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Abstract: As the Xiangjiang River Basin is a key economically developed region in the middle reaches of the
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Yangtze River, exploring the trade-offs and synergies among different ecosystem services and their driving
factors within the Xiangjiang River Basin is of critical importance for safeguarding regional ecological
security and promoting sustainable development. This study assessed the spatiotemporal distribution
characteristics of four ecosystem services, namely carbon sequestration, water conservation, soil reten-
tion, and grain production, in the Xiangjiang River Basin in 2000, 2010 and 2020 based on the CASA,
InVEST and RUSLE models. The trade-offs and synergies among ecosystem services were analyzed by
Spearman correlation analysis, and key driving factors influencing the trade-offs and synergies were
explored by the XGBoost model combined with SHAP (SHapley Additive exPlanations) analysis. The
results indicated that: (D Carbon sequestration and soil retention were generally higher in the southeastern
and southern parts of the basin, while food production showed a slight decreasing trend in the northern
region and a marginal increasing trend in the central-southern area. Water conservation displayed consider-
able spatial variation, with an overall pattern of marked declining trend in the central region and an
increasing trend in the northwestern region. @ Ecosystem service relationships showed a spatial pattern in
which trade-offs/synergies coexisted. Synergies predominated among ecological regulation services, with
the significant synergy areas primarily clustered in southern and southeastern regions. Conversely, trade-
offs dominated between grain production and the other three services, with significant trade-off mainly
distributed in the Dongting Lake Plain of the northern basin. @ As demonstrated by the XGBoost+SHAP
model, the proportion of cultivated land area and elevation were the key driving factors influencing the
changes in trade-offs/synergies of Xiangjiang River Basin. Population density and built-up land expansion,
among other human activities, intensified the trade-offs among ecosystem services to some extent, but
their overall impact remained limited.
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DO AL T VTR S AR 25 R G IR 55 I ASUAE / P R) O AR O 2 A 23 ) nT AR (P 4) o il AreGIS X A [A] 43 IX
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TR 75 O C R I E DSk . b, TR AT 4R A, AR H M R B OF 2 | SHAP f | <<0. D AET
e B 78 B 7 5 T R Y O AR A

4 HRE%R

4.1 itig
T A R GRS AU /T R B AR R 5 AT I aGm N, 5 B F 3R A X H 3 &5 5 i R A9 A,

AT S 1) 7 ok 2 4 b R P A B B B4R (A T 22 ARG I U S A S o g e 3 e, bRl B v o3 A T
T 0\ AR IS R G 30 % 9 A 1 DX, R T A P M 0 A T G A B3 T S R K R R L
W7 SRR v (DX T FE R 4 L R g P DX B, R A 7 e DX A B rh R X 3 R R
TE T Sk A ATF 58 45 R — 2, T 0 SR A 25 AR 8 M 55 U A /B I O A% 9 2 i) S Jo P 2 5 52 4 b R it 52
23 () 73 AR B R o RRED AR B [ A7/ b SR /K IR 77 S B 3 AU O &R X RO SR A A S B A
SR HGRAL B VINIOG . 5 Foley S R M A “ AL b 3Kk — A= 25 Ty BB w0 " HF 52 4598 — 3. W VL0 816 38 X 3k
DA B M ™ 5 AR T 4 5 S SO R A, P T (A g 9 7 0K 5 7R D RE 3 T R, R TR s A



10 THRFFHOGARBF R http://xbbjb. swu. edu. cn % 48 %

DEM - -~ DEM DEM - e — DEM

GD e » GD GD: - - - - GD
KNDVI - - ~-’-—~-.... Fri A KNDVI PCP -—-’- - FHI{E  rcp
e ] PP TEM - B 1EM
TEM| - o et '1& TEM KNDVI e e lﬂj& KNDVI

