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Abstract: [ Objective] This study aims to investigate the trade-offs among ecosystem services and their driving
factors in the ecological barrier zone of the Three Gorges Reservoir area, thereby providing a scientific basis for
integrated ecosystem management and ecological security in the region. [Methods] Based on multi-source
geographic data including land use/cover data, meteorological data, and soil data in the ecological barrier zone of

the Three Gorges Reservoir area from 2000 to 2023, the CASA, RUSLE, and InVEST models were employed
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to systematically evaluate five typical ecosystem services: Water yield, carbon sequestration, soil conservation,
habitat maintenance, and water purification. The trade-offs and synergies among these ecosystem services were
examined, and the XGBoost-SHAP model was further utilized to identify the key driving factors of trade-offs
among ecosystem services. [ Results] 1) Water yield, carbon sequestration, and soil conservation showed an
initial decrease followed by an increasing trend from 2000 to 2023, while habitat quality and water purification
showed a declining trend. Spatially, the high-value areas for water yield, habitat maintenance, soil conservation,
and water purification were mainly distributed in the central and eastern regions, while carbon sequestration
exhibited a decreasing trend from the central regions towards the eastern and western regions. 2) Overall,
synergistic relationships dominated among the five ecosystem services, and the synergistic regions were primarily
distributed in the central part of the ecological barrier zone and regions with higher altitudes and greater vegetation
cover. In contrast, the trade-off effects were mainly observed along banks of the river, as well as in the urban area of
Chongqing to the west and the region adjacent to the urban area of Yichang to the east. 3) Precipitation growth rate,
slope, altitude, and vegetation cover were the main driving factors determining trade-offs among ecosystem services,
and their impacts exhibited certain threshold effect. Population density was found to exacerbate trade-offs among
ecosystem services to some extent. [ Conclusion ] Future ecological restoration projects in the ecological barrier zone
should place greater emphasis on the non-linear impacts and threshold effects of natural and anthropogenic-driven
factors on trade-offs, so as to achieve a more precise multifunctional enhancement of ecosystem services.

Keywords: ecosystem services; trade-offs and synergies; XGBoost-SHAP model; driving factors; ecological

barrier zone of Three Gorges Reservoir area
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Table 1 Area proportion of trade-offs and synergies among different ecosystem services
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Fig. 6 SHAP features of trade—offs and synergies in ecological barrier zone
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Fig. 7 Analysis of influencing factors in ecological model based on SHAP dependence plots
BRGNS Z MBI H R R Z B HARN R
N ZETE 3h 19 W #52mi . A SR XGBoost-SHAP
BB PR 5T A [) DA 300k AR 2 2R B8 IR 55 A4 5 1 ) O
F Y AR L5 e K RN, AT BT A B e

=7

B
w Z

s FX I

AR IF HAT A B I 1 B R

=7

i
SSRGS KRB ZLHH . 255 45 KRR K FO R M0 R K e R 3R 1 A8 Ak RT R R e A B A

http. // stbexb.alljournal.com.cn

AR R A 2 R G55 AU 5 O R S R AR L B A
M 715 [l
N O~4. 100, F B TR K 7K SR 36 1 5% Hi 21
AR A3, 8 A 2 FR G R K o3 R A Oy TS A A B R



5 6 3]

