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Spatio-temporal Dynamics of Ecosystem Service Trade-offs/Synergies and Ecological Zoning in the Yellow
River Floodplain over a 30-year Period. HUANG Xiao-yu, WANG Xin-yu, LI Huan-huan, WANG Jin-xin”
(School of Geography, Geomatics and Planning, Jiangsu Normal University, Xuzhou 221116, P. R. China)
Abstract: Understanding the dynamic trade-offs and synergies among ecosystem services (ESs) and their underlying
drivers is essential for implementing differentiated ecological zoning and promoting regional sustainability. This
study analyzed the spatio-temporal evolution and driving mechanisms of ES relationships in the Yellow River
Floodplain from 1990 to 2020 at both the 1 km and county scales. We employed correlation analysis and the
geographical detector method to quantify ES interactions, and used a self-organizing feature map (SOFM) to
delineate cross-scale ecological zones based on the status and long-term trajectories of ecosystem service bundles
(ESBs). The results show: (1) Carbon sequestration (CS) and soil conservation (SC) services maintained relatively
stable spatial patterns over the study period, while food production (FP) and water yield (WY services exhibited
significant spatial variability. CS generally declined, FP increased sharply after 2000, and both WY and SC showed
fluctuating upward trends. (2) Since 2000, most ES pairs shifted toward synergies, with trade-offs mainly involving
SC. From 1990 to 2000, trade-offs between FP-CS and WY-CS transitioned to synergies across both scales, with
synergistic regions accounting for 23% and 19% at the 1 km scale, and 19% and 14% at the county scale, respectively.
Between 2000 and 2010, 13% of the regions experienced synergy enhancement for the WY-SC pair. (3) From 1990
to 2020, five of six ES pairs at the 1 km scale and four of six at the county scale showed a trend of synergy
strengthening, except for FP-SC at the 1 km scale and WY-CS and CS-SC at the county scale. (4) Interaction
detection revealed that two-factor interactions exerted stronger effects on ES patterns than single drivers, with natural
factors interacting with urbanization-related factors (e.g., landscape composition, socioeconomic attributes)
exhibiting particularly strong explanatory power. Land-use composition had greater explanatory strength at the
county scale. (5) Based on ESB patterns and trends, nine ecological functional zones were identified across scales.
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Tailored management priorities were proposed for each zone according to the dominant driving factors at the
corresponding scale. This research provides a robust multi-scale zoning framework that supports the coordinated
optimization of ESs and offers practical guidance for long-term spatial planning and differentiated ecological
management in floodplain systems.

Key words: ecosystem services; trade-offs; synergies; ecological zoning; scale effect
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Fig.1 Overview of the study area
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Table 1 Description of data sources
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Table 2 Methods and main references for evaluating ESs
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Table 3 Classification of socio-ecological drivers of ESs and service pairs across spatio-temporal scales
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Fig2 The spatio-temporal distribution characteristics of ESs
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(1990—2000 4£. 2000—2010 4E. 2010—2020 4£) WLEPAN R T (VR EIE 7 0484k . 3
W, FP-WY. FP-CS RILUANEF. G EFAMBEEI RS WY-CS 7E 1990—2000 4 |7,
RS R, WY-SC NZeF 5Tt . BAEKE, 1990—2020 4/a], 7£ 1km KT, B& FP-SC Al
CS-SC #F, HAR ES X2 EA#as; BIMRET, (X WY-CS BT, HRY .

x4 ETRGRFSEREXME

Table 4 The correlation between ecosystem services

R HEA FP-WY FP-CS WY-CS FP-SC WY-SC Cs-SC

1km 1990 0.236** -0.416%* -0.265%* 0.141%* -0.033** -0.357%*
2000 0.394** 0.354** 0.748** 0.024** -0.095%* -0.371%*
2010 0.203** 0.218** 0.447%* 0.010%* 0.132%* -0.356%*
2020 0.298** 0.313** 0.338** 0.075** 0.185** -0.356%*

g 1990 -0.029 -0.356%* 0.024 0.078 -0.028 -0.733**
2000 0.488** 0.439** 0.560** -0.037 -0.183 -0.702%*
2010 0.257** 0.198* -0.036 0.013 0.219* -0.703**
2020 0.340%* 0.280** -0.149 0.154 0.282** -0.687**

*FRINLE 0.05 /KT L&, **RIRTE 0.01 KF LEFE
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Fig.3 The spatio-temporal distribution of ES trade-offs/synergies
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Table 5 Single factor and dual factor interaction detection results of ESs and their relationships at a 1 km scale

