 44 46 4 Ry )2 T 1) B S 1 T 5 )R 2 T A R
AfRERE . TE AR R 5 T, AR SCR T RRAIE SHAP -
o 24 o (1A A% R 1) R AR e R L U K
3l RSE1ZE A0 1Y 3 T PR B AR X B ik 5 78 Jm S i A
J7 1, 8 3 SHAP 43455 &1 43 B AN [RIAREAE BB XTI 11
DR T 0] 5 B BURAIE , FH LGS B U AT e A7 AE 1Y 3R
e N | ERRE 52 B R . 454G SHAP AR
K FR 53 it S P FEAS W] B DX [R] % RSEL 34

PREZ AR AL, 351 AP b Lo ] 45 A8 F 0 47 20 €6 ke
S, DA% BhBERTAS [ b 5075 5 5 4 b 7 55 45 1R T UK
SBLH 22 . IR R R A AL 5 B s AR 43 BT
A A, 0] kB g TR A 2 T AR Ak 5 U R 43 4
HEARHE . AT A S 30wk 21,
1.3.5 #RENEE

k6 5 XGBoost 155 8 X6} 8 + 5 7 RSEL 8L &
ST GE ), AR SCAUA B 515 25 /K7W T
PP o BRI R (R ) RAEALAIXT RSEI
A5 S A R B [l oR FH 4 7 i 12 25 (RMSE) 5
- 25y 4 6 152 25 (MAE ) i 2 F0I0 -5 W08 D0 A =[] )
T 22 W8 B SR vk, VAR R A RS2 3k 22 ] .

2 ZERESWH

21 ASREERTEEREREMREES

F ] 2 AT, o R SR 2 A B AR A i HAT
A As ] 4 S B A 5L B RSET [ 25 7 1) 1 b 326 ik
HIREEERS SRy o BF9E IX 22452 RSETSAE A 0.449, 4
AP T — A9, Horh— R 22 55 90w
TR HEA3 510 h 32.01% F1127.39% , e [F]44 Al X el A4 2%
Y ERTE s e 22 YL BN 15.35%, BT
B E R S PR . RS S R A
3R 17.51% F1 7.74% , 78 2 5 S i 2 1L b 55 X3k
TR AREER . AR ERAEZS ) AR S
TR O, B e R RF 5 IX A 2 e A X R A
FERUE 25 [ 3 5 22 FA% R o

AR A A A 285 0 i A 2 25 ) 4y A o] DL F 5
DX A 285 0 £ S G B R (12 [B) 43 SRR AIE R AR
52 U AR R ) P b R AR Y A SR (&1 3) o 2000

P2 4 S RSEIEIE 53 A1
Fig.2 Spatial distribution of mean RSEI on the Loess Plateau



53 ZEMG ST HET XGBoost-SHAP J5 7 [ 8 - 8 i A 25 i i 1 A e Al DY 22 23 #r 179
A: 20004F B: 20054F: C: 20104
N N
A A
0 300 600 km 0 300 600 km 0 300 600 km
[ S| [
D: 20154 E: 20204 F: 20254
N N N
A A A

0 300

[ S| S

600 km 0 300

600 km 0 300

600 km

B s e [ e

%13 # + = 5 RSEI 5 a [A] 23 [6] 4345
Fig.3 Spatial distribution of RSEI at five-year intervals on the Loess Plateau

FRER (M 2E 5K E) FEE PR X L
BB, R (RO S ) B RN X R
#B, 4 [X RSEI¥J{H K 0.395, % 2010 4F, HF5E X
PSR A5 G B M B A BT 4 /0N R AR A 2 o A ek
e RSETHME T2 0.451, {H Ja) MU A7 7E Z IR 25 4
BEHe, 2015 4755 [ 46 Jmy AR GE 22 /i AR AE , (IR S5 40
BEHe i 3 Bl 5 30 A B — a2 P8 4, RSEL Y {E K
0.445, 2015—20204F, R 4F- 500 U S5 G0 BB i) 76 25
AT T K, IR A B AR X /D, RSETHA{E
0.445 [0 7+ 32 0.454, 52025 4F , B4 S50 4% 20 5
P 3% Rtk — 20 3 5 IR 45 9 IX I 4k 2 Ui 4
RSEI S{H 2 TH 2 0474, BAKKE RN ES
JoT f 23 [l A% Jmy DR ASE AR B, (BN W] B B A Jmy 38 31
Bl N AE — 2 I3 AL A 5 B AR 4k

