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[bookmark: _GoBack]Abstract: Mathematical modeling of phytoplankton–zooplankton interactions provides a robust framework for elucidating mechanisms of population dynamics and ecosystem stability. We investigate a nonlinear interaction system that incorporates toxin liberation time delays, phytoplankton refuges, and nanoparticles. Stability analysis shows the interior coexistence equilibrium is asymptotically stable without delay. Introduction of discrete toxin-mediated delay triggers Hopf bifurcation above a critical threshold, resulting in periodic oscillations. We present analytically derived ranges of delay values supporting stable limit cycles. A global sensitivity analysis (PRCCs) identifies grazing intensity, nanoparticle toxicity, and toxin production as the dominant long-term influencers. One- and two-parameter bifurcation analyses (with MATCONT) reveal complex transitions, including delay-driven Hopf bifurcations, saddle-node bifurcations, and bistability, as key parameters shift. These structures illustrate threshold-dependent transitions between stable coexistence and oscillatory regimes. Numerical simulations confirm analytical and bifurcation results, supporting theoretical predictions. Collectively, these findings show that delayed toxicity, refuge mechanisms, and nanoparticles shape the stability, oscillatory patterns, and resilience of plankton ecosystems.
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