J. Math. Biol. (1998) 37: 253-271 Journal of

Mathematical
Biology

© Springer-Verlag 1998

Global stability in chemostat-type plankton models
with delayed nutrient recycling

Xue-Zhong He!, Shigui Ruan?-*

! School of Mathematics and Statistics, University of Sydney, Sydney, NSW 2006, Australia
2 Department of Mathematics, Statistics and Computing Science, Dalhousie University,
Halifax, Nova Scotia, Canada B3H 3J5.

e-mail: ruan@mscs.dal.ca

Received: 9 January 1996 /Revised version: 1 October 1997

Abstract. In this paper, we consider chemostat-type plankton models in
which plankton feeds on a limiting nutrient and the nutrient is supplied at
a constant rate and is partially recycled after the death of plankton by
bacterial decomposition. We use a distributed delay to describe nutrient
recycling and a discrete delay to model the planktonic growth response to
nutrient uptake. When one or both delays occur, by constructing Liapunov
functionals, we obtain some sufficient conditions for the global attractivity of
the positive equilibrium, which can be regarded as estimates of the delays for
persistence of global attractivity.
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1 Introduction

The method of continuous culture, known as the chemostat, provides an
experimental system for researchers to simulate the growth of planktonic
communities of microscopic algae and to investigate the consequences of the
highly variable supply of their essential nutrient. It is the most simple idealiz-
ation of a biological system where the parameters are measurable, the experi-
ments are reasonable, and the mathematics is tractable. Tilman [32] provided
theoretical, experimental and correlational information and Smith and Walt-
man [30] provided interesting mathematics on the chemostat.

As in Monod [20], the classical chemostat equations modeling plankton
population dynamics originally related the growth rate of the cells to the
nutrient concentration in the medium. It is assumed that the nutrient uptake
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rate is proportional to the rate of reproduction. The constant of propor-
tionality which converts units of nutrient to units of organisms is called the
yield constant. Because of the assumed constant value of the yield, the classical
Monod model is refereed to as the constant-yield model by Grover [17].

Droop [10] observed that under nonequilibrium correlations the nutrient
concentration in the chemostat remained relatively high at the low dilution
rates, a phenomenon that cannot be explained by the Monod model. This led
him to introduce the notion of an internal nutrient pool and to propose that
nutrient uptake is a function of the ambient nutrient concentration while
growth rate varies with the internal nutrient level of the cells, called the cell
quota, which may be viewed as the average amount of stored nutrient in each
cell of the particular organism in the chemostat. The cell quota increases due
to nutrient uptake and decreases due to cell division, which acts to spread the
total stored nutrient over more cells. Grover [15, 17] refereed to the Droop
model as the variable-yield or the variable-internal-store model.

Cunningham and Maas [7] observed damped oscillations in cell numbers
when the dilution rate was increased in their experiments which involved the
growth of a Chlamydomonas reinhardii population on a nitrogen substrate. It
was hoped that the transient behavior of Droop model would explain the
phenomenon. However, Cunningham and Nisbet [8] noted that the variable-
yield Droop model could not reproduce these oscillations without the intro-
duction of time delays into the equations. In fact, in the Droop model only the
internal nutrient is immediately available for cell growth and nutrient storage
by the cells introduces inevitably time delays between the environmental
nutrient pool and population growth.

Though the nonequilibrium behavior of the constant-yield Monod model
and the variable-yield Droop model differs considerably (see Grover [16]), at
equilibria, the two models are equivalent (see Grover [17]). Moreover, Morel
[21] found that the Droop model can be reduced to the Monod model by
simple variable substitutions. Probably this is one of the reasons that many
theoretical biologists think that the predictions of the variable-yield Droop
model are identical to those of the simpler constant-yield Monod model.
Recently, Smith and Waltman [297] confirmed mathematically that the Droop
model makes the same predictions concerning the growth of a single popula-
tion as the Monod model. Based on this fact, we shall only consider the
simpler Monod model in this paper.

An important difference between a chemostat situation and a lake situ-
ation is that lakes generally have a residence time of nutrient and sediments
measured in years (see Powell and Richerson [24]). This implies that in
models of natural systems the washout rate is very small and the regeneration
of nutrient due to bacterial decomposition of the dead biomass must be
considered (see Svirezhev and Logofet [31]).

