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The spatial-temporal evolution of soil erosion in the Loess Plateau under the
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Abstract: In the context of climate change, modeling the spatiotemporal evolution of soil erosion and examining its
responsiveness to climatic factors were essential for addressing climate change and improving disaster prevention and
mitigation efforts. Existing studies primarily focused on the impacts of climate variability, slope, and vegetation restoration

on soil erosion in the Loess Plateau. However, few studies simultaneously considered the interactions among these driving
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factors and their direct and indirect impacts on soil erosion. This study used data from meteorological stations, land use/land
cover, and soil texture to analyze the spatiotemporal characteristics of climatic factors using Theil-Sen Median trend analysis
and Mann-Kendall tests. The InVEST ( Integrated Valuation of Ecosystem Services and Tradeoffs) model was applied to
simulate the spatial and temporal distribution of soil erosion in the Loess Plateau for the years 1990, 2000, 2010, and
2020. Additionally, the optimal parameters-based geographical detector model and the partial least squares structural
equation modeling were used to assess the intensity and pathways through which climatic factors influence soil erosion, while
considering natural and vegetation factors. The results showed that climatic factors exhibited both temporal and spatial
heterogeneity : precipitation decreased at a rate of —=55.96 mm per decade from 1990 to 2000 but increased at a rate of 53.99
mm per decade from 2000 to 2020. During the study period, annual precipitation, precipitation intensity index, number of
heavy rainfall days, extreme precipitation events, mean temperature, and minimum temperature increased at rates of 26.15
mm per decade, 0.26 mm per day per decade, 0.56 days per decade, 15.21 mm per decade, 0.32 °C per decade, and 0.40
°C per decade, respectively. Spatially, precipitation declined in 86.36% of the study area between 1990 and 2000, whereas
it increased in 97.42% of the region between 2000 and 2020. From 2000 to 2020, extreme precipitation indicators generally
rose across the entire study area. Temperature increases were most prominent in the eastern and western regions, reflecting a
clear trend of warming and moistening, accompanied by intensified precipitation extremes. From 1990 to 2020, the soil
erosion modulus in the Loess Plateau initially first declined and then increased, with soil erosion reaching 219 million tons
in 2020. The optimal parameters-based geographical detector analysis revealed that slope, precipitation, and vegetation
cover are the primary drivers of soil erosion, with the explanatory power of precipitation increasing from 0.11 in 1990 to 0.18
in 2020. The partial least squares structural equation modeling analysis further indicated that temperature primarily
influenced soil erosion indirectly by affecting precipitation. Both precipitation and natural factors had direct positive
contributions to soil erosion, whereas vegetation factors had a direct negative impact, although this effect decreased by 0.02
from 2010 to 2020. These findings highlight the significant impact of warming-wetting trends and the intensification of
extreme precipitation events on soil erosion. Therefore, future soil erosion prevention and sustainable development efforts
should integrate climate adaptation strategies with regional development plans to effectively address the challenges posed by

ongoing climate change.

Key Words: soil erosion; InVEST model; climate change; optimal parameters-based geographical detector model ; partial

least squares structural equation modeling

1R b S A BRI P AR K R AR S IR R B — 1 2020 AR A E A HEAR Ik i AR 269
Ji km?, 2 b 4 E R E AU 28.29% " L HER A S B E HR ME SRR RN E IR R, XA A R G
IRe RIS 20 K R A — B M BRI AR AR AL (AU AR R W R ) T RE S 0l AR AR
FN 2 I3 AR AE & AR 28l FEASR S 5T, R ik ) R0 i — 25 ), B0 1380 21 a0 AR ek - = ik
TN 14.29% 7 0 E R ITAL R AR R R A2 S R TR i PR B AT B TR AR ST
SRR RS AR, Sy X SA] 2 % e b ik I AT ) E AR

