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Spatial simulation optimization and resilience assessment of

ecological networks in loess hilly region

—a case study of Xiji County, Ningxia

Liu Yuanyuan"?, Ma Caihong”
(1.College of Urban and Environmental Sciences, Northwest University, Xi"an 710127, China;
2.School of Geography Science and Planning , Ningxia University, Yinchuan 750021, China)

Abstract: [Objective] The ecological network connectivity and overall structure of the Loess Plateau region both
exhibit high vulnerability. Assessing resilience helps identify weak links within the system, providing an important
decision-making reference for the sustainable governance of regional ecological space. [ Methods] Taking Xiji
County, Ningxia, as a typical loess hilly region, the PLUS model was used to simulate the spatial structure of the
ecological network in 2030 under a natural development scenario. Morphological spatial pattern analysis (MSPA) ,
Linkage Mapper, and other methods were combined to construct the ecological network from the perspectives of
points, lines, and areas, and its spatial resilience and optimization effects were then evaluated. [ Results] By
2030, significant land use changes were projected in Xiji County. Cultivated land, forest land, grassland, and
water bodies showed an expansion trend, with water bodies experiencing the largest area increase. Construction

land remained largely stable, while unused land area decreased. A total of 53 ecological sources were identified,
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and 138 ecological corridors were extracted. The ecological network exhibited an unbalanced pattern, being “dense

in the north and south, sparse in the central region”. In the optimization scheme, 54 ecological barrier points and

30 ecological pinch points were identified, which could effectively enhance the overall resilience and stability of the

ecological network. [Conclusion] The optimized ecological network demonstrates significantly enhanced

resilience under both deliberate and random attacks, showing better functional maintenance capability at equivalent

node removal rates. It is recommended that future territorial space protection and restoration adopt differentiated

strategies such as “zone-based management, corridor restoration, and node enhancement”.

Keywords: ecological network; spatial resilience; PLLUS simulation; network optimization; loess hilly region
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types in Xiji County in 2030
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Fig.7 Comparative resilience analysis of ecological network in Xiji County in 2030 before and after optimization
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Table 2 Data analysis of ecological network in Xiji County in 2030 before and after optimization

o7 &
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
A BT B 0 5.30  10.60  15.90  21.20  26.50  31.80  37.10 42.40 47.70 53
B Ja 1 B 0 13.70  27.40  41.10 54.80 68.50  82.20  95.90 109.60 123.30 137
Pk i 9 1 0.69 0.63 0.56 0.42 0.36 0.26 0.15 0.10 0.08 0.11 0

A5 44 8 0.63 0.55 0.46 0.34 0.22 0.17 0.13 0.08 0.06 0.08 0




5 6 3] ) e el 45 - 1 i DX A 2 0 24 s (B AL A S ) A A A —— L 7 B 5 L o 0] 355
3 #® 4 i

RERLEE R WY, 2 2030 4F , 74+ B 4 Mo R A% S5
N R A W AR SR R Bk AR b R M K S
sk, E I F b A R AR R R i X — AR
A A5 B 4 BB DX 3 T I ) Al & R R ) IR
e 5k B A 25 3R Ak ) XS 75 S AR AT FE LT S
T,2030 476 & B AR S M4 80 R L 4 R
B S TS SR o e T S R A S b Ak S A LAY ik
5 3G X MU AR R AT RS A R TR
HLAE B ARAE AR AT, T A O AR A TR b 5 S Y
PO S DX R b 4O 30 K SRR, R N R
Sl B A i A0 DB, v i BE B9 N2 3 B0 E R
A BEWE R AL AR S A T S BRI, A A R A 2D R
B S R EG o AE ASTR b AE A DX PN A O AT R L S
A AL I DGR A R AR S BT R B L
PEVER . Hoga 2/ A58 oA B OC R B
HEATSAHEER S EYZ AT, 52k
AT A B R A AR A AT R R T B N
AW 2 REVE B A B B A R O AR AN N 2 rp % B
RSB RE o 07 7E A8 2 I 4% i FH OGS I 2
YE R /N B BE B IR N 258 22000 3K 6 B e 7 5% LA J=)
R b TS5 R T SR B BB 2 S W R A 4 AL I
B A M, PR A S R A L . 5 R ARGk b A
Eb /0N 25 BRF B 7 0 B A R 3 i 35 it A 0 3 R b B ek
i AR KGR E W EN . Hit, A0%E
s X OGS B R A S B R IF R T
ANA LR b 1 A A T RE B IA TR . AR A R T AR R i A
BME M OER B ASHK R BA AR
AR PE T o 5 S A0 v AR 8 JBR 18 23 (8] 43 A7 R
i, 0 3 55 A2 38 FHEAilt 5t 19 w52, A A ) A I
A BT YRR S MR E AR R .

