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Land use simulation for synergistic water and soil ecosystem services
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Abstract: Given the challenges of integrating research on soil and water ecosystem services into practical land use
planning, this study targets the Loess Plateau as its area of study. The K-means clustering algorithm classifies land use
structures at the small watershed scale. The InVEST model is then used to explore the impact of these land use structures on
soil and water ecosystem services. Taking Yangquan City as a typical case study, multiple scenarios are set, and future land
use simulations are conducted using a combination of multi-objective optimization algorithms and the PLUS model. The
results indicate that, at the small watershed scale, the land use structures of the Loess Plateau can be categorized into six
types: agricultural land, forest land, agro-pastoral, grassland, agro-silvo-pastoral, and bare land structures. The optimal
land use proportions are 0.6—0.7, 0.5, 0.45/0.4 (agricultural land/grassland) , 0.75—0.85, and 0.15/0.4/0.25—0.35
(agricultural land/forest land/grassland) , respectively. The constraint curves between ecosystem services in each land use
structure generally exhibit hump-shaped, concave wave, semi-concave wave, and convex wave patterns. In terms of future
land use quantities, the areas of water bodies and shrubs are at relatively low levels under all three scenarios. Among them,
the area of urban construction land is the largest in the control scenario, followed by the baseline scenario, and the smallest

in the synergy scenario. In all three scenarios, Yangquan City is characterized by a concentric distribution pattern, with
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urban construction at the center, followed by agricultural land, grassland, and forest land. During the development process
of land use, there is a substitution pattern among various land types, whereby urban construction tends to replace
agricultural land and grassland, grassland may replace forest land and agricultural land, and forest land may be substituted

by grassland. The research findings offer significant guidance for land use planning in the Loess Plateau.

Key Words: water and soil ecosystem services; land use; multi-objective optimization; constraint line; loess plateau
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B LS AT 32°N—41°N, 107°E—114°E Z i), KR I EZ Z TN, 24 = 10°C LR 2300—4500 C,
TCFEIA 120—250 d, H HRES 4L 1900—3200 h, 34 LU A 26 B AR A6 7 Ji s R 3R AR ST RE S EIX 22— B R AT
BIX TR 43, 85 4 5 I b X ST AR 64.87 5 km®, 54 L3S ALY 6.8% (K1),

FHAR T 2T AR 4559 km? |, HiFHARFR K 37°40"'N—38°31'N, 112°54'E—114°04"E A7 T [ 1L 7545 & 356
B 1 SR ARFR I SR R L Dk P 000 P S8 Y iy, 2 A SRR D AR 380 PG A 0, VR P e ARG b e A,
ZEHE 1700 m, BHAR T HOIE DAL 32, oF SO AR 80% 4247 (1) .
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Fig.1 Study area
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(1) 1990—2020 4FFE7K 1 km M ECHE AR 1 km S S , >R A B E R RN BdE o0 (hitps ./
data.tpdc.ac.cn/) ; (2) 1990—2020 4E¥EZEZEHUK 1 km MH& B , >k B B ZK 5 & R RRA 2 o0 (hitps://
data.tpdc.ac.cn/) ; (3) HAHAR R BR G2 250 m Bda , MDA 05 K S 250 m $diE , ok 5 3585
PEPE (HWSD, htips://data.isric.org/) ; (4) FUF R (DEM) >k H HIBEEHE = (https://essd.copernicus.
org/) 5 (5) TIEATHPER T 1 km SR ECE Ok A 25 80 R EEE TG (hitps :// data.tpde.ac.en/) 5 (6)
FIERAN T ke HIAR BN, R A R IRIREE LR S EE O (hups://www.resde.cn/) 5 (7) 1985—2015 4F4x[E4)
R 1 km Bl Ok A 2R R BE B R RS (hitps ;. //www. geodoi.ac.en/) 5 (8) 1990—2022
AR A R IR S 5 AR AR AR v B BOE Ok BRI R HER R SR 2= s H oG (hitp ://www. geodata. en/)
(9) 1990—2020 45 R WA=k 7 SR 2R A5 JF & 1 o = e AR B AR Il 1 1) R 23L& A K
122 Hogyr i

