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Abstract: Against the backdrop of global climate change and intensifying human activities, clarifying the
spatiotemporal patterns, driving mechanisms, and management strategies of ecosystem service supply-demand

matching has become an urgent need for regional sustainable development. Taking the Songhua River Basin as a
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case study, five key ecosystem services—habitat quality, carbon storage, soil conservation, water yield, and food
production—were selected to construct a systematic analytical framework of "pattern identification, scale
optimization, mechanism analysis, threshold extraction, and comprehensive zoning." This framework was used to
reveal the evolution of supply—demand matching from 2000 to 2020, identify dominant driving factors and their
nonlinear thresholds, and delineate differentiated comprehensive ecological management zones. The results
showed that: @O The supply-demand matching of ecosystem services in the Songhua River Basin exhibits a
non-equilibrium pattern. Food production shows the most significant improvement, with ample surplus; carbon
storage and water yield display prominent imbalances, while the surplus of habitat quality and soil conservation is
narrowing. Through three-dimensional quantitative validation of spatial heterogeneity, spatial clustering, and
driving factor explanatory power, the county level is identified as the key management tier for supply-demand
coordination. @ The supply-demand matching is dominated by low-low balanced and high-low surplus counties,
with very few high-high synergistic counties. Habitat quality shows a balanced and dispersed pattern; carbon
storage exhibits a basin-wide surplus with point-source deficits in urban areas; soil conservation is dominated by
plains and scattered in mountainous areas; water yield presents a bipolar east-west pattern; food production is
dominated by plains with pronounced spatial mismatch. The overall spatial matching degree is relatively low. 3
All five services exhibit significant nonlinear threshold effects, but with distinct driving structures and response
patterns. Habitat quality and soil conservation are dominated by natural factors, carbon storage and water yield are
dominated by human factors, and food production is jointly regulated by topography and human activities. Beyond
the thresholds, supply—demand matching exhibits differentiated nonlinear responses including gain amplification,
continuous deterioration, or approaching saturation. @) The comprehensive ecological zoning exhibits a gradient
pattern of "peripheral outflow, central buffer, and core control," and is divided into four zones: ecological surplus
export zone, ecological function balance zone, ecologically fragile restoration zone, and ecological conflict
regulation zone, corresponding respectively to ecological source areas, buffer zones, degraded restoration areas,
and human-land conflict target areas. The identified thresholds provide quantitative anchors for ecological control
redlines, and the four zones offer clear spatial targets for differentiated territorial space governance. The findings
provide a scientific basis for ecological protection and high-quality development of the Songhua River Basin, and
also offer a methodological reference for ecosystem service supply—demand matching and zoning management in
other regions.

Key words: ecosystem services; supply-demand matching; multi-scale analysis; threshold effects; comprehensive
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Table 1 Data sources and description
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Table 2 Ecosystem service supply and demand in the Songhua River Basin from 2000 to 2020
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2000 0.524 0.237  17491.37 256.14 4481.13 100.47 142570.53 71306.53 3353.4  954.6
2010 0.523 0.236  17398.63 509.64 5664.70 131.90 219052.59 82295.84 7640.1  755.6
2020 0.508 0.240 17268.24 547.32 6265.31 153.91 254544.18 80943.52 9601.7 746.2
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Fig.2 Spatial distribution of ecosystem service supply in the Songhua River Basin

213 ETRGRFFRETEEN

A R GRS T R B8] o A A% SR W & 3 o o AR T A 158 o B o SR i X as
TR T IR X S s AL XA [, DA B X - N 2RiE B A . B AR AR, AR
SEEMES ORI R ARFE RIS A AL S K% 20 P B AR AR R X,
P b N OG> HOT AR SREAR, AR . RS b, &R IX /Mg
A, REBZIN IR F . BB R LLE ST B B ECRH 2, @R 79 KE
B3] 7RISRV 5K 5 PRIT B 5 R s & AE , RSB B 54
[ea) A0 3 T P A AR DX IR Py AR BE AR IR, 15 B RO R XSRS 1 R4 i AR a3



e, ARTPUZS ) IR LR T A B R B R oA R

Tk it 2 5 R B 2 300 1L PR DXL P SR B X A v I B T DX e i 19 25 ) 0 S AR AE
Hordr, KN4 J K LR X R B [ B e 15 IRfE R A2, ToREEUG; MR
VTSR R T R X ) R B A 2 A BT 1 S, TSR R AR (R AR AL
T 12 1 7 >R X SR BE R b 7k SRR R Ry R, TR R AR T IR PR =V S A,
BRI AR T AWTINGR, IR AL 75 A AN 1 8

T IEORFE T SR B2 M I R R O S 3 (Rl ), 23 R) R I AR SR L R IX
PAMAZ A SR X s, DA B X3 IR Dl XU R ORRF R SR U T T S i 3
PP DK N, SRR TR SR ERAR. R R, PR ARBEIX PRK AR R e Cn
S E BIHEMGE B BIRFEES, FERR R EAN AR 10 A0 i DX RS H A B A
Femy R 7g3g5s, TRAPT B T R X BEEGORN, TRIPE EA&ES . Bk
THREE BT PR A

FEKER R R I L XA AR T RS IR X PR T R XA A AR -
KRR IR, K AT SR A X, (AR FREUR, SR E A K
BRI X RO S IRE KT X, G RIE . KES 5 R R R R T
=, HEREARE . B RRAMANOER, PR RXRREY %, TRt
REAWTSRAL, DX I 27T A 75 O i I SR N SR, U AR E AR KB, K B U5
Pe & H 253K .

R AR = 5 SR B 23 TR A SR AN 5 B RN E AR B 2K A% 3Kl e R X 23
IR TR AR IR . AR IX TR 0 A B R IE . FR7RUE . KA 5 MRMIR PRAE 32 B T 2
R TR ML EE G, 5 HN DB 2K P AHICED ; AT 5k DX ) 52 5 TR H 45
TR A, iz AN DS ERRI N O EA . BFEYEE F, 2000~2020 5 [AHR
£ 75 SR A AR AR P N, — 2 3 BT 1 7 R m i X RELE SR, 39T N O R
KATI T HESOIR & 75 SR %0 51 2 2 PR X PR E TR 2EBINESH, 5K
RN CUERS R AR M

Bl 3 MATeiLiid e s RGR S 7 K= 2 W A1
Fig.3 Spatial distribution of ecosystem service demand in the Songhua River Basin
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Table 3 Supply-demand ratio of ecosystem services in the Songhua River Basin from 2000 to 2020

HERR L

E4y

HQ cs SR wY FP
2000 0.378 0.971 0.956 0.333 0.557
2010 0.379 0.943 0.954 0.454 0.820
2020 0.358 0.939 0.952 0.517 0.856
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Fig.4 Multi-scale supply-demand matching of ecosystem services in the Songhua River Basin
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Fig.5 Multi-scale supply-demand correlation of ecosystem services in the Songhua River Basin
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Fig.7 Four-quadrant spatial matching of ecosystem services in the Songhua River Basin
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Fig.8 Clustering of ecosystem service bundles
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Fig.9 Spatial distribution of ecosystem service bundles in the Songhua River Basin
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Fig.10 Explanatory power (¢g) of driving factors
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Fig.11 Interaction detection of driving factors
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Fig.12 GAM nonlinearity test and threshold identification
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Fig.13 Cluster characteristics of comprehensive zoning
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Fig.14 Comprehensive ecological management zoning map of the Songhua River Basin
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