W% 5T XGBoost-SHAP Y =082 I [X 4= 25 B B X 4 25 2 G0 IR 55 LA K 3R 31 11 43 Br 135

Ay A, 1T 5 W) ik A7 R 4 R R 2 AR S R SR
G500 R W IS CMRb TR 5 B =19%0, KNDVI>
0.4 W77 78 B B 119 2 25 ) 8 59 (81, 6 B w150 {0 AR AR
A R G0 RE W B0 R e R SRR RE B
B IE 18] BB ER S ABAF 5t s 3 e A
6 Bt s R AE N, PRI K B LA i e 7 R
HEBHBHWESRPBEE TRAIRSBESRS
IR 5 AU o ik, iR R AR S DR B A2 5 R v i P 0 2
&L HIE (B 1.4°~23.0°, #E 3k 411~1 045 m) X
A B AR -k A - EOREE T B A W A P ) 4 i
RN, D R A 12 b 31 FB1 P9 A e 2 A8 Db i oy
A5 1 B [ AR AN SRR RE L =2 A N2
s T, e[ AE F A 2 IR 8 I i 4R L A
KTV Ak - AR B A A /7R K BRSSO R b, U Y
12> 38 I A iy 7] ¢ 2R , e 32 % It A 7R T 24 3 B 4
Rt K R FEAIG, R AR /N L TE Je W Cn /B
F2 B T LIS R W WA, I B K B Ak - A B
YA/ 7K B 22 T AR AR AU O R BE A B T
b AR W G T e W B AR TR R IR, AR R
K AEARER o YR FNTRRAE Al K T e b -2 35 e K5/
FEOK R Z ) R RN . 7 ACAIE S, N
K -AE BE AR ARE KT Ak -k [ A7 550G 2 11 52 ) 2 30
N ARLANE BERHE , 75 %% B (203~558 A/kmD T,
I OSSR Bl oK R A A ek B AT AR K £
B R ), 2 Bk IE ) 5K Bl 5 — R O B i
JEE T K T 300 R AL L AR b 2 R Ak R K BT R
R, DU 2 H e IR S5 e gg 9K gl Oy ) i Oy A B 6
[ 00 i R DR T B X RV VL AR S NS
Bl 2% A X Ry AR ARSI b gk G
TR IE) KT S A a8 T M o e R AE D 2 i 3R Iz 55 B [+
{1ty T BN B Bl DR, 0 G 7 R P R R T 0 2 X
M. B, ORI AR S8 R 06 0 25 A AR
BRSNS E 2t IRl S AR K
3T R R A A K A 3l R A R ) A
B LIS RGE WSS Z P EL AL, DL R
PSRRI G ES 54
4 % it

DA B XS R GRS HAT R i 25 7
itk oK R HEARRE kA R L
AR KL R RS TR PRk E
bR B KR EE S X A B —
(R AFARL I, = B 40 A 7 v 3 T 7 0 v YA A DX Bk
[#5] 7 F S 1 7R i 3 DA P

DERBREEX AR RGR S B A B %S [ 5
Jo M RN ROBE AR o PR OK B R AR RE B A LR

S8 2 5 A P B L 2R X L P [ O AR O £, K
Jot e A I 55 DI ] 225 1) 23 A A5 S o3, 5 e A X AR
BRGNS B 5 U ] OC R AR 22 UK

3) AR I T 583 B 2 2R 25 R LIRS AL 5 B
[F] OC R AL . B 7K B A X AR 25 R Gt IR 55 [R] A ASLAE
5 A 5 &R BA £ S PR AR AT 5 A8 Bl R JC R 3 R
7 B 2 25 2R 55 IR 25 T 6K 4652800+ M0 D 7
T 18 J3E 0 [B] PA RE 0% 0 255 184 A= 35 24 455 - ik [ A - L 8
PRI Z IR P R R00E o 11 %% B A T B R 25
JEll A 25 2R G ) R ASL A
B%TH#:

[1] B A /My BB, 5 H AR T A L IX AR S R

ge R 55 i) 25 A% JRy M2 Dy g 43 DX [T ). 3t 3% 4, 2022, 77
(3):736-756.
ZHAO X Q, SHI X Q, LI Y H, et al. Spatio-temporal
pattern and functional zoning of ecosystem services in the
karst mountainous areas of southeastern Yunnan[J].Acta
Geographica Sinica, 2022,77(3):736-756.

[2] SHACKELFORD N,HOBBS R J,BURGAR J M, et al.
Primed for change: Developing ecological restoration for
the 21st century [J]. Restoration Ecology, 2013, 21(3) :
297-304.

[3] CHEN H, FLESKENS L, SCHILD J, et al. Impacts of
large-scale landscape restoration on spatio temporal
dynamics of ecosystem services in the Chinese Loess Pla-
teau[ J]. Landscape Ecology, 2022, 37(1): 329-346.

[4] LIR N, ZHENG H, O'CONNOR P, et al. Time and
space catch up with restoration programs that ignore eco-
system service trade-offs[J]. Science Advances, 2021, 7
(14) : eabf8650.