(1) 1990—2020 4+ A FH 30 m 4% %4, >k B Earth System Science Data ( https://essd. copernicus.
org/) ;(2) 2010 4F NI H1 GDP1 km M EE , >k A SR EERF 7 58 H 0 (https ://www.resde.en/) 5 (3)
— S iAW TGE B Rl 7 BB 7 B R i BUHE, R B Open Street Map  ( https://www.
openstreetmap.org/ ) .
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Fig.2 Scatter cloud network method to draw the constraint line

B3 ZRBAEE
Fig.3 Type of constraint effect

1.3.4 ZHARHA

Z HERHLR] (MOP ) FIRZ MR &SR AR 20 78 XI5 B2 [a] iy 5 e 22 A H bs s B e Ak, H b R B2 1) i
WAAER G RFR T B TR AT oh A4 BARERIR AT RIS B o PRIt MOP ) fife it 5 J2& — 21 %
PIMife , A AT S RETE A0 3 AL AR TE O T SGHAEAT— > H R, Bl Pareto S IEAREE
1.3.5 PLUS A

PLUS #% ( Patch-level Land Use Simulation Model) A W~ 4H p 35 43 & T H P 5K 20 1 K 1% ( Land
Expansion Analysis Strategy, LEAS) [HL 24 AE 2 F 5 T 2 R AL BESFD 7 1 JC i A Sh ALY (CA based
on multi-type random patch seeds, CARS) ,

LEAS $2 M ] = s A A2 A ) 2% 28 I 97 5Kk B9 7820, I i b A7 — 5 He ] B9 BE AL R AR | AR 3 1 3t A1
KRN 14 . RHBEHLARAR 32 (random forest classification, RFC ) 33154 — X 45248 + Hb A1 4™ 5K F14K 3
TR AT, 38 3 % P SR - ) RS FIAR SC SR Sl PR 2R A 73, SRR 2t 1) i R ARE A< 1 BIK 5y P 22 %)
N BES I SR TTER . RFC 539 RE A% b P g 6 B8040, mT LAAR I B BILIGR 75 5 12 (4R A 22 (out-of-bag
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X PSR AR i o0, —g (2 1) o XEEAR AR R PE ARG il ad v B H AR eRECR 29 SR A, (i FH 35 2 33035 NSGA-
11 R 22 H AR RIS | DASRAS K A 45 22 G0 Wb IR) 457 BRI ] 982 2% 8 04 - bR FH 5 HE, oA PLUS BERUASERL +
iR o3 A1 B B e A

x1 IHAASERRURKEE

Table 1 Land use multi-objective optimization decision variables

A A b fzs:U) AR il 7Kk bl

Land use types Farmland Woodland Shrub Grassland Water Urban

PSR AR i Decision variable Xy Xy X3 Xy x5 %
— HireR%L

SEMENG 5t L T SR B RBE BB T 2050 47 B L A HI ARt R #e

Xk B 55 < R T80 25 RS DX L R FH A5 A0 7K b AR A R GEIR 55 4 R M 1 5, JBOR 2 T A AR 25 B0 WU
Fs B K RS R GRS Z M AR . HAReRECH FOFI F (3R 2)

PR S R AR R GRS DR 04 - R R, AR eR B8O F L F,  F F, (R 2)

F2 2050 FPHR T LA AE KR BAREE
Table 2 Objective function of land use demand in Yangquan City, 2050

)i AE Tk
Function Formula Description
2N & _ Ei et 1 FE 5K 01 kg 224 5 25ty 34 22 K = lem?
. . . Fi(x) = max Z ec; X x; ec; JEREFD b SR 2 B k25 R B/ (J770/km?)
Economic benefit

BRY ; e “ .
LT RS 1A Fa(x) = max 3 esv, x, esv, 2 LRI A A I A5 (S R M (T 78/ k)
Ecosystem service value

IELATE -
il Fy(x) = max 3 wev, xx, wev, 4% 1 HUR A K2R 1/ (T k)
Water supply capacity

g [ -t H
HIEORAFRED) Fy(x) = max Y esv; X x; esv, JE 4% TR I L3RR RE S/ (T 8/ km?)