The effect of nutrient recycling on stability of closed ecosystems has been
studied by Nisbet and Gurney [22], Nisbet, McKinstry and Gurney [23], and
Ulanowicz [33], etc. Powell and Richerson [24] and Nisbet and Gurney [22]
regarded nutrient recycling as an instantaneous term, thus neglecting the time
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required to regenerate nutrient from dead biomass by bacterial decomposi-
tion. However, a delay in nutrient recycling is always present in a natural
system and it increases when temperature decreases (see Whittaker [347]).
Based on this observation, Beretta, Bischi and Solimano [1] proposed an
open system with a single species feeding on a limit nutrient which is partially
recycled after the death of the organisms. They used a distributed delay to
model nutrient recycling and studied its effect on the stability of the positive
equilibrium. Bischi [5] considered the same model and discussed the effect of
the delay on resilience.

Following Caperon [6] and Cunningham and Nisbet [8], in a previous
paper [26] one of us introduced a discrete delay in the growth response of the
species to nutrient uptake in the model of Beretta, Bischi and Solimano [1].
By using the discrete delay as a bifurcation parameter, it was shown that the
model undergoes a Hopf bifurcation. It was also found that both the distrib-
uted delay and the discrete delay do not change the property of persistence.
Recently, Beretta and Takeuchi [2] used another distributed delay to describe
the delayed growth response, namely, they considered a system of two re-
tarded functional differential equations with two distributed delays. By con-
structing Liapunov functionals, they investigated the global asymptotic stabil-
ity of the positive equilibrium for the case with a Lotka-Volterra coupling
between nutrient and the biotic species. In two other papers, they extended the
results to the cases that the biotic species has self-regulation which accounts
for a finite carrying capacity of the environment (Beretta and Takeuchi [3])
and that the growth response is described by the Michaelis-Menten law
(Beretta and Takeuchi [4]).

In this paper, we consider the model proposed in [26], a system of two
retarded functional differential equations with a distributed delay and a dis-
crete delay, and its special cases. By using Liapunov functional methods, we
obtain some sufficient conditions for the global asymptotic stability of the
positive equilibrium. We show that global stability of the positive equilibrium
persists if the delays are sufficiently small and we give explicit estimates of the
delays. The paper is organized as follows. In Sect. 2, we first consider the
model with continuously delayed nutrient recycling. In Sect. 3, we suppose
that the delay describing nutrient recycling is a discrete (constant or variable)
delay. The general case with a distributed delay and a discrete delay is
considered in Sect. 4. Finally, a discussion is carried out in Sect. 5.

2 Continuously delayed nutrient recycling

Consider the following integrodifferential model of plankton-nutrient inter-
action with a distributed time delay describing nutrient recycling
N =D(N° — N)—aU(N)P + by J f(s)P(t — s)ds,
_ 0 (2.1
P=P[—y+D)+cU(N)],
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where N is the limiting nutrient concentration and P is a measure of plankton
concentration at any time.

In system (2.1), all parameters are positive constants. N° is the input
concentration of the limiting nutrient, a is the maximum uptake rate of
nutrient, ¢(<a) is the maximum specific growth rate of plankton,
b(0 < b < 1) is the fraction of the nutrient recycled by bacterial decomposi-
tion of the dead plankton, y is the death rate of plankton and D is the washout
rate, so y + D represents the total loss rate of the plankton.

The function U(N) describes the nutrient uptake rate of plankton. We
assume the following general hypotheses on U(N):

(1) U(N) is non-negative, increasing and vanishes when there is no nutrient;
(1) there is a saturation effect when the nutrient is very abundant.
That is, U(N) is a differentiable function defined on [0, o0 ) and
U(0) =0, d—U >0, lim UN)=1.
dN N—-w
These hypotheses are satisfied by the Michaelis-Menten function
(Caperon [6])

N =7 +N’

where k > 0 is the half-saturation constant or Michaelis-Menten constant.
The delay-kernel f(s) is a non-negative bounded function defined on

[0, oo ) and describes the contribution of the plankton population dead in the

past to the nutrient recycled at time t. The presence of the distributed time

delay must not affect the equilibrium values, so we normalize the kernel such

that

Ff(s) ds = 1. (2.2)

0

According to MacDonald [19], we define the average time lag as

T,= Jw sf (s)ds. (2.3)

0

as

In particular, the exponential kernel f(s) = ae™ ™, « >0, is called a weak
kernel, it is frequently used in biological modeling (see Cushing [9] and
Cunningham and Nisbet [8]). For the weak kernel, the average time lag is
T,=1/o.

