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W I T H  DELAYED N U T R I E N T  RECYCLING 
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ABSTRACT. A plankton-nutrient interaction model with 
delayed nutrient recycling is considered. The system consists 
of three components, autotrophic phytoplankton, herbivorous 
zooplankton and dissolved limiting nutrient. Distributed de- 
lays are used to describe the contribution of phytoplankton 
and zooplankton that died in the past to the nutrient recy- 
cled at the present time. Persistence criteria are derived for 
the model by using Liapunov-like functionals. 

1. Introduction. The effect of nutrient recycling on ecosystem 
stability has been extensively studied for closed systems. Usually, 
nutrient recycling is considered as an instantaneous term, thus the 
time required to regenerate nutrient from dead biomass by bacterial 
decomposition is neglected. In a natural system, such a delay always 
presents and increases as temperature decreases (Whittaker [28]). 

Beretta, Bischi and Solimano [I]considered an open system with a 
single species feeding on a limiting nutrient which is partially recycled 
after the death of the organisms. They inserted a distributed delay in 
the recycling term in order to study its effect on the stability of the 
positive equilibrium. In [2], Bischi studied the effects of the time delay 
involved in nutrient recycling on resilience, that is, the rate at  which a 
system returns to a stable steady state following a perturbation. Bischi 
showed that when a system is characterized by oscillatory behavior, an 
increase in the distributed time delay can have a stabilizing effect. This 
is a counterintuitive result, because in general it has been found that the 
introduction of time delays is a destabilizing process, in the sense that 
increasing the time delay could cause a stable equilibrium to become 
unstable and/or cause the populations to fluctuate (see Cushing [8], 
Gopalsamy [12], Kuang [21], and MacDonald [23]). Fkeedman and Xu 
[ll]extended the single species model in [I] to a competition model 
of chemostat-type with delayed nutrient recycling. They developed 
persistence and extinction criteria for the competing populations. 
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Persistence was studied for general dynamical systems by Butler, 
Freedman and Waltman [5], Butler and Waltman [6], and was devel- 
oped to infinite dimensional systems by Hale and Waltman [17]. The 
concept of persistence has played an important role in mathematical 
ecology. Biologically, when a system of interacting species is persistent 
in a suitable sense, it means that all the species survive in the long 
term. Mathematically, persistence of a system means that strictly pos- 
itive solutions do not have any w limit points on the boundary of the 
nonnegative one. For more details and references on persistence and 
its applications in ecology, we refer to a survey paper by Hutson and 
Schmitt (191. 

Recently, persistence in delayed ecological systems has been investi- 
gated by many authors. Freedman and Wu [lo] discussed persistence 
of single species dispersal models with stage structure. By constructing 
suitable persistence functionals, Wang and Ma [27] obtained uniform 
persistence conditions for Lotka-Volterra predator-prey systems with 
a finite number of discrete delays. Their results suggested that de- 
lays are "harmless" for uniform persistence. By utilizing Liapunov-like 
functions, Freedman and Ruan [9] established some persistence criteria 
for functional differential equations with finite delay. See also Cao and 
Gard [7], Kuang and Tang [22], Ruan [26] and references cited therein. 

In this paper, we consider a plankton-nutrient interaction model with 
delayed nutrient recycling. The system consists of autotrophic phy- 
toplankton, herbivorous zooplankton and dissolved limiting nutrient. 
Distributed delays are used to describe the contribution of phytoplank- 
ton and zooplankton that died in the past to the nutrient recycled at 
the present time. The model is a system of functional differential equa- 
tions with infinite delay. By using Liapunov-like functionals, we derive 
persistence criteria for the model. 

This paper is organized as follows. The model is described in Section 
2. In Section 3, we state some preliminary results about persistence and 
functional differential equations with infinite delay. The mathematical 
analysis of the model is carried out in Section 4. A discussion is given 
in Section 5. 

2. The model. The plankton model with delayed nutrient recycling 
consists of three interacting components, herbivorous zooplankton (Z), 


