T A R A 2 e A B A U M AT AR )
LM B AR T, U B S Ak DG B SRR E e A AL
o 4% ARl kL 5T B IXOA AR 4% F 5T 45 AR A
B0 T B A S O 44 o 4 R Y 5 P T LA A AR
PR B ARE Y A R 22 5 A5 A (P LA )
FLI 2016—2035 4F ), N G S X5 JR 0 H B 2B 25 e f A
fRFH I A A e hg S AT B Rl i AR R R
A 22 vty 4 0 2, A R A A T E BEL TS L B2 I
LRV, Sy ik — 20 i 25 S A 14 2 TR 45 R DR 4P 1 i
WA A S AR — 2 B R BRAE IR RACR T B R
KRB R AR R AES R WXL WY
5K A 22 B BUR Y S0 B BN [F] R J R 1) R AR M
2R PR AR IR 25 S R SRR 2 O &

A SCAE M PLUS 28 MSPA 77 (MCR B H |
R BROE I B A R 2 M Ok MR T P B 2030
AR R A T AR S M, IF X Hoik AT 1 &5 [
AL S EPEPEAL . RSB .

(1) 2% F PLUS BB X 74 5 B 2030 4 4 A1
PEAT T RS AL, SAORS JEE 0.89, Kappa %2 %2 0.92,
FAR NS 50T b st b |55 FOK B2 3 9k
K ok AR A Ok, i AR PR R AR E L R
1) b T AR

(2) 20304F, P93 B E 2 A S EMA 534, &
Ly, DX 3 DL bR B Ay SR Al A 1] DX
PLKECH 3 5 4R S ARGE 138 45, JE ML r AL % b i ”
8 25 1) AN 24 A5 A Sy, ob B o 1T IE X 52 NS0 Bl
SRENT A, AR S IR AR D | ER G A B HL 3 2,
2R A 5

(3D DAk S B AR 2595 5l A AR T A 25 T 4% 1Y
BRI E S TaE M . T B 3R U A 2 ok
S 30N FIAE 25 B A 54, B4 A T v 0 OC iR
EAEME S EAL. AL AR S MR TEE B IGE Sk
PL 7 BB 2 35 o TR A T BB BR R T )
RE AE 5 AE ) B 4F, M 46 58 42 0 Tot 19 I 5t sl B 8 0 v
2 2% 3Lt (References) :

[1] LuY C, Huang D, Tong Z M, et al. A conceptual
framework for constructing and evaluating directed eco-
logical networks: Evidence from Wuhan Metropolitan
Area, China [J]. Environmental Impact Assessment
Review, 2024,106:107464.

[2] Wang HH, Zhou L. L, SuK C, et al. Resilience evolution
and optimization strategies of ecological networks in the
Three Gorges Reservoir Area: a scenario-based simula-
tion approach(J]. Ecological Informatics, 2025,90:103285.