Soil retention capacity

LB AR AL GDP AR B AR b R 2 SRR AT (L, e WA [R] b A PR BB 2 5 B (3£ 3)
A RGBS M R BRI 0 55 A SIS I B S N R BT, R TS R T Y
FHZRIAHVCRC , AT S 1 SRHI S 2 BT RUR 3 AT & — U326 (R 4) BRI EIES REES
a5 B A K T PR 5 B 2 H bs s BUZ 15 18 T K BEES RE 7 s8R F, (x) R IR LR B RE T R 8K F,
(x) , RIHCAE PR 17 S AR 2SR S50 (B AR ECR BB T e R 0 IR 55 R EOCFUK B IR BE 25 1 55 R 4, LAGRAIE B I+)
T SRS BRI S5 22 (B 7R 07 6 308 L AR LE AR bl
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Table 3 Economic benefit coefficient and ecosystem service value coefficient of land use

Z st SEB RS

Economic benefit and ecological service o 2 3 4 s o
2235325 Economic benefit/ ( J776/km?) 925.1 94.8 14.3 246.9 1068.9 4719.8
A B S5 E R AL FEAENG 5 3.7 27.3 18.0 14.0 0.4 133.7
Ecological service value coefficient (GRS 2.7 24.3 16.1 12.4 0.4 124.4
TKHEZEBE ST Water supply capacity/ mm 3.7 5.1 8.1 6.3 — 43.4
45 6E J7 Soil retention capacity/ (t/km?) 3503.7 7146.2 9506.1 4718.4 — 3148.1

x4 ESBRENELERT

Table 4 Ecosystem Service Value Equivalents

BRGNS
Ecological service o w2 - 4 s Yo
P25 IR 55 aA 0.9 0.3 0.2 0.2 0.0 0.8
Supply service JE} Az 0.4 0.7 0.4 0.3 0.0 0.2
IKGEIR LG 0.0 0.3 0.2 0.2 0.0 8.3
P RS SARYE T 0.4 6.5 4.2 3.2 0.1 5.6
Regulating service AR 0.4 6.5 4.2 3.2 0.1 5.6
RIS 0.1 1.9 1.3 1.1 0.1 5.6
IR SCIHT 0.3 4.7 3.4 2.3 0.0 102.2
SRR e ISR 1.0 2.7 1.7 1.5 0.0 0.9
Support services EIZSEANITEN 0.1 0.2 0.1 0.1 0.0 0.1
YR 0.1 2.4 1.6 1.3 0.0 2.6
SRS Cultural services F M 0.1 1.1 0.7 0.6 0.0 1.9
Y I

FETBH IR T 2050 4F A R BB ™ 000, i B AR TR (R 5) o SRR IRSREAS Sl I R AR (1) BF
A H A FHZER 22 AR FE SR T A BT A (2) BRI s A 2R R e Ak N 0 R BT 285 (3) BHIRT
B AR RE S L 90% MR H 458 MR 24 . B AMEEL MCI 2 2 [ 52 R 8850 1 18, Sk AT A SR T
PSR, BUE R 2,

x5 2050 £ FAFROMEMAOAR
Table 5 Food and population constraints on land use demand in 2050
2R ik
2= A JTA A R FH 2R ) T RS R R AR
F 2050 4F, B D EGER RT3 143.1 07, Wi R ARHb RGN % R E R
50 A/km? . 3 I 2 BEAF D 5000 A/km?
HEBAE P I RO AR R TN DR FK . AAWFSE AR B K &2 400
x,X7.11x10°%0.95%2 = 143.1x10*x400x0.9 keg/ N (BARACZE L) B H A RN 90% ; BN HFHUR & 7= B 711 vkm? /58
A LU 1A 95% 5 Z AP 8% ( Multiple Cropping Index, MCI) & 2 ( FHIR T i)

