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Abstract: The Zhuo-Huai Basin is a typical intermontane basin in northern China with complex geological con-
ditions, where groundwater levels are influenced by multiple factors. To explore groundwater system responses
under intensive human disturbances, this study integrates long-term groundwater-level observations (1986—
2022) with multiple environmental datasets. A Random Forest model was applied to analyze the spatiotemporal

variability of groundwater levels and to quantify the relative contributions of different driving factors. The results
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show that groundwater levels declined by an average of 12. 87 m over the past 37 years, experiencing three
stages: slow decline, rapid decline, and gradual recovery. Spatially, the basin exhibits heterogeneous patterns
with expanding recovery zones coexisting with localized persistent declines. The driving factors in different peri-
ods exhibited distinct stage-specific variations, shifting from early agricultural extraction dominance to recent
industrial extraction surpassing agriculture, forming a new pattern jointly controlled by natural factors such as
river runoff and precipitation. The dominant controls also differed among hydrogeological units. The piedmont
wind slope loess slope area is mainly affected by precipitation, agricultural exploitation, and evaporation; pied-
mont alluvial slope alluvial plain area is primarily dominated by topographic slope and precipitation ; while the
river alluvial plain area in the central basin is mainly controlled by precipitation, evaporation, and industrial
exploitation. The results reveal stage-wise patterns of long-term groundwater level evolution in the Zhuo-Huai Basin

under intensive human activities and spatiotemporal differences in driving factors, providing insights into groundwa-

ter system responses in northern piedmont basins and guidance for groundwater management in similar regions.
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Fig. 1

Geographical location map of the study area
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Fig. 3  Groundwater system distribution map in the study area
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