22 AEREEREREHRERTUEHE

FH 2000—2025 4F- 8 -+ /5 Jit RSEL %45 4% [fii £
Fb PR AT A1, B 4 g R RSET 25 9% 4544 DL — i 25 9%y
F, H 26 4 18] 45 A 9 7 He 52 B0 B 1 4 R AE ([
4), BT W22 G R B LR,
— N R AP AR PR T o W2 R 25 AR T
TR He 53.86% [ 2 35.40%, B3 R 18.46%, J2
e L ARG A 2 T o A G 1 2 TR) o LU AR A S I N R

ko P 4 s S A R R A S S (E S T —
B, FRWIOFTE XA 5 B A KU b AR R ks
.

23 ETFREEREBEE

FF 2000—2025 45 5 a — W F P AL T S IL
B R GRS Gt , B 5T IX A 2 i o B AR b DA AR 45
SN L FARE M 65.99%~80.32%, RHATES a
i ] RUBE | SRR Jmy AT B I AE 2t (81 5) o &
e B REER (GoC E B T AR SR Z B 1) -
Bal R, B AN S DA S 96 #% 5 EREAIR .

B BEE , 2000—2005 4 Dk 3 i B A A, 2
5 A 23.17%, = TR LU A9 3.34% ., 1B BL ek
B E RN 2 F I — W FR 10 9.41%  —
PRS0 1) B SR AR 7.21% W 22 S5 0 1 B A 4%
PIt Ak 4.22% , ¥ R AHAB SE SN . 2005—2010
SEMCEA S S, E B 14.63%, 1B 1k L B
7.36% , {HIR Ak Eb A1 i — B BE 38 i, 3% I A5 R i) 4
F XL [ PR R L 2010—2015 4RI bt FEAH X 8 1Y
IRAE LB 11.52% , 23 E 5] 8.24% , LA — L4 2 Il 45
25 G P AL 4.39% B 22 A5 O n) W 22 AR Ak
3.61%  RUFAEG ] — B F I A0 2.77% R EZ BTk
B AR . 2015—2020 4F 2 5 FF UK 3G 5, 2l L 1)



180 AN

b

T 5 46 %

100

80

HAR A EL/%
& 3

20

2000
2001
2002
2003
2004
2005
2006
2007
2008

D B T e T e T, TR e e B

B e -w Ds: Bl

2021
2022
2023
2024
2025

P4 # 4 5 R RSETA S0 L

Fig.4

2000

2005

2010 2015
4

By s ] —m ] s e
El5 2000—20254F# + 55 J5 RSEL 4% 2520 T FRUG 7% 35 3L 8]

Fig.5 RSEI class transitions on the Loess Plateau
in 2000—-2025

12.26% , iR L LA 7.42% , 5 8 LAAH SR S5 4010 L F5
F o 2020—2025 47 SF G JRRE T A BK, R LL A R
% 65.99%, B ] 22.18% , B AL L1 11.83%., H:
e SRR A 2 Y — R E U 46 10.14%
55 2 5 ) 5 22 S U4 5.56% , iR AR U L) R A
AL [11] — R S B A, 4.98 Y I — i 465 2% 1) 40 25 25 4%
Ak 4.37% R E .