[5] A%5 20K, W W5 RT3 R e 55 AL
KRB BERNL[T ] A5 4, 2022,42(18) : T445-7457.
GOU M M, LI L, LIU C F, et al. Gradient effects of
ecosystem service trade-off relationships in the Daning
River basin [J]. Acta Ecologica Sinica, 2022, 42 (18) :
7445-7457.

[6] Z% 8, /N RN, 55 BT DL 307 R0 2% (19 A6 5 R 4 IR

55 R HR ) OC 2R K2 FBR 2 B 743 A - ARk AL 8 4 i Ity
BI[T]. EA2EH, 2023,43(16) : 6758-6771.
LI T, LIANG X Y, ZHANG J, et al. Ecosystem ser-
vice trade-off and synergy relationship and its driving
factor analysis based on Bayesian belief network: A case
study of the Loess Plateau in northern Shaanxi Province
[J].Acta Ecologica Sinica, 2023,43(16):6758-6771.

[7] YOHANNES H, SOROMESSA T, ARGAW M,
et al. Spatio-temporal changes in habitat quality and link-

age with landscape characteristics in the Beressa water-

http. // stbexb.alljournal.com.cn



136

PSRV R 3

%039 %

[8]

[9]

[10]

[13]

[14]

shed, Blue Nile basin of Ethiopian Highlands[J].Journal
of Environmental Management, 2021,281:e111885.
T8, B SO XA, 55 77 B0 I gy A A PR
Jo bk i s AR A B L BR S AL [T ). AR A S 4, 2024, 44
(20):9067-9080.

YUE Y F, ZHAO W Z, LIU R T, et al. Spatiotempo-
ral changes and driving mechanisms of eco-environmental
quality in the desert steppe zone of Ningxia[J].Acta Eco-
logica Sinica, 2024 ,44(20) :9067-9080.

B IG UK, WG, BB, S R R S A S R SR 55 )
e AL AL S IR 8l &R A [T]. 7k £ AR Fe a4, 2024, 38
(4):222-235.

WEI L H B, SHI P, WEIL'Y, et al. Analysis of ecosys-
tem service function changes and their driving factors in
the Kuye River basin[J].Journal of Soil and Water Con-
servation, 2024 ,38(4) :222-235.

LS, Fon RHEH ESESRGEIRS STH R H
(BRI B A 252 A o X - AT g L X R 0l [T ]. AR 3
24,2024 ,44(8) : 3142-3156.

WEN W Q, WANG Q, CHEN T T. Integrating the
threshold effects of driving forces on ecosystem service
into the ecological security zoning: A case study in the
southwest China[J].Acta Ecologica Sinica, 2024,44(8) :
3142-3156.

DUP Y, HUATHJ, WU X Y, et al. Using XGBoost-
SHAP for understanding the ecosystem services trade-off
effects and driving mechanisms in ecologically fragile
areas[ J|.Frontiers in Plant Science, 2025, 16:e1552818.
XRS5 5 M, R A= L A I ] P B A 2 R G A5 AL
8755 b 1) B 3l PR 3R - LIS T AR 28 R G IR 45 D RE A
XA EI[T]. A 2524, 2024, 44(5) : 1780-1790.

LIU S, ZHANG H P, PEI X S, et al. Drivers of ecosys-
tem service trade-off and synergy in long-term sequence:
A case study of the extremely important ecosystem ser-
vice function area in Wuhu City [J]. Acta Ecologica
Sinica, 2024 ,44(5) :1780-1790.

W ELEE, R, R . b R T 2 R A P IR 06 R R
WS R TS LR AT A L] B R, 2024,
38(6):66-77.

ZENG K H, TANG J, YANG S F. Research on trade-
offs and synergy relationship of land use functions and the
driving factors: A case study in Wuhan [J]. China Land
Science, 2024, 38(6):66-77.

ZHOU B, CHEN G P, YU H R, et al. Revealing the
nonlinear impact of human activities and climate change
on ecosystem services in the karst region of southeastern
Yunnan using the XGBoost-SHAP model [J]. Forests,
2024 ,15(8) :e1420.