[3] B2, 7RI, BEIR AR AL IR 5 I 5 A T A A5 B MR I 25 4%
Jay Be W A 3 [T ] M B 22 4), 2025,80(11) : 3088-3106.
Han Y, Tang C C, Yu H. Spatio-temporal pattern and
network construction for ecological resilience in North-
east China Tiger and leopard National Park [J]. Acta
Geographica Sinica, 2025,80(11):3088-3106.

(41 XUl bel , SR T, L i A7 . 86 9] i S e 780 2 9 Il T 4 e A
OB FG AR 25 0 P i R BE 5 LT ). T 5 X M B 2025, 48
(3):506-516.

LiuY Y, Ma C H, Ma L. Y. Simulation of urban expan-

sion and its response to ecological resilience of typical

oases in the Yellow River Basin[J]. Arid Land Geogra-
phy, 2025,48(3):506-516.

(5] XUARD5 AR, & RN, &5 T 5 0 Bl T g Ja A= 25 19 4



356

P/ S VI S

33 %

[9]

[11]

[12]

)P VR Al B FL R T M AT SE W SO B [T ). A AR B
P24, 2024, 39(9) : 2087-2101.

Liu C F, Ni B W, Lian H G, et al. Evolution of resil-
ience in the ecological network across arid inland river
basins and its improvement strategies: a case study of
Shiyang River Basin[J]. Journal of Natural Resources,
2024,39(9):2087-2101.

BIRIEH AR SRR VLA VAR T R X A S A
JEky SRR [T ] BREERL 4, 2025,46(8) : 5180-5195.
Jia Z Y, Fu Q, Cui S. Construction and optimization of
ecological security pattern in semi-arid region of western
Heilongjiang Province[ J]. Environmental Science, 2025,
46(8):5180-5195.

X FE , B R, W L, 4 B T MSPAL-MCR, 9 T2
KR PA B M @ 5 lA: LT E b T J]. A
SR R %, 2024, 36(1) : 67-76.

LiuY Y, Ma C H, Hua Y Q, et al. MSPA,-MCR;-
based construction and optimization of a hierarchical eco-
logical network for arid regions: a case study of Zhong-
wei City, Ningxia [J].
Resources, 2024,36(1):67-76.

M T, BN, EEW 5 T MSPA-Conefor-MCR
Ay Bl RO 2 28 0 2 A A - DR DR DX g ) [T ] 7 AR A
4R ,2023,34(4):1073-1082.

DuX Y, Lyu F N, Wang C Y, et al. Construction of
ecological network based on MSPA-Conefor-MCR at

Remote Sensing for Natural

the county scale: a case study in Yanqing District, Bei-
jing, China [J]. Chinese Journal of Applied Ecology,
2023,34(4):1073-1082.
Zhang K X, Pan J H. Evaluation of ecological network
resilience using OWA and attack scenario simulation in
the Gansu section of the Yellow River Basin, NW China
[J]. Environmental Research Communications, 2024, 6
(8):085016.
BRI, 5K = L TS W S M Y 2 R A I I T 5 T
XA [T] R A 424, 2025, 36(4) : 1233-1243.
LiY H, Zhang Y. Wilderness network construction in
Lincang City of Yunnan Province, Southwest China
based on landscape connectivity [J]. Chinese Journal of
Applied Ecology, 2025,36(4):1233-1243.
LN SO UIRC S RSN /A Y )
BT ST V8 B T 4 A R B - DA N T O 3R X R
BILI]. A5 4] ,2025,45(11) : 5582-5594.
LinJY, Dong Y, DaiJ T, et al. Construction and opti-
mization of urban cold island network from the perspec-
tive of landscape connectivity and environmental equity :
a case study of the central city of Fuzhou City[J]. Acta
Ecologica Sinica, 2025,45(11):5582-5594.
BERKID , ] G AR A R G0 IS5 RIS 3 P Y A
BRI G X AR L2k R T] T 2 X,

[14]

[15]

[16]

[17]

(18]

[19]

2024,47(10):1745-1754.

