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Figure 1 Study area overview
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Table 2 Index system for assessing agricultural sustainability in the
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Figure 2 Carbonate rock weathering rate flux and its temporal and spatial variations in the subtropical karst region of Southwest China
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Figure 4 Positive and negative impacts of subtropical carbonate rocks weathering rate on agricultural sustainability and threshold effects. (a) Positive
and negative impacts of carbonate rocks weathering rate on agricultural sustainability; (b) spatial agglomeration types of the impact of carbonate rocks
weathering rate on agricultural sustainability; (c—f) the threshold effects of the weathering rate on agricultural sustainability for the years 2000, 2010,
and 2020, and for the entire study period, respectively
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Figure 8 Estimation of carbonate rock weathering rate using different methods
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As a key component of global karst systems, the core region of subtropical karst in China has unique characteristics in the
chemical weathering process of carbonate rocks. This process results in a low regional soil-forming rate and high
agricultural pressure, profoundly affecting the sustainability of agriculture and the stability of ecosystems in karst areas.
However, the dual effects of carbonate rock chemical weathering on agricultural sustainability and ecosystem stability have
not been systematically quantified, and the nonlinear relationships and spatial heterogeneity involved remain unclear,
which limits scientific understanding and the application of weathering in regional sustainable development. Based on
multi-source remote sensing and ground observation data from 2000 to 2020, this study employed a thermodynamic
dissolution model, threshold analysis, and spatial correlation methods to examine the spatiotemporal dynamics of
weathering rates and their underlying mechanisms. High-resolution weathering datasets were established to reveal long-
term trends and spatial disparities across the karst region. The results show that during the study period, the regional
average weathering rate increased significantly, at an annual rate of 0.38 mm ka ', with spatial patterns of high rates in the
southeast and low rates in the northwest. Critical thresholds of 33.1 mm ka ™' and 29.55 mm ka ' exist for agricultural
sustainability and ecosystem stability, respectively. Below the thresholds, weathering exerts a dominant positive effect via
nutrient supply and habitat improvement; which effectively enhances soil fertility, vegetation productivity, and ecological
resilience. while above the thresholds, it shifts to a negative effect driven by soil leakage, rocky desertification, and other
adverse processes. 89.6% of the study area showed a positive correlation between weathering and agricultural
sustainability, and 70% showed a positive correlation between weathering and ecosystem stability. In contrast, areas with
high weathering rates formed agglomerations characterized by high weathering and low sustainability. These spatial
clusters further highlight the risk of excessive weathering in ecologically fragile zones. Therefore, the impact of carbonate
rock weathering on the karst agroecosystem is not unidirectional or linear; instead, it drives a dynamic transition between
resource supply and environmental stress through a dual-threshold effect. This finding challenges the traditional simplistic
perception that weathering is either exclusively beneficial or harmful. It also highlights the importance of threshold-based
management for karst ecosystems. These results support targeted governance and long-term stability maintenance in
vulnerable karst regions across the world. This study provides a critical scientific basis and zoned regulation schemes for
global karst regions to address climate change and coordinate agricultural development with ecological conservation.
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