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Abstract: Based on five periods of multi-source spatial data for 2000, 2005, 2010, 2015, and 2020, this study constructed six ES
indicators—habitat quality, water conservation, soil retention, carbon storage, food provision, and recreation—and employed a
self-organizing map (SOM) to identify ecosystem service bundles (ESBs). Combined with factor analysis and a generalized additive
model (GAM), we examined the synergy-trade-off relationships within each bundle and their context dependence. The results show
that: (1) ESs in Shandong Province changed markedly from 2000 to 2020, with a spatial pattern characterized by relatively stable
high values of regulating services in the central-southern mountainous area and the Jiaodong hilly area, and declines in habitat quality
and carbon storage around the provincial capital and coastal urban agglomerations. (2) Eight types of ESBs were identified across the
province. Among them, the comprehensive regulating bundle and the multifunctional supply bundle had the largest areas and the
highest stability, while human-activity-enhanced bundles such as the urban-living bundle and the development-potential bundle
showed a persistent tendency to absorb surrounding units. (3) Service relationships within bundles exhibited both commonality and
differentiation: the soil retention-water conservation pair remained synergistic in most bundles, representing a common feature of
ESBs in Shandong; trade-offs between provisioning and regulating/cultural services were widespread; however, the “food
provision-recreation” pair was synergistic in the comprehensive regulating and multifunctional supply bundles but turned into a
trade-off in the urban-living bundle, indicating a pronounced geographical dependence of its interaction strength. (4) Such
relationship reversals were mainly regulated by the dual effects of “natural baseline—human disturbance™: areas with high shares of
ecological land, greater topographic relief, and favorable hydrothermal conditions (e.g., the construction land and intensified
central-southern mountains and Jiaodong hills) tended to maintain stable regulating-service bundles, whereas areas with concentrated
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nighttime lights (urban-living bundles) were more prone to triggering resource competition among services. These findings suggest

that context-specific management from the perspective of ESBs can provide more targeted support for differentiated ecological
compensation and refined territorial spatial planning in Shandong Province.
Key words: ecosystem service bundles; trade-offs and synergies; nonlinear response; Shandong Province
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Fig.2 Framework for ESB identification and mechanism analysis
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Table 2 Factor loadings of ecosystem services and explained variance within bundles B1~B8

. %M ESs [A -7 f a7 { (Factor Loadings Value,FLV) TR A 1 )5 Al
8 By 7] S AL 7 CS GP HQ sC wWC RS fERE )2 EV (%) Rl Ji % CEV (%)

SC il WC Z [a1f1 ik [FI R 0.17 0.04 0.00 0.84 0.79 -0.26 23,57 23,57
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GP 1 RS Z [Al I [FIVE 0.00 0.98 -0.15 -0.01 0.05 0.37 16.81 63.11
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B2 WC 1 RS Z [Alff ik FIAE -0.06 -0.16 0.14 -0.01 0.88 0.51 17.93 48.64
CS Al SC 2 [B] L1 i -0.35 -0.15 0.07 0.90 -0.03 0.03 16.82 65.46
CS Hl HQ 2 Ia] b i1 il 0.99 -0.17 -0.99 0.01 0.06 0.11 33.34 33.34
B3 SC il WC Z [aI Itk FIAE 0.05 0.18 -0.03 0.73 0.72 -0.33 20.05 53.38
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Fig.6 Spatial distribution of factor scores for synergies and trade—offs within different ecosystem services bundles in 2020
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Fig.7 Response curves of ecosystem services to factor scores within different ecosystem services bundles in 2020
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