PCP . et PCP PP s ST PP
JSYD - - —l— JSYD ISYD e ISYD
NTR o S NTR NTR - NTR

04 02 00 02 0000 0025 0050 0075 0.100 0.125 025 000 025 0.00 0.05 0.10
SHAP{H E15|SHAPH| SHAP{H E15|SHAPH|
a. B4 =—xE T b. RRAF—TIERE
DEM - ~-c~. i DEM" PCP
PCP - PCP KNDVI
6D e - REE  p FFAEE peu
TEM e = TEM = Gp
KNDVI - e - - ' {& kNDVI l € TEM
o - el PP PP
ISYD ol ISYD JSYD
T NTR NTR
04 02 00 02 04 0000 0025 0050 0075  0.100 0.00 0.05 0.10 0.15
SHAP{H E15|SHAPH| SE15|SHAPH|
c. B F=—KEEF d. KIEHEF—IRE 17
GD M GD GD \i%m»»“m-mﬁ’f GD
DEM ._.....‘.. ...... DEM DEM}-+-seel—st ,._*.. 2 L, DEM
o FHIE A FHE{E
TEM st TEM KNDVI . KNDVI
PP P - = pp ISYD . o B syp
KNDVI . 'ﬂ:& KNDVI TEM| - - - —d l{& TEM
PCP . o pCP . PCP
JSYD R ISYD NIR e NTR
NTR - -—+—~-—'------ . NTR PP . + PP
-0.50 -0.25  0.00 0.25 0.00 0.05 0.10 0.15 0.20 -0.50 -0.25 0.00 025 0.50 0.0 0.1 02 03
SHAP{H SE15|SHAPH| SHAP{H E15|SHAPH|
e. KIEHF— TR f kBT —TIEREr

Bs5 MIRBESEERSNE/ MEEHEFRHEREZEHF

FAZEAL 5 4 R GRS P e Z A 7E 3 BUBT G R e — 2B EE T A IE B A 25 IR 55 ke ki il
PRI o AR SR IR 55 ) 2 IR ] 800 ) 2 PR T AR AR AR A R G Z N RERE A e, RIS A
RGPt 2 M A R 55 I8 BEAE 8 Jk P R ) RE A AR EL AR R B ) 2, S92 AR 5% =2 [ B IE ) B AR Ak
M. NIMTER R PR THAE S RE M SRR e AR 5 (Eh AE 0T e dh, E B A L b XY 35 B e £l
FRE A7 5 R 22 0] RO AU SE AN B2, B I A BEAZ HAON 7, RO HIE 254 5 R0l 22 1) 9 AH L
PEFIIRD 7K £ . 3 — RIS A 5 88 1w R B IT 4518 — 80, 3R MR HFE ARod 0 CRe )2 BBk
AR B i i ) A A A A Tl 2 ik I 55 LA A O B A i

AW R XGBoost+ SHAP #8151 F1 A6 A [] 5K 8 R 28 %) A= 25 22 40 R 55 A A/ B ) G &R 14 5%
WA R . A BT IRARITE A S RGNS KR MR . 45 R R, o m BL He R R 4 R 55 () AH AR
PRG3R Sl R, AR SR B2 5 05 1) 32 MO 46 5 L b b R0 T 38 3 M 2R 25 AR G 4 0 S o A 3 [ 52 e
B py T T B b R E B R AR R B U R A S R G A TR T S T AR R
Gl 55 2 18] 64 I [R] 007, BORCAE O &R W o 75 B AR LR b i 4hoxt AR A AR S IR 55 1 P ] A5 A A G AR