Huang Q S, He H. Ecological security pattern of the
oasis area around the Tarim Basin based on coupled eco-
system services and landscape connectivity [J]. Arid
Land Geography, 2024,47(10):1745-1754.

W AR BRIRAS A A A AT IR P T SO
BRI K HARFERFSE , 2022, 29(3):269-275,283.
Wang N, Li M C, Chen Z J, et al. Landscape pattern
simulation under the constraint of ecological network in
Changsha City[J]. Research of Soil and Water Conser-
vation, 2022,29(3):269-275,283.

Ry IS S R I o - e ok D R R A
ST R A 2 AR G IR S5 v LA A /B I 3 A (D). R AR
Fha#,2026,47(3):1870-1882.

Li N, Li C H, Ma C H, et al. Scenario simulation of
land use change and trade-off analysis of ecosystem ser-
vice response in loess hilly area[J]. Environmental Sci-
ence, 2026,47(3):1870-1882.

WL, THREAT, W B, A5 T B e 2 B s AR A PR
BRI IR PREFIIE, 2024,31(2) : 228-239.
Yang H, Ma C H, Hua Y Q, et al. Spatiotemporal
variation atlas of grassland greenness in Ningxia and its
driving factors[J]. Research of Soil and Water Conser-
vation, 2024,31(2):228-239.

DA N I S ol - P o L el 151 R R et e X )
(DA T H R2,2025.

Liu Y Y. Simulation of spatial resilience of ecological
network in loess hilly region [D]. Yinchuan: Ningxia
University, 2025.

BRI AT RS, AT R IX A AR A
F R A T 5 H st R A A < ARV E R S 4 [ ] R AR
A2 4, 2025,36(1):259-270.

Lian H G, Liu C F, Ni B W, et al. Construction and
optimization of ecological network of natural protected
areas in the northwestern arid region: a case study of
Hexi Corridor[J]. Chinese Journal of Applied Ecology,
2025,36(1):259-270.

VPURE, 35 K BE, A HON SR i B A R 454 i 5
PRALLT]. h E Vb, 2025,45(2) : 61-70.

Xu A K, Ji T Q, ShiJ. Construction and optimization of
ecological network of the Heihe River Basin(Gansu sec-
tion)[J]. Journal of Desert Research, 2025,45(2):61-70.
Wl M SN, 3R A RV R T A L A S R G
R A RRC O L = 5 40 N T R R/ A M S BN
%4} ,2024,39(9) :2155-2170.

Yang X, Xiao H 1., Huang C, et al. Research on the
construction and collaborative governance of the “socio-
ecological” network of a land ecosystem in the middle
reaches of the Yangtze River [J]. Journal of Natural
Resources, 2024,39(9):2155-2170.



5 6 3]

) e el 45 - 1 i DX A 2 0 24 s (B AL A S ) A A A —— L 7 B 5 L o 0]

357

[20]

[22]

[24]

5K AL R SCE L B0 Y S BE T U S UL S M AR
AR [ T]. B2 4, 2024, 79(1) : 259-278.
Zhang C, Chen W B, Huang F F. Effects of grassland
connectivity on plant diversity in Poyang Lake[J]. Acta
Geographica Sinica, 2024,79(1):259-278.

AR, RS BR AR, A B TR AR A (A R A AT
il dne /Iy SR BH Ty B (4 35 T A 2 2 A A JR A - DL
Il Al [T]). 2R &2 4R, 2024, 44(6) : 2284-2294.
LiQY, Tang L N, Qiu Q Y, et al. Construction of
urban ecological security pattern based on MSPA and
MCR Model: a case study of Xiamen [J]. Acta Eco-
logica Sinica, 2024,44(6):2284-2294.
ZTHL LM O AF LT MSPA M MCR B
T 8 R I T A A 455 K - LA R A T TR S A L.
K EBRFERFFT 2023, 30(2) :303-311.