BREAUR AN 2 T 2 o B VPN B RO, BRI T 0 3 b 28 S A R Bk AR 2 B4 45 1
1 A9 FH 4 38 2 R (RUSLE) K TR AT A DL R A 25 R GRS A A A A A (Integrated Valuation
of Ecosystem Services and Tradeoffs, InVEST) SlsE MIXF R, InVEST B8 A3 e T3 a8 H 2A RAFm)
23 [A) P RRARRICR, , B T 0 b Je 7R AN (] X a1 - S0 i B R L) 225 43 A AT 5 e b, X bl iy - 342 1k
M BAE SR TE . Qiao SEFIH] InVEST AR E it -4l v 98 777 11 DX YT V48 1956—2020 4F (1 4F
TRy 38.21 t hm™ a7 He ZEBF5Y R, 2000—2020 4 VL I - 342 1h A e Vb i 1 34 2
Fe R R DTS BRI T AR T X R I B A T AR AR U T R KRR E 1 B

http ; //www.ecologica.cn



16 4 =

KA

S UARAR AT 5 B b e AR i 2 A 3

r

2% R, AR AR kR - AR Y| Liang SR 2T 3 W, W N AT 2 R 48 RN 1 B4R Tk B A G
FH'™ Wang Z57E 2021 4ERE RN F2 H R X8 1 8 R 13 A7 82 Dlois DUt AT B AN A | & B0AE i B R 45 1F T
JITA T ERERAEAE I B PR k) ARG IR, KA /K BE F7 38, 5 BB R 7K R 188 o -5 8 A B i e 144 i
)RR AR SRR AL 5 1R ik = ) A L A R G AR [ Bt 43 At R et L i )
ZeHL A EEE L,

TR Az R AR A R AR 2 E R R AR, S BT R ISR FHAH e AT L R BT
L7 R 25 % - R i VR R (B T 22748 23 (R 1) 70 Sk DA R v A4t 22 ) P 4 B e % TR
AR PR RS W T B A BR 7 e S RO ERAGIN 55 78 A% 45 BRI 2% 00 FE Al b 8 5 A Ak a3 e R
B R S8, 3T A8 R R AR 2 22 (] 1 258 [R) 40 S, o 3R Bl IR B T s B A5 A ) b, i Bt
AN ARGy AR 2 R A R 22 78 i [ A 20 T, R A5 3 153 At R 2 5 e ke Al 1R R A R R AR G
P, I 1 e A AN AR R Al TR B R A A R B I S b A 8 R i e/ — T ik
S5R 77 REBLRL S G B TR AR 2~ AU AR 0TS 5 T R AR 9 5 2 HL

B 1 JL L AR A b AT AR AR, s A HLP R Bl 25, BT 90% e TP 1 faf o
H T X R 0 R BRI R ™ A X — R TR E AR SR SRR R XY g
s A FERE BRA MRS K R i, B DR R A B Kk SR, AR AR At
IR A ] 2R R ASHESE 8 33 Theil—Sen Median #2343 #7 F1 Mann—Kendall #2346 56
XA G AT 2 307, AT InVEST AEAPEAS T8 4 & 5t 1990 ,2000,2010 F1 2020 4F H 142 1UIF M,
TSR FH B e 5 5 BRI 25 01 O fe /)N — Ffe vk 548 AR AU T 03 Z0 AT 1 AN [R) A4 0 A PR 7 X 1 342 1okt 52 i 114
SRR, B A R s 3R LR A I 0 I AL AL B AR A

1 R

1.1 BT XA

B+ g S b A BT I Bl iR (100°54'—114°33'E,
33°43'—41°16'N) , 2 64 J1 km” | ifF#k 6—5218 m,
Mo E PYAC AR RS S EOIR N AR ARV 2 A0 1L RN
JRJE ARG X, LA, bR R 2, AR
IKWAR T B HOE T T 18 7 8 R R 5, & 1%
XA HTRARAE (B 1), B9 X DA KRl B T 5o T R A
156 R 3 AT AR 2= X PG R 2 XU g D 2 XL ) A+ AR
FHAT Al H B 22K, BRK B 25 43 Al AN 4], 1990—2020
SEARSEIRE K R 427.7 mm, FEEPET—9 A, 4