%74 Wik, F. ML ARAESRZAARESRE/ R AKX B & 11

BA WA ERN . —BOm S, W RO80E 0y DI, Al AL R HA R A R XA R Tk [
FERRIEWE SR, ZF 2 PR SC R, SR, WO = o 20K 8 Bl 2 R, BE B XS 45 ) A K -
P s WU B AR - 94 F R [ 47 O BE 7 . IR, 633K 500~1 000 m BFE, +HEARHE | BRE A7 . K
P50 7 R 5 L W R IR OC &R L Ak KRR SR Bk [ A KRR IR — IR R OC R R, BEOK L R M
PR BB IS AL /P[] X R FE R, RUTEX —FEMESREM S LR, K
1 A Bl 7 56 0T A A5 R G R 45 14 P ) R A O FR R ) T E B A R AR L A 2 R A S AR G R A5 LA /
PR IE] O R Hh A TE] KT D' i 5 g s T b e B o 8 5 e g AR R AN, 3R BT A AR bR L R b
FUA BT84, B 7E A2 28 22 40 Ik 55 AU A / W 1) 56 2R b 1 A 52 e 47 SR A B . 3 RT R 2 TR A 3 i Ak A At i
FHHb 4 5K 2 A h A R AR X, HLOX A2 23 R GE IR 55 09 52 ) B AT — S A R R PRI > R Y I )RR
LA RIS A SR Sh VR L SR, X O R R R T A A Mk A R R G S WA
e, JHC TS A A R 52 wa AT 7 1k — 2D S TE RO
4.2 #£ig

ABIF 5 3 3 A IV A 2 2R G IR 55 1 I s AR R A /O D 0 DG B R B IR - A DA TR SR

1) 2000—2020 4F, BREAF . KIREAFR . ORI 0 2 0 Hh G It 3, == 2% a5 1) o A A 0 — 2, 4k
T TR S AR S X A 45 B g AR A D S, phr A 1l e S s A R A MR A P AR AL T R R BT B
TE T R AR L Fr B X 52 3 fin a3

2) 6 XABRGMSF RIS 0] b1 2 B /W [F) 56 F A ARRAE . H b K IR0 37— Bk BT A7 . 7K IR
WA — LR RIEA— LR LI RIE A o 32, E B P AE M . R R D IR A Rl [
fF M — IR RR L M AR 7 — KRR % AU 800 Sy 3 o 3 A 78 G0 ] 22 1891~ 5t S e B, DX 3

3) AR A L AN R VA 4 IR S5 ) A A/ D[R] OC R ARG SR B Y . B LT K o S Y SR A A%
75 F R R X BORT DAAE R AR B AE . RO RE S K TR IR SR 2 A B R DG R L B OK L RS R B R K U TR R
FHOC IR 55 10 S B PR - o 32 () Jmg A Mk 5 Ik ) i J P BR ) B2 TRV AT DG 48 B A B T 3tb o O S 1 IR 55 OC &R Y
UK 5 AH AR I A AN 00 R RS M

R, LA b 2 [R] A Jm) | B O SRR $A0 7 A8 1 5 B8 M L in i BESBOK B PR 55 TR 2 % il e 55 AU G
F . RTHIRE B SCHE PR AR

SE K

[1] Costanza R, D’Arge R, De Groot R, et al. The value of the world’s ecosystem services and natural capital [J]. Ecologi-
cal Economics, 1998, 25(1): 3-15.

(2] ®AEH, A/ME, 20, % ERMBIILK AT RGE RS 2K LR X [J]. w344, 2022, 77(3);
736-756.

(3] IRMEUE, XUdE, BRIERE, 5. LA RGMSES 5 AU & 02 Ak e R ok gh 2. DNt b6l (17, A RR K
4R, 2023, 38(3): 760-778.

(4] BR#izm, L&, 225 Jbatiivadbi AR X AR R R A S R GRS A S sl [T, PEIUMRF B4k
2021, 36(1): 86-95.

[5] Costanza R, De Groot R, Sutton P, et al. Changes in the global value of ecosystem services [J]. Global Environmental
Change, 2014, 26 152-158.

[6] Hel]J,XieZY, WuH Q. etal. Exploring the interrelations and driving factors among typical ecosystem services in the
Yangtze River economic Belt, China [J]. Journal of Environmental Management, 2024, 351: 119794,

(7] il BEORMS. SRAME. 2T A 745 R G0 I o5 B B IR 06 R s S bk [ P VDB, 2021, 41(6): 78-87.