Qin Z B, Xuan J, Huang L. J, et al. Ecological network
construction of sea-island city based on MSPA and
MCR model: a case study of Pingtan Island in Fujian
Province[ J]. Research of Soil and Water Conservation,
2023,3002):303-311.

EHWE, HYEi, FCE, 45 ST MSPA-InVEST #
AU T PR T AR A5 2 2 R R I 2 T 5 2R 2SR M T A
[J/OL]. ¥ #% Bl 2%, https://link. cnki. net/urlid/11.
1895.X.20251128.1042.039.

Wang W Y, Su W C, Dong W Z, et al. Spatio-tempo-
ral evolution of ecological security pattern and assess-
ment of ecological resilience in Chongqing based on the
MSPA-InVEST model [J/OL]. Environmental Sci-
ence, https://link.cnki.net/urlid/11.1895.X.20251128.
1042.039.

B, A 2 g, B AR AR, S R T UL A A JR) B BT X
AR i B A A R DAL - DAL 7 R 3 22 ) X
BILI]. K AR08, 2021, 28(1) : 228-233, 241,
QuM, ZhouY W, Cao F C, et al. Layout optimization
of rural residential land in the Yellow Sea based on
theory of landscape security pattern: a case study on
Pulandian district in Dalian City of Liaoning Province
[J]. Research of Soil and Water Conservation, 2021, 28
(1):228-233,241.

LiJ X, Nie W B, Zhang M X, et al. Assessment and

optimization of urban ecological network resilience based

[26]

[27]

[28]

[29]

[30]

on disturbance scenario simulations: a case study of
Nanjing city [J]. Journal of Cleaner Production, 2024,
438:140812.

WML MR E R B B el KB U IR A R
P B AR AR S S A Jm  LUH A8 B ) L] K 2 AR A5
9% ,2026,33(2):386-395.

Xie A P, Chen Y L. Livability evaluation and develop-
ment layout optimization for county-level villages in
Loess Hilly Region of central Gansu Province: a case
study of Gangu County[J]. Research of Soil and Water
Conservation, 2026,33(2):386-395.

FEZE ), T, 45 .2000—2015 4F B PG 8+ B
DX A i 1) 732 A R smo WL A 2 RS PEAN [TT. 7K - PR 5 B
7% ,2021,28(1):279-284,291.

DuJ, Zhao S C, Qiu S K, et al. LLand use change and
landscape ecological risk assessment in Loess Hilly
Region of western Henan Province from 2000 to 2015
[J]. Research of Soil and Water Conservation, 2021, 28
(1):279-284,291.

EFASCE, L FBRERIIF R RS X R AT
WK Gl I3 A3 A LA P oI [T] T 5 IX B IR S R
5%,2019,33(1):51-57.

Wang L, Mi W B, Wang X, et al. Driving forces of
land-use changes in exploration limited ecological zones:
Xiji county, Ningxia[J]. Journal of Arid Land Resources
and Environment, 2019,33(1):51-57.

R, T AR, RIS, S5 . A Y AR vl A A T 6 1 I 2
A8 5 22 SR LU T S B [T]. BRI R A,
2026,47(2):987-998.

LiG, DingJ M, Shi L N, et al. Spatio-temporal evolu-
tion and multi-scenario simulation analysis of ecological
networks in oasis cities: a case of Yinchuan City [J].
Environmental Science, 2026,47(2):987-998.

JE R B UL A B AR T AR A AR R -
T ZUIRER A N E A GO AE S MR R IALLT]. A
A2E,2024,44(13) : 5854-5866.

Zhou Y, Li B, Li PY, et al. Optimization of complex
green space ecological network pattern based on the
multi-functional coupling of ecology-climate adaption-
recreation [ J]. Acta Ecologica Sinica, 2024, 44 (13) :
5854-5866.