40°N

35°

200 Z&TL AR T8 e I, AR P AR e U A 16 P ——
’fZ t, ﬁiﬁﬁiﬂ/ﬁi /)E@Ex%ﬂg 6% . Fig.1 Overview of the study area

1.2 BdisklR S kb 3

B AR i R/ B 8 B (LULC) $id ke U T opy BERE 27 B ¢ DR R S5 B 2 5 204 b0 Chitp 2/ www,
resde.cn/data) , 25 A3 HE3R 30 m, 70 A BF M bRCHE R K IR A R B R R 6 A4S — b2 = R
( DEM) Zda R I F s 3 23 [8) B4 2 (https . //www. gscloud. en ) |, 25 [8] 73 FER 4 30 m; 1990—2020 485 + & Ji
70 NG EIE H AR BRI T b R BE M (https ://data. ema.en) | 4F F/K i P2 0R AR AR
Tk AR Kt 2 ek S i (L0 3 AR e I P 2 P e 22 i, 81 P o R 4 B AR A 5 1990—2020 47K SC il 0> 1 WL
TSR S YT 7K R 25 3m] 7K F 2% 5145 (ttp ./ / www.yree. gov.en ) 5 I — AU AR B35 50 ( NDVI) Sk 5T b [ R 2# B
FIRIR B 5 508 o0 (http o //www.resde. en/data ) 5 PR35 it 7SR IR T B = 8085 4R 17 (https ://estr.en/

http ; //www.ecologica.cn



4 xR 45 %

31253.11.sciencedb. 07135 ) ; + 35 5t b B0 P % U5 T tH - 1 3804 )% (https . //www. fao. org/soils-portal/soil-
survey/ soil-maps-and-databases/harmonized-world-soil-database-v12/en) , %% (8] 3 HER R 30 s RD, AR IEETE —
B L EBAR A A 0 0 BERGE— N 1 km, ARBR R GCS_WGS_1984_Albers, IR FFTHIE— 2L,
1.3 W55k
131 RHERmiE

RIS InVEST 5800 8 4 o S 4 R it A7 AL AT AL 300

RUSLE, =R, xK,XLS,xC,xP, (1)

X RUSLE, RIS BT ¢ A5 hp H32 B (tkm ™2 a™) s RONBER AR M7 (M) mm hm ™2 h™' a™) K, K
AP T (Chm® h hm™ M) mm ™) LS, A3 BES IR 7 5 C OB 6 FIVE A8 B 75 PO K 045
Tt PR 1

e TR A2 Db M R A /K 1 5 B AR B2 IS T 9 PR, 55 7 R4 ROBERCA L, (50 ) F e v 540 g A 2 LA
S ARG Y AR

R"':“,ZI (P)* (2)
B=0.8363+18'144+24'455 (3)
Pdlz Py12
a=21.58687""*" (4)
24
Ry = 2 R, (5)

SR HE H BT LM mm b b)Y s o T8k H I B T 15 K AR R —
AT B TR R AME A A B B, SR 4650 24 AN IEBE s P, FT S ke K15 ol s 6 1
(mm) , FE 1 2mm 00 P 4 T O BT 3 12mm DU 4 K A 5005 038 1 o RS 2
BB A 1—4,a SUFH 0—S 3P, A P, 401k F K ik B3 12mm (0246744 H R RERAE Tt s R, b 4F
WER 3 (B (MJ mm b b

T DR T R T X 1 5 L EE A B AU, AR DI R Williams 268 B f52 b 28 7 ) A
(EPIC) BT S HGHA ™ HEAR N,

: . st SIL. \*? 0.25C 0.7SNI
Ki=0.1317x%x [().2+0.3><e 0'02565\’\‘(1 100 ] X(CLA+SIL) X(]O—W] X(IO_SNI-F@SM%NIJ (6)