ESS/ES FEHRET FSRRZHRTF 1

KA 90 00 10 20 90 00 10 20

FP ndvi: ndvi: ndvi: ndvi: ndvi&tem: ndvi&dem: ndvi&gdp: ndvi&alsi:
0.892 0.647 0.651 0.667 0.899 0.664 0.664 0.677

wy ndvi: pre: pre: pre: ndvi&pre: pre&ndvi: pre&tem: pre&ndvi:
0.183 0.438 0.519 0.56 0.361 0.496 0.549 0.611

CS dem: ndvi: ndvi: navi: demé&nadvi: ndvi&pop: ndvi&pop: ndvi&pop:
0.279 0.279 0.081 0.222 0.496 0.354 0.193 0.317

SC dem: dem: dem: pre: dem&pre: dem&pre: dem&pre: pre&dem:
0.564 0.546 0.507 0.543 0.612 0.662 0.683 0.676

FP-WY pre: pre: pre: pre: pre&ndvi: pre&ndvi: pre&dem: pre&dem:
0.284 0.156 0.082 0.297 0.335 0.204 0.131 0.388

FP-CS pre: pre: pre: pre: pre&ndvi: pre&ndvi: pre&wat: pre&dem:
0.564 0.340 0.310 0.368 0.663 0.396 0.324 0.430

WY-CS pre: pre: pre: pre: pre&ndvi: pre&shdi: pre&pop: pre&dem:
0.319 0.144 0.210 0.274 0.460 0.187 0.215 0.310

FP-SC tem: dem: pre: pre: temé&pre: dem&pre: dem&tem: pre&dem:
0.072 0.193 0.101 0.154 0.194 0.264 0.124 0.231

WY-SC dem: dem: pre: pre: temé&pre: dem&pre: pre&tem: pre&dem:
0.071 0.139 0.088 0.073 0.181 0.222 0.116 0.145

CS-SC pre: dem: pre: pre: pre&dem: dem&pre: pre&tem: pre&dem:
0.109 0.160 0.096 0.148 0.232 0.274 0.119 0.198

*o6 BHRETHARLESRGRSMEXANEETF. WEFRERVER

Table 6 Single factor and dual factor interaction detection results of ESs and their relationships at a county scale

ESS/ES 2% FEHREAT FEXHERFT 1

# 90 00 10 20 90 00 10 20

Ep ndvi: ndvi: ndvi: ndvi: ndvi&pop: ndvi&shdi: ndvi&frt: ndvi&erp:
0.922 0.859 0.906 0.902 0.944 0.8824 0.923 0.930

WY pre: pre: pre: pre: pre&crp: pre&wat: pre&wat: pre&wat:
0.667 0.641 0.712 0.819 0.833 0.813 0.804 0.878

cs pre: crp: pre: frt: frt&wat: crp&imp: crp&pop: crp&imp:
0.517 0.666 0.526 0.492 0.765 0.830 0.854 0.767

sc pre: frt: frt: frt: pre&dem: dem&gdp: frt&gdp: dem&pre:
0.883 0.820 0.898 0.864 0.927 0.893 0.971 0.934

EP-WY pre: pre: pre: pre: pre&shdi: pre&tem: pre&ndvi: pre&ndvi:
0.504 0.195 0.384 0.549 0.609 0.418 0.505 0.685

FP-CS pre: Imp: pre: pre: pre&tem: shdi&pop: pre&tem: pre&ndvi:
0.385 0.343 0.401 0.539 0.532 0.459 0.495 0.582



WY-CS imp: imp: shdi: pre: imp&ndvi: pre&pop: shdi&dem: pre&dem:

0.616 0.391 0.297 0.326 0.741 0.496 0.479 0.575
FP-SC crp: shdi: crp: dem: crp&con: shdi&pre: ndvi&wat: dem&tem:
0.139 0.139 0.176 0.219 0.313 0.350 0.339 0.425
WY-SC crp: pre: crp: wat: wat&shdi: pre&shdi: con&gdp: wat&pop:
0.183 0.176 0.150 0.150 0.297 0.389 0.332 0.393
CS-SC crp: shdi: crp: pre: wat&pop: shdi&pre: crp&tem: dem&shdi:
0.224 0.169 0.144 0.217 0.344 0.398 0.324 0.397
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Fig4 The spatio-temporal distribution of ESBs at a 1 km scale
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Fig5 The spatio-temporal distribution of ESBs at a county scale
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Fig6 Ecological functional zoning at different scales
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