[8] Zhou]J, Yang J, Tang Z S, et al. Driving mechanisms of ecosystem services and their trade-offs and synergies in the



12

BHERXFFHROAAAFZR http://xbbjb. swu. edu. cn % 48 %

[9]

(10]

(1] 9

[12]

[13]

[14] 9
[15]

[16]

[17]

(18]

[19]

(20]

(21]

[22]

[23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

transition zone between the Qinghai-Tibet Plateau and the Loess Plateau [ J]. Ecological Indicators, 2025, 171: 113148.
Chen T Q, Feng Z, Zhao H F, et al. Identification of ecosystem service bundles and driving factors in Beijing and its
surrounding areas [J]. Science of the Total Environment, 2020, 711: 134687.

s, ASMAR, T, 55 RIS E S RGNS A5 PR RIS W R [T FRERY, 2024, 4506
3318-3328.

N, AERIE, BRSBTS A B RGNS U I 5 AU s 22 S e A [T, M IR R, 2017(3):
521-532.

Raudsepp-Hearne C, Peterson G D, Bennett E M, et al. Ecosystem service bundles for analyzing tradeoffs in diverse
landscapes [J]. Proceedings of the National Academy of Sciences of the United States of America, 2010, 107(11):
5242-5247,

FERA, R, ke, S F0 R K SCE R R GRS AL 5 B R A S B B DB 3 dr [T, AR AR, 2023,
43(12): 4876-4891.

ARG, T . R A 7 AR G IR A5 A T RO B RS R R [T, AR, 2025, 45(6): 2952-2967.
Yang G F, Ge Y, Xue H, et al. Using ecosystem service bundles to detect trade-offs and synergies across urban-rural
complexes [J]. Landscape and Urban Planning, 2015, 136 110-121.

LiBY, Chen N C, Wang Y C, et al. Spatio-temporal quantification of the trade-offs and synergies among ecosystem
services based on grid-cells: a case study of Guanzhong Basin, NW China [J]. Ecological Indicators, 2018, 94 246-253.
FRF, FIRLL, BF5E, S FET SEM MR BRI 25 RRAE KO W PR R A3 A LAVS 2 #R R S ) (], B AR,
2024, 45(6): 3734-3745,

FMG, KNS, EIWLE, . 8L RIS KASE RS L HAESRERS M ET . T RSN (7] T5
XH B, 2019, 42(2): 433-443.

B, WRERE, YOy, AR IR 40 AR R B [ A A0AR R AR I AR A RO K S TR [T AR AR, 2024, 44(12):
5083-5101.
FREE, 2200, Sk, S, BT InVEST #8889 8R V1 IR B 5 Bl AR 25 3 40 IR 55 PP Al A B[R] 06 R (U] R VLK
YER S FR BT, 2023, 32(9): 1932-1948.

Zhao Y H, Luo L, Zhang L, et al. Spatiotemporal evolution and driving forces of ecosystem service values in the Yellow
River Delta [J]. Ecological Indicators, 2025, 173: 113432.
P, BRI, WA, AL R T DL S0y 0 4 Y A AN R IR 5 A A I IR O R S HLIR G B A e LABRAL B b R R
@ (1], 252, 2023, 43(16): 6758-6771.
Tian Y C, Zhang Q, Tao J, et al. Use of interpretable machine learning for understanding ecosystem service trade-offs
and their driving mechanisms in karst peak-cluster depression basin, China [J]. Ecological Indicators, 2024, 166:
112474.

Yuan Y Y, Guo W, Tang S Q, et al. Effects of patterns of urban green-blue landscape on carbon sequestration using
XGBoost-SHAP model [J]. Journal of Cleaner Production, 2024, 476 143640.

A AEME, L5, R, S FET A AR A A ) 2 SRR (9 I s R T e R R AR SRR RN [T A A A
A, 2021, 40(8): 2506-2516.

