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Abstract

Temporal lags in maturation are a recognised source of instability in aquatic food webs [3], yet
their effect remains unexplored in a food chain already regulated by toxin-mediated mortality [1],
predator fear [5] and a density-dependent refuge [2]. We extend a recent ordinary differential
equation model of three species [4] comprising phytoplankton, zooplankton and fish by introducing
a single discrete maturation delay into the fish recruitment term, representing the time between
predation on zooplankton and its contribution to the adult fish stock. Using this delay as the
primary bifurcation parameter, we analytically establish the well-posedness, positivity and uniform
boundedness of solutions. The coexistence equilibrium, locally stable in the underlying ordinary
differential equation system, loses stability through a supercritical Hopf bifurcation once the delay
crosses a critical threshold. Numerical continuation beyond this threshold traces a cascade of
period-doubling and fold bifurcations, and a positive maximal Lyapunov exponent together with a
folded Poincaré section are consistent with a transition to chaotic dynamics at larger delays. These
results illustrate how a biologically motivated maturation delay is sufficient to disrupt trophic
stability, driving an otherwise well-regulated ecosystem from stable coexistence into dynamics
consistent with chaos.
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