24 BIBRAETSRENZ=EN

Sen #a 32t R W] (K 6A) , 5 1 5 I AF 9T 30
RSEIZ8 4k R 4 H 47 0.0023 , A 25 T H 3 fR 5L 22 18 ok
A BRI AE A 18] b PR A 5 R A

2020 2025

Area proportions of RSEI classes on the Loess Plateau

TR N B ., F2 A v 3 5 R A Fr i 74 AR
X, 7EpedL BB i AR X3 PG o 4 Fe b X % H 758
Tty R NS, Y 5T 2 R e P i AR A ek
o e e AR AR B A BEER | £ UL T3
A FE L P M . RSET N [ sl it 50 X I Bl 45/
(AR NERUE” Sk SN 37| - L RU R X e ]
A % A b 55 T A by O A A R IR
i X S AR K TG sl Al

M-K 5 ZVER 5 5 Sen #a 3 (1 Jy ] A —
SR RSEVE R I &5 i 1) 2544 ([l 6B) . Horp
ENTE SN TE S DIINTE YK AT =) |
A1 75.83% , % IR G 24.13% . NS [H]
YRR, D 5 I X 2 A AR TE ALK
U DX R Haod 8 s T 45 I S el B A SR X T
2y i BT R 6.82% 5 i 3 55 M S 3 G 0 X A #E
o S R A R R AL A T R R, A R AR
1) 47.99% , 3 RIS 1 PN 24 265 o o o0 38 DX a7 25 [
FEARERIE R SRR

2.5 EHEFEEUERIERTE

TETF IR B K 43 BT A, B JE X XGBoost #i 7
00K B EA TR 56 (6 2) o 3 IRy R2 43 391y
0.842.0.823 5 0.871, MAE 4 0.022~0.027 ,RMSE }y
0.029~0.034, & A % 25 7K S BAR ARy [R] 22 5 AN
K, F R RENS 30 ha E MR AF RSET 545 9K 50 [H -+
Z 1B WS 56 2R, N I 22 SHAP STk 20 i 5 V6 1 5
] H AR AL T ] SRR



53

ZERMSSE . HLT XGBoost-SHAP J7 i 19 85 4 i J5 Az 25 i e Vi AR S SRSl R 2R 437 181

A: 3 1 RRRSEZEAL# 3

Senig i

n 0.0256616
-0.0288197

Table 2 Evaluation metrics of the XGBoost model

B: # 1@ HRSEIZE b 34 g it
I B
B s i
o M :
L RBHED
[ %At
EE 2
I R
.
I

>z

>z

150 300 km

Bl6 ¥ R A A5 B R Sen B 3AR M-K 4G 40 45 2
Fig.6 Sen trend and M-K test results of ecological quality on the Loess Plateau

%2 XGBoost AT 5HR & 7 58] ,2000.2010.2020 4F 3 #4554 14 [+

DTS R B — 2, K M SR AR A I

I 20004 2010% 2020%F S AEBEK IR KRB B, 3540 % SHAP {15
i o 0 e 0101, k475 s HEAE S5 — 3, THI45 0] SHAP
MAE 0.024 0027 00z (40,039, HoJ5 B T 33042 v e Bl B bR b L
RMSE 00! o0 i AR IR A | TR TR B R R ARG 2

A: 20004 B: 20104E
AEREK R

R LA

i X A A
AR P AR

000 002 004 006 008 010 012 000 002 004 006 008 010 012
SHAP{& SHAPHJ{H
C: 20204E

3 DX A7 B AE
AR At BB A5

0.00 0.02 0.04 0.06 0.08 0.10 0.12
SHAPYE

7 # b R RSELZ IR K7 SHAP {HHFF
Fig.7 SHAP-based ranking of RSEI drivers on the Loess Plateau



182 Hh W 4 46 %
() A7 AE — 5 Y RE R P % o i DX AR 7 V(A S R ), o SRR A TE L SHAP X ] A2 0 o A 5, 1]
I |l B i A T A BT @U:'Ji R X He i 5 T A 5 RATE A T Al ] T 1) DK o AR CER B L A5 L O i)
P RETE 3 W44 T AROK - DUHR R 3, e MR | L A A X 1 Y TF SHAP i B