50 X(x,+ xy+ 23+ x4) + 5000 x =143.1x10*

2 HR5ITR

2.1 b R AR SR 28 KA

AL 334 A BT X, TR 20.6 km®—33893.4 km® %5 SE IR 2957 km?, AT R
HUR B B2 R/ I 238 )RR, () AreGIS10.7 XEWFSE X A9 DEM #E477K SCa M, Xl 43 1 226 AS/hisl, 3%
AU 4078.4 km®, JETF K-means IR 5 T/ Fh 1R HZE A (B 4) , 20 BIAR ML 2540 MR 254 ok
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iy 87
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Fig.4 Transformation of different land use structures in small catchments of the Loess Plateau from 1990 to 2015

IR A5 A8 B8 e LA F M 2 K i) Pt 2 K O 2 RO R MBS R 1) MR B2 b A B ZS R F) e
T3 1) g 2 R A AR B 2 ) 5 A e M A5 AR R I e A D AR AR R B2 K, LU e M 4544 , /DR o e ohy
AL ; Fr ML ASHA R AL R 1 A i LU AR S, /DS B S R e A D T A M A A R e 454 (R 22
B SR R T AR R A S (18] 4) s AR R EE K D BRI e A Sl T MR 25 4, A AL A Rt RE L
SERMH LU E B, B b B e R P2 R ) B 48 LA R 5 A 1) R A R O T LR AR
LERG I AR A5, o AR B L o SR P P R R RAR AR AR BFb Ak, LU R B EE R A M 25 44 1]
A HESHFEAL , 0 AT e S P PR B T B SR ER M LAY B SRR (K 4)

FEXT B A e S - A PSS A TR A 1 K-means BEEAEAS BT BIAH 1) b A FHZAL . R IR
SRR B, (5 T BT B PR DI 4 o LU A0/ 0N DR R 23 b ok 7 B ) 1 G Ak 3
T A —E R B AL 104 E AT REZmG 1 B AR S R GRS TR RS . 5 A WESEAH L, A B
FERIRN 73 IT LR T i (ELR = X B M i PR 20 23 BT, B 5 ECRE DX ) it ) P 21 TR O i e T B Bk
TN, RPN 97 ZER AU DX IR B T, SR T 30 A R R A S ER I G S, O T L b A 4
FerP I A B I LA SR TIPS BORGBE o ASRWTFE N 5 TEAS B A A 73 SR 2 | LASR Bt B hy e i MIAEAf 1)
TR FHEAG 3 AT, AN, BH R BT R o PO T (B A A R GRS S A R A, R
M AR T RN 500 Bl XK IR LS, | IR AR R S R G5 A W5, Bl S 5K ml g
FEOKPRIFEEST T A LR I, P, AR TN A AL - 3R S B e ot] 2 o ot 80 T el AT TR 20
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Fig.5 The area ratio of dominant land use in each structure type constrained the ecosystem services per unit area ( P<0.01)
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Table 6 Upper and lower limits of land use demand in 2050

1f5 5t Scenario/km? %) ) 3 N x5 %

131 FBR 455.9 1367.7 43.2 1139.8 1.0 156.7
Synergy -BR 911.8 2051.6 86.4 1595.7 1.8 351.0
Xof TRR 736.2 1496.9 43.2 1219.5 1.0 156.7
Contrast -BR 1192.1 2180.7 86.4 1675.4 1.7 351.0
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Table 7 Land use area demand forecast for 2050
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