[15]

[16]

[17]

[18]

[21]

[22]

JOSHI G, SRIVASTAVA A, YAGNIK B, et al.
Explainable misinformation detection across multiple
social media platforms[ J].IEEE Access,2023,11:23634-
23646.

NGUYEN H, NGUYEN T, PHAN Tet al. Explainable
artificial intelligence model for evaluating shear strength
parameters of municipal solid waste across diverse compo-
sitional profiles [J]. Theoretical and Applied Mechanics
Letters,2025,15:e100578.

[ & SR TNy A P ool el
E[I] KA 4] ,2012,43(10) : 1248-1253.

HU Y B, LI1ZJ, FENG J, et al. Study on a method to
define ecological barrier range in Three Gorges Reservoir
areal J].Journal of Hydraulic Engineering, 2012,43(10) :
1248-1253.

FEoK A TLUE G 45 . =k PR X CR PR BE) 4t ) AR
A A2 25 RGN 55 0 (B R 52 00 23 BT [T ] K R RS BIF ST
2008,15(4):234-237.

JIANG Y H, JIANG H, ZENG B, et al. Effects of land
use change on the ecosystem services value of Three
Gorges Reservoir area (the part of Chongqing) [J].
Research of Soil and Water Conservation, 2008, 15(4) .
234-237.

T TE R, kAR TSI )2 U A BT 1 B A 2 FR B G B
PEITHr « DA = /K 2 A 255 e DX L BSR4 [T ] K AR
Fpa#di,2018,32(1):91-96.

FAN Y X, SHI Z H. Eco-environmental vulnerability
assessment based on fuzzy analytic hierarchy process: A
case study in the ecological shelter zone of Three Gorges
Reservoir area in Hubei Province [ J].Journal of Soil and
Water Conservation, 2018,32(1):91-96.

X SCH, WL, Y, 4F T MODIS fl CASA #5 7
[ AR T AR OO B NPP AR A6 R AE Bz 52w R 4
Brld]. AR, 2022,41(1) : 150-158.

LIUW R, LIX T, LI T, et al. Spatiotemporal varia-
tions of forest NPP and related driving factors based on
MODIS and CASA models in Yichun[J].Chinese Jour-
nal of Ecology,2022,41(1):150-158.

WRiE% B Z R, TR 1, % T RUSLE BRI = /4
= b A SR R R AR 2R M [T K B AR e
2021,35(6):7-14.

CHENZF, GONG A M, NING D W, et al. Character-
istics of soil erosion and nutrient loss in Yunnan Province
based on RUSLE model [J]. Journal of Soil and Water
Conservation, 2021, 35(6):7-14.

P R, X A B L O S0, A VLT A A S R G R 55 AL
5 55 Bp 1) O R Inh s B 2 K KR gy [T]. AR S 2 A0
2025,44(1):216-225.

http. // stbexb.alljournal.com.cn



5 6 3]

W% 5T XGBoost-SHAP Y =082 I [X 4= 25 B B X 4 25 2 G0 IR 55 LA K 3R 31 11 43 Br

137

[23]

[24]

[27]

[28]

[29]

[30]

YANG S W, LIUJF, KUANG Y W, et al. Spatiotem-
poral dynamics and driving forces of trade-offs and syner-
gies among ecosystem services in Jiangxi Province [J].
Chinese Journal of Ecology,2025,44(1):216-225.

A9 SO, W BLAT AR T A 3 R A T RO XA A
AU [T R 252441, 2023, 43(24) 1 10430-10442.
YANG W Y, YE H Y. Identification of ecological net-
works in the Guangdong-Hong Kong-Macao Greater Bay
Area based on habitat quality assessment[J]. Acta Eco-
logica Sinica,2023,43(24):10430-10442.

Wrgs B SO = A A 1) T A R S RS T L s R
T R AR RO A BT [T ] B2 ER 5 TR, 2024,
24(14) :5742-5752.

YANG R, DENG W B. Land use function transformation
in the Urumqi based on ecological-production-living
spaces and associated eco-environment effects[J].Science
Technology and Engineering, 2024, 24(14) :5742-5752.

W SR, PN/ VAR, B g U R D ) VA BT 45 a K BT IR
55 DI E A I 25 A S R R [T ] AR 25 5 R BR AR
241 ,2023,39(8):990-998.