SAN
SNI=1-"- (7)
o K A% BT i g ATl B 7 (¢ hm? h hm™ MJ™' mm™") ;SAN SIL . CLA 1 € 43900k BkL Zh
IR S (%) 0.1317 R f e 285
WY 55 AV A PR T8 7R R A (F R, ol 78 565 5 ) A B i %) B0 K i S B e BBR R
Bt R e 2 b ASHIF ST (8 3 T ] R R A S AR b 8 e A by SRR B G %) S b 0 PR - e 5 0
L E iy A VA O | IS Iy 5 i R 7 o /N Wy o
1.2899¢ M (ki i)
“1-0.143In NDVI+0.2525  (BHi)
Ao, C M WE 35 FEY A B s NDVI R 0 — b A 8 4L
PREEE I (P,) 357 7K AR RRRE il 19 1 8 30 2% 15 B8 7K b DR 5 15 i 190 38 4 b £ 3 2k =2 13
Bl 0—1, 4% + R 2SI P DRI AE AreGIS 10.8 HEH(F 1), BB N F-LS, S T HuE %) + 342
P HA A8 Desmet F Govers f 4 #6771 | HAR A 280 Sk

(8)

http ; //www.ecologica.cn



16 4 =

KA

S UARAR AT 5 B b e AR i 2 A 5

®1 SLFAXRBCMPETFR
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Fig.2 Interannual variations of climatic factors in the Loess Plateau from 1990 to 2020
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Precipitation 2000—2020 4F  2.01*** [15.02** ,15.58* ,64.82 0 2.58

RaK i BEHE 4L 1990—2000 4% 1.34** 2.97* 70.15 0 0.03 " ,25.52

Simple daily intensity index 2000—2020 4F  2.31°** [13.85*" |10.96 " ,66.78 0 6.10

KR H 5L 1990—2000 4F 0.02* ,36.13 0 0.01*** ,3.08** ,3.52* ,57.26
Very heavy precipitation days ~ 2000—2020 4F  2.58*** 11.72** |13.48* ,65.65 5.04 1.52

K 1990—2000 4% 1.90* ,47.82 0 0.75* ,49.52

Very wet day precipitation 2000—2020 4 0.03 *** ,8.05** ,15.80* ,71.13 418  0.82

SRR 1990—2000 4F  8.24** ,25.07" ,66.62 0 0.06

Average temperature 2000—2020 4F  7.02°** |12.84*" 9.38" 54.73 0 0.18* ,15.86

AR 1990—2000 4% 4.40** 15.96 " ,65.02 14.60  0.02

Minimum temperature 2000—2020 4F  15.62%** |21.96** ,6.22* ,24.80 7.81 1.20""* ,2.34"" |3.06 " ,17.00

TEFE 43 b — R AR 43 318 1990—2000 4 Fil 2000—2020 4F JLAN KT BT 5 Ll b o« [R5 »+ T WA, « 10FM

B3 EARE

http ; //www.ecologica.cn



16 4

0

TR . e e R g WAL e ARERAL w2

B5 1990—2020 F TR HEE=E S
Fig.5 Spatial distribution of soil erosion intensity from 1990 to 2020
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Table 4 Changes in soil erosion intensity levels in the Loess Plateau from 1990 to 2020
1990 4 2000 4F: 2010 4F- 2020 4
TR Area/ HAor THIFR Area/ Hortk THIFR Area/ Hort IFR Area/ Bt

x10° km?>  Percentage/% x10° km®> Percentage/% x10° km> Percentage/%  x10° km? Percentage/ %

AR i

Soil erosion intensity

T Weak 2.85 44.18 3.14 48.67 3.17 49.13 3.02 46.88
B2 Slight 1.37 21.22 1.25 19.42 1.25 19.39 1.25 19.33
B Moderate 1.00 15.57 0.92 14.32 0.93 14.48 0.90 13.99
321 Intensive 0.55 8.51 0.50 7.74 0.46 7.20 0.54 8.41
W51 Very intensive 0.46 7.13 0.41 6.38 0.40 6.23 0.45 7.01
JiZ1 Severe 0.22 3.39 0.22 3.47 0.23 3.57 0.28 4.38