454 K 8 1Y SHAP M FE 1], AT it — 20 Hbr 28 b s ARMIHH Hb LU A5 00 LA ) ik oy 32 3 30X

PR B9 5 10 o 4 e K i 52 SRR X B 672 o) 5T
LN ER O AN A A NGRS ¥ € ) S e e N
Z 3 A AE IE SHAP IX[] 5 7K 3 5 SRR B A B4 5

W], Bk o N7 B AR £ Ak, 300 7 i
BEVEAFAERT B2 5, 2020 4RAE 1SR ARG ST RRAT
JITHIAS , 25 IR AS 7E IE SHAP X[ (4 v BE 30

A: 20004F B: 20104%
GRERE - =) kR - PRI =
K4y KA Tl :
YR A ~<
MBS b5 i) 3 _z»

SRR o H AR - il
SR 2 R - S e §
ES A AEHSR 1

(&1 R SO .
HERX H Al SR H Al —
A 1§ A -f-— 1
-6.2 -Ol.l 0.0 O.II O‘.2 -()‘.3 -OI.2 0. 0.0 0. 072
SHAP#J{H SHAP;E'S:ME
C: 20204
SEMEK R M [
KAy T —i
SRR i
e -‘p -
A ] —: o]
M A —G - 5
SR PR H 15 - if—
X A - —
INEE:S: —- 15
-OI.2 -OI. 1 0.0 O.I 1 OI,2
SHAPH{H
8 Bt Ji RSELIR Sl K+ Dk 22 57 SHAP B 5]
Fig.8 SHAP beeswarm plot of RSEI drivers on the Loess Plateau
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Eco-environment evolution and driving factors of the Loess
Plateau based on the XGBoost-SHAP approach

Li Xiaopeng®, Li Kang*, Xu Jing’, Jia Fugui’, Lei Shuang’
(a.College of Agricultural, Forestry and Economic Management / b.School of Accounting, Lanzhou University of Finance

and Economics, Lanzhou 730020, China)

Abstract: To characterize long-term changes in eco-environment quality on the Loess Plateau and to reveal the
underlying drivers, we constructed a spatiotemporal series of eco-environment quality for 2000-2025 using the
Remote Sensing Ecological Index (RSEI). Class structure and transitions were analyzed, and Sen's slope estima-
tion and the Mann-Kendall test were applied to identify change direction and significance. For mechanism inter-
pretation, three representative years (2000, 2010, and 2020) were selected. Climate, topography, land use,
and human-activity factors were integrated to develop XGBoost models, and SHAP was employed to decompose
contributions and identify nonlinear responses. The results show that: (1) The multi-year mean RSEI was 0.449,
with a distinct southeast-northwest gradient (higher in the southeast and lower in the northwest) ; the class com-
position was dominated by the “moderate” and “poor” categories, while higher-quality classes exhibited banded
or patchy clustering. (2) Eco-environment quality improved overall from 2000 to 2025, with the annual mean
RSEI increasing from 0.395 to 0.474 and the areal proportion of low-quality classes decreasing from 53.86% to
35.40%, indicating a structural shift toward medium-to-high classes. (3) Five-year class transitions were domi-
nated by persistence, with stable proportions of 65.99%—-80.32%, and changes mainly occurred as gradual shifts
between adjacent classes, although the relative strength of improvement and degradation varied among periods.
(4) Water-related factors consistently played a dominant role, with annual precipitation and water deficit ranking
highest in contribution, and key drivers exhibited threshold and segmented responses, including a transition of
slope effects from weakly negative to positive at approximately 10°, a shift of precipitation effects from inhibit-
ing to promoting at around 400 mm, and a shift of water-deficit effects from positive or near-zero to persistently
negative at about 50 mm. These findings provide quantitative evidence and mechanistic insights to support long-
term monitoring and assessment, zoned management, and optimization of ecological restoration projects on the
Loess Plateau.

Key words: Loess Plateau; RSEI; spatiotemporal dynamics; class transition; XGBoost; SHAP; driving factors