XFE, BAES%, A0S, S5, NIVL R G m S G S H AR IR KUK T [T, BREEREA, 2012, 33(1): 260-265.
XUOP . WL I BOE 30 AF UL JR il A8 K A= SR E AL A 5040 [D]. Kb sl BHR 2, 2022,
Xu X B, Yang G S, Tan Y, et al. Ecosystem services trade-offs and determinants in China’s Yangtze River Economic
Belt from 2000 to 2015 [J]. Science of the Total Environment, 2018, 634: 1601-1614.

Gou M M, Li L, Ouyang S, et al. Integrating ecosystem service trade-offs and rocky desertification into ecological secu-
rity pattern construction in the Daning river basin of southwest China [J]. Ecological Indicators, 2022, 138: 108845.
XUSCH . 22 220, 4. HET MODIS #il CASA A5 8L (4 7 45 T AR A B NPP AR AL FRAE S ma R 74307 [T, B3
iR, 2022, 41(1): 150-158.



%7 Wik, F. ML ARAESRZAARESRE/ R AKX B & 13

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]
[47]

[48]

WA, A, RAE S PER LR A IXOK BRI KRS R R A BT [T, PE R OR AR (B ARERD . 2025,
47(11): 121-135.

AR, XU, WL, S TP ARG AU 5 U R OC R = S AR LIRS Ay [T, A4, 2025,
44(1): 216-225.

B XU, TR, 4F. 2T XGBoost- SHAP A iy b 5O T A2 25 R ST IR 45 25 6] % Jm S SR 3 IR R 0 A [ SRt

2026, 47(2); 1025-1037.

Birch C P D, Oom S P, Beecham J A. Rectangular and hexagonal grids used for observation, experiment and simulation
in ecology [J]. Ecological Modelling, 2007, 206(3/4) ; 347-359

KA, IR, 4%, 5. K =00 KB R P ot (0 6 I 25 4 R R 3RS R R BF T [, PR K22 s (A R R
M), 2025, 47(7): 143-156

WK, WelsE, W4, 5. 3T RUSLE 9 %6 BH W) 5 50 4 5042 bl 42 B AE Ko 5 3047 [, PE R R 2F 234 CH 2K
BLEERRD . 2023, 45(9) : 46-56

SR T WV IR NS T e 3k B A Al % A 25 R G IR 45 (i o X BB A5 (D], KU #ImIImIE R, 2021,

Foley ] A, DcFries R, Asner G P, et al. Global consequences of land use [J]. Science, 2005, 309(5734): 570-574.
BIELEE, ARG, XiE, . POEIREL R P AR T & A S A A AR b g s ()R 5 R ITAG . IR S MESSE—
AL R SRRV A (], AR, 2022, 42(2): 462-473.

BRI, LT Tk S A B S X G b A S R Gk R 0 . DLW b el (1], AR, 2019,
39(2): 672-683.

FRE, o)l WEE, & ETRSFENE THAESREMSAE SHFECRFR U] B 5RNAE R,
2022, 38(1): 21-31

e, EREL, XYL, . ETATREMS TS KR 588 DLFBKERS 6 (1], Aol 505 5 5552
7, 2023, 40(5): 1028-1039.

B, i, N4, L B S EMBRIIXAESRERSAE SHE XA UEZT M [J]. ABFR,
2022, 42(20): 8115-8125

Yang Y, Yuan X F, AnJ J, et al. Drivers of ccosystem services and their trade-offs and synergies in different land usc
policy zones of Shaanxi Province, China [J]. Journal of Cleaner Production, 2024, 452 142077.

XA, Wik, TIESC, 2. 2005—2020 4FH k4 H B M A E SR B 23 28 b B LIRS R & [T, /K RO Hram .
2024, 44(3): 231-240.

PRI, Xk, AOEHE, S, HT RUSLE 8% % e 5+ 3 O ThRg e 0P [J]. 14, 2024, 56(1): 173-181
LM, . mILYE, % ESRPAOKXESREMS ZHWMS M E RSB [J] IEFM, 2022, 77(9):
2174-2188

XN, EERTE, XV, S5 TR B 0 b P R XA S R GRS AU S5 Eh ) L], A AR, 2023, 43(22) .
9416-9429.

REHE om