2.3 R DROK S P ) R e i R & AR

AN [ Fsf 300325 50K 50y PR - 0F b SEARE ot 1) S e R B R 7 1) A A 22 57, B RSB U BRI 25 45 1 o (1 6) L 3%
JEE N AR R R T R R | g (TS 0.50-0.54 , 7E 2000 4E 3k B KRB G FRE,2020 4E T NDVI B iR R
T3 5E08 NG R N5 PR RS S 5 55 R KA DG 1 5K 2y PR 7 1) S ST G P PG 1 AR T R A 7E 2020 ARk B ik
L5 173838 R G 1) R T A 45 AR A i e 0 38R AR

I FH i o /N — R o 25 1)y RRARE TR T AR b 5 i) R - 1) L A RV R T o0 B Rkl . &5 5 81 7 AN
25 AL, [ AR R VA AR S R X - SR D R A A, B K AR B A TR RGN R PR AR R AR TR
JE 5 B3 o 5 M A K )45 ) AR R, 1990 AF, AR BT IR R Y ELRE R RO, IR AR R AR 0.77,
ok 32 3 2ok (R B2 AR A8 5 ) = 498 AR ol R /K X JHL P 55 Wi 7 L A ) 22 52 i T R e %o = A Dok 1 5 i Sy 5%
Wi, A2 R B —0.1752000 45, A SRR AR B PR 3 B R 7K 6 - 842 1 A 2 w55 1990 4F- #5812 3015 2010
AE, AR FT R A A R A0, 5 2000 4R LR 0.05 , K Y ELRE RIS i 2 S B TR A
Horr BRI A 0.38 , IRIFER2 I S —0. 13, [R) A A PRI 76 H A 9 ok 4 FH 86 588, 6 42 3R 8008 31 -0.25,5,2020 45,
AR 0T AR b R s i E— 25 I AR 5 AT VR RS | B K ) R AR AR |

AR YR A R ok ) = R RBR R ST R A A TR o A 3 e YA I R e 7 [ 4
(A sE e 3 ik, FLAOA R s < IR BFA AR BOR T, 4 4 7 25 T BS n BE A 200 i - 342 h , J AR 2010 4F
e R A B TSR AR AR T 1) B R AL 5 AR (5 50 T, /KOS - B4Rl A 52 1 120 T 1 R AR5 AR TR AR

3 e

3.1 InVEST # AU EE50E
FFH InVEST A RIS 2] 1Y 35842 i 2= (6] A5 R AE 5 Z I WF o7 45 R — 20, 9 S 30 AR m =, P A0 n9 4
Hi12650.1990—2020 4F R ARV L | 5 Li ZARTSR S R —2 7 A, 2 IR DG ) T S e
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Fig.6 The single factor detection of the effects of various driving factors on soil erosion in different years
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Table 5 Direct, indirect, and total effects of latent variables on soil erosion in different years

Y ES 3 B [HE3- Al s8-Al1
Year Relation Direct effect Indirect effect Total effect
1990 4F- H AR -+ 324k 0.77 -0.03 0.72
LR -+ Rl 0.08 0.08 0.16
(7 - 0.26 -0.07 0.19
FEHE P -+ 5 2l -0.17 0.00 -0.17
2000 4F H AR -3 (24 0.73 -0.02 0.75
- TR 0.06 0.10 0.16
KK -+ {2k 0.29 -0.09 0.20
B R -+ Rl -0.16 0.00 -0.16
2010 4F B AR -3 (24 0.75 -0.05 0.70
TR -3 2k 0.07 0.10 0.17
KK -+ {2k 0.38 -0.13 0.25
i £ e e 2 -0.25 0.00 -0.25
2020 4F H AR -3 {20k 0.71 -0.02 0.69
b o w1 0.07 0.09 0.16
KK -+ ef2 0k 0.38 -0.13 0.25
B R -+ Rl -0.23 0.00 -0.23

AL OB A SRR H A BERLR L 7K SC5 43 507E 1990 ,2000 ,2010 A1 2020 415 (1) i V0 &,
YA AL 235 SR R AT U0 | AREEL 5 S HLAT S 2 A G R RN NSE 43514 0.69 F10.81( & 8) , £ LJfr
ARG T InVEST #5832 T LA 35 v i T 2k
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