YED Y, SUN XY, SHAN R F. Study on the spatio-
temporal changes of water purification service function
and its influencing factors of Nansihu Lake basin for 45
years [J]. Journal of Ecology and Rural Environment,
2023,39(8):990-998.

ARp0 3 R IAR , T L AR RV & Tl A S R G IS5 AL
i 55 By 1) K 9K sh R 2% (7). SR B RL 4, 2024, 45(6)
3318-3328.

HE L J, ZHENG B F, WAN W, et al. Trade-off and
synergy of ecosystem services in the Yangtze River eco-
nomic belt and its driving factors[J]. Environmental Sci-
ence, 2024,45(6):3318-3328.

T 1R T A DRI . e XA A B R X b R T R
WA AR PEAG [T B2, 2014,34(12) : 1504-1510.
FENG Y B, HE J, YANG Q Y. Evaluation of ecologi-
cal effects in land use planning: A case study of ecological
barrier zone of Three Gorges Reservoir areal J].Scientia
Geographica Sinica, 2014, 34(12) :1504-1510.

GOU M M, LIL, OUYANG S, et al. Integrating eco-
system service trade-offs and rocky desertification into
ecological security pattern construction in the Daning
river basin of southwest China[J].Ecological Indicators,
2022,138:e108845.

WANG ZZ,FUBIJ, WU X T, etal. Distinguishing tra-
jectories and drivers of vegetated ecosystems in China’s
Loess Plateau [J]. Earth's Future, 2024, 12 (2)
e2023EF003769.

PG T 8%, B, % 3T XGBoost-SHAP nJ fig B¢

[31]

[32]

[33]

[35]

[36]

[37]

BLAS 2 A IR R T B 25 5 M 3Rl B i SC &R [T ] ]
A A2, 2025, 36(3) :659-670.

TANJ, WEIQJ, LIAO Z Y, et al. Relationship between
urban form and surface temperature based on XGBoost
SHAP interpretable machine learning model [J]. Chinese
Journal of Applied Ecology, 2025, 36(3) : 659-670.
LUNDBERG S M, SUIN L. A unified approach to inter-
preting model predictions [J]. Advances in Neural Infor-
mation Processing Systems, 2017,30:4765-4774.

J Bl L SRAT, BRI 30 4F =W A IXAE A8 R B8 IR 55 U
W 25 348 S R WE S [T]. A S PR 4 4, 2025, 34
(6):876-887.

ZHOU R J, ZHANG H, QIAN M. Spatial-temporal
evolution of ecosystem service flows in the Three Gorges
Reservoir area in the past 30 years and influencing factors
[J].Ecology and Environmental Sciences, 2025, 34(6) :
876-887.

X E L HOR S ET AR RS RS M
R AVL = R X A X [T i A S R S5 0 b
24 ,2022(4) :1-12.

GOU M M, LIU C F, XIAO W F, et al. Ecological
zoning management strategies based on ecosystem ser-
vice supply and demand [J]. Terrestrial Ecosystem and
Conservation, 2022(4):1-12.

i TEou, R R AR TR AR L S R IXUAE S R G IR g5
75 A AL AL SRR OC R WP [T]. A4 5 5 R A 55 2
#2,2021,37(5):566-575.

MENG H B, ZHOU Q G, LI M H, et al. Study of the
spatio-temporal changes in ecosystem services and trade-
offs/synergies relationship in the Three Gorges Reservoir
area [J]. Journal of Ecology and Rural Environment,
2021,37(5):566-575.

XI5 1995—2015 4F =W g X A= 25 R Ge IR 55 D e i =
AT (D ] BBl KA, 2022,

LIU M Y. Spatial and temporal evolution of ecosystem
services in three gorges reservoir area from 1995 to 2015[ D J.
Wuhan: Huazhong Agricultural University, 2022.

GOU M M, LIL, OUYANG S, et al. Identifying and
analyzing ecosystem service bundles and their socioeco-
logical drivers in the Three Gorges Reservoir Area[J].
Journal of Cleaner Production, 2021, 307:e127208.

=) IR 5 L R R L N YL AF A 2 AR IR 55 S ) R
e e AL 25 - AR AR UK B ) BRI < DL T R[]
RS, 2022,42(14) 1 5734-5747.

