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Figure 1 Theoretical illustration of regime shifts in marine ecosystems. (a) Schematic representation of a fold bifurcation model. (b) Ball-cup model

illustrating changes in the stability landscape
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Figure 2 Regime shift in Jamaican coral reefs. (a) Long-term changes in the cover of reef-building corals and macroalgae in Jamaican coral reefs. (b)
Schematic illustration of the ecological processes driving the regime shift in Jamaican coral reefs
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Under the dual pressures of global climate change and intensified human activities, marine ecosystems in many regions of the world are
approaching or have already crossed tipping points, resulting in abrupt and potentially irreversible regime shifts. Such transitions are
often accompanied by profound structural reorganization and functional transformation within ecosystems, fundamentally altering
trophic interactions, species composition, and energy flow pathways. These changes can significantly undermine key ecosystem services,
including marine carbon sequestration, biodiversity conservation, and the sustainable supply of fishery resources, thereby posing
substantial risks to global ecological security and human well-being. Consequently, understanding the mechanisms, identification
approaches, and ecological consequences of tipping points in marine ecosystems has become a major focus in marine ecology and global
change research. Over the past decades, considerable progress has been made in exploring the theoretical foundations and empirical
evidence of tipping points in marine ecosystems. Previous studies have documented critical transitions in a variety of marine systems,
including coral reefs, coastal eutrophic environments, and high-latitude marine ecosystems. These studies indicate that ecosystem
responses to environmental disturbances are often nonlinear and may involve multiple alternative stable states. Nevertheless, research on
marine ecosystem tipping points remains fragmented across different methodological approaches, including theoretical modeling, long-
term observational analyses, and controlled experimental investigations. This fragmentation has hindered the development of an
integrated cross-scale and interdisciplinary framework, thereby limiting a comprehensive understanding of critical transitions and
constraining the establishment of robust early-warning systems for marine ecosystem regime shifts.

In this review, we synthesize the core theoretical foundations underlying tipping points in marine ecosystems. In particular, we
highlight the roles of alternative stable state theory, feedback regulation mechanisms, and nonlinear dynamical frameworks in explaining
the emergence and evolution of critical transitions. These theoretical perspectives provide important insights into how external drivers—
such as climate variability, ocean warming, nutrient enrichment, and anthropogenic disturbances—interact with internal ecological
processes to influence ecosystem stability and resilience. In addition, we systematically summarize the major methodological approaches
currently used to identify and analyze tipping points in marine ecosystems. These approaches can generally be grouped into three main
categories: statistical detection methods, mechanism—data integrated modeling, and experimental validation. Statistical approaches
primarily focus on early-warning indicators derived from ecological time-series data, including signals related to critical slowing down,
increasing variance, and autocorrelation patterns, which may indicate declining ecosystem resilience prior to regime shifts. Mechanistic
modeling approaches combine ecological theory with observational data to simulate ecosystem dynamics and explore potential
thresholds and feedback processes. Meanwhile, controlled experiments—such as mesocosm experiments and field manipulations—
provide valuable opportunities to directly test hypothesized mechanisms and evaluate ecosystem responses under multiple environmental
stressors. Despite these advances, each methodological approach still faces limitations related to data availability, spatial and temporal
scales, and the difficulty of capturing complex interactions among multiple drivers. Finally, considering current research bottlenecks and
the growing demand for ecosystem-based management, this review outlines several key directions for future research on marine
ecosystem tipping points. Priority should be given to expanding multi-scale and multi-dimensional ocean observation networks,
improving the integration of heterogeneous data sources, and developing advanced analytical approaches based on artificial intelligence
and machine learning. In addition, multi-factor experimental studies are needed to quantify the interactive effects of multiple
environmental drivers. Strengthening interdisciplinary collaboration and promoting the translation of scientific knowledge into policy-
relevant frameworks will also be essential for enhancing early-warning capabilities and supporting adaptive management of marine
ecosystems under accelerating global change.

marine ecosystems, regime shifts, tipping points, early-warning signals
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