YAN XL, LIXY, LIU C H, et al. Spatial evolution tra-
jectory of ecosystem service bundles and its social-ecological
driven by geographical exploration: A case study of Dalian

[J].Acta Ecologica Sinica, 2022 ,42(14) : 5734-5747.

http. // stbexb.alljournal.com.cn



138 K B AR R 5 39 %
[38] Wil FEAs A 5252, 250k, 45 = R X AR S R 40 IR 55 AL basin[ J].Research of Soil and Water Conservation, 2023,

[40]

[42]

23 B A5 5 T s L LIRR A Bl [T, 2R 35 5 R A 2R
2441, 2021,37(11):1368-1377.

LA L M, GOU M M, LI L, et al. Spatiotemporal
dynamics and scenarios analysis on trade-offs between
ecosystem service in Three Gorges Reservoir area: A
case study of Zigui County [J]. Journal of Ecology and
Rural Environment, 2021,37(11):1368-1377.

X A7 B, S BN A LB iR D R AR 7 T
23 B RS AR [T]. R AR A5 2 4, 2021, 321D
113-122.

LIU Z, YANG J G, MA L H, et al. Spatial-temporal
trend of grassland net primary production and their driv-
ing factors in the Loess Plateau, China[J].Chinese Jour-
nal of Applied Ecology,2021,32(1):113-122.

LIM, WUIJS, SONG C Q, et al. Temporal variability
of precipitation and biomass of alpine grasslands on the
northern Tibetan Plateau[J]. Remote Sensing, 2019, 11
(3):e360.

TRHE, BT A, A5 B i R A A AR R AR
Gl g5 5 B R B2 ,2020,75(5):949-960.
ZHANG K, LYU Y H, FU B J, et al. The effects of
vegetation coverage changes on ecosystem service and
their threshold in the Loess Plateau[ J].Acta Geographica
Sinica, 2020, 75(5) : 949-960.

FE A B R AR A T I S R R B
SOk 5 Dy g I 2 A8 A K 3R Bl PR R A3 A [T ] K A AR R B
5%,2023,30(3):94-102.

WANG L, GAOJE, LONG S B, et al. Temporal and
spatial variation of soil conservation function and its driv-

ing factors in typical reclamation stage in Yanhe River

[43]

[44]

[45]

[46]

30003 :94-102.

PR LA, R L A TN OB Y B kB AR
IR 2R HL BRI 5 [T ). K 5 0 i, 2023, 43 (1D
32-43.

HE J, LIU W M, NAN H W, et al. A study on effect
mechanism of soil and water conservation of slope-to-ter-
race engineering based on runoff plots[J].Bulletin of Soil
and Water Conservation2023,43(1): 32-43.
e R, AL, BT A SRR KRB RGN
5 Z2 Ae R B 1 R BT B L) M B AR, 2022, 77(9)
2174-2188.

ZUO L Y, JIANG Y, GAO J B, et al. Quantitative
separation of multi-dimensional driving forces of ecosys-
tem services in the ecological conservation red line area[J].
Acta Geographica Sinica, 2022,77(9):2174-2188.

RRBH I, £ 30, BRIBE 30 & At BT SC I X A S R G IR 55
B4 52 e e DL JE ) b DX SR ) (D). A 25 4 4, 2022, 42
(21>:8713-8722.

OUYANG X, WANG K, WEI X. Impacts of urban-
rural construction land linkages on ecosystem services: A
case study of Dongting Lake area [J]. Acta Ecologica
Sinica, 2022,42(21):8713-8722.

AR A TR WAL A FEIUAR SR X A S R IR 55
PR S A 5 ) R I 98 4 < DA 4 A 2 S R ) Xy
BILT]. A4 4R, 2024, 44(21) : 9535-9551.

ZHANG Z Y, TONG Z M, ZHANG L T, et al. Non-
linear effects of landscape pattern on ecosystem services
and threshold regulation: A case study of eco-efficient
synergistic zone in Fujian Province [J]. Acta Ecologica

Sinica, 2024,44(21):9535-9551.

http. // stbexb.alljournal.com.cn