Note that E, = (N°, 0) is always an equilibrium for system (2.1), and if

v+ D
y+D<c¢ and U1<L><N0, (2.4)
c

system (2.1) has a positive interior equilibrium E* = (N*, P*) with

Y+ D>, pr D(N° — N*)

c T aUN*) —by’ @3)

N*=U‘1<
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Model (2.1) was proposed by Beretta, Bischi and Solimano [1]. They
studied the local stability of the positive equilibrium. Bischi [5] considered the
effect of delay on resilience, that is, the rate at which a system returns to
a stable steady state following a perturbation. His results show that when the
system is characterized by oscillating behavior, an increase of the delay can
have a stabilizing effect. The results in [26] indicate that if the kernel f(s) is
a weak kernel, then the system (2.1) is uniformly persistent, a term used to
describe long term survival of the interacting species. Global stability of some
models related to system (2.1) has been studied by Beretta and Takeuchi
[2—4]. In Sect. 4 of [2], they discussed the global stability of system (1.1) with
a Lotka-Volterra coupling between nutrient and the plankton; in Sect. 4 of
[3], they considered the global stability of system (1.1) with an additional
negative term — dP in the second equation, i.e., they supposed that the
planktonic species has self-regulation, but their results cannot be applied to
the case when d = 0; in Sect. 4 of [4], they studied the global stability of
system (1.1) with the response function being of the Michaelis-Menten form.
Also, they derived global stability conditions for solutions with initial condi-
tions in Qp = {¢: | ¢|l < H} and depending on K, the upper bound of the
solutions. In the following result, we do not require such restrictions on initial
conditions and the response function.

Theorem 2.1. Assume that
(a) the inequalities in (2.4) hold,
(b) Tf< o0, TF < 0, and

2
a{T?+YU]<Eg, (2.6)
where

) 1 o0
T, = L sf(s)ds, T¥= > L fEEYTP—1]ds.  (27)

T hen the positive equilibrium E* of system (2.1) is globally asymptotically stable.

Proof. We first prove the global attractivity of E*. Define

x; =N —N*¥, x, = In(P/P*) (2.8)
and

C(x)=U(xy + N*) = U(N%), (2.9)
such that — N* <x; < 4+ 00, — 00 <x, < + o0, — U(N*)Z&(x) <

1 — U(N*). Then
N=x, +N*  P=Pte"

and x;&(xy) > 0 for any x; €(— o0, + o0) and x;&(x;) =0 if and only if
x; = 0. By the variable change (2.8), system (2.1) can be written as follows:

%1 (6) = — Dxy(t) — aP*e™"E(x, (1)) — aP*U(N*)[e2 — 1]
+ byP* wa(SECXZ(tS) — 1]ds, (2.10)
0
Xo(t) = c&(x4(1),
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in which now the positive equilibrium has been transformed to the trivial
equilibrium x; = x, = 0.

Using the second equation in (2.10) and (2.2), we can rewrite the first
equation in (2.10) in the following form

X1(t)= — Dx;(t) — ap*exz(r)é(xl(t)) — aP*U(N¥) [exz(r) 1]

+ byp* <[ th(s)ds] [e="” —1]ds + wa(s) [ex~% — 1]ds
0 :

— th(s)ft € x5 (u) duds>

= — Dx,(t) —aP*e="¢(x,(t)) — P* [aU(N*) — by + by joof(s) ds:|

1 0
x[e0 — 11+ 5byP* J f()[e=0 Y — 1]ds
t

— beyP* th(s) Jt €M ¢ (xq(u)) duds . (2.11)
Now define
V.i(x,) = J Euydu . (2.12)

Then V;(x;) = 0 and, along the solutions of (2.11),

Vi(t) = &(x1(1))%4(2)
— Dx1(1)&(x, (1)) — aP*e™" &% (x4(1))

— p* [GU(N*) —by + by wa(s)ds} E(xy (1) [e2? — 1]

0

+ b"/P*f(xl(t))J f()[e™" = —1]ds

t
t

(0]

—%bCVP*i(xl(t))J f(s) Jt e E(x; () duds

— Dxy ()E(x4(1)) — aP*e™" &% (x4(1))

lIA

— P [GU(N*) —by+by fwf(s)ds:| E(x1(1) [e=" — 1]

+ b"/P*ﬁ(Xl(t))J f(s) [e™" " —1]ds

t

+ % bcyP* [< wa(s) Jt e du ds) E2(x4(1))

+ J%f(s) Jt e EX (x (1)) du ds} . (2.13)
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Let x(t) = (x4(t), x»(t)) and

V,(x(t) = % beyP* Jmf(s) Jt Jr e EX(x (u))dudvds . (2.14)

0 v

From (2.13) and (2.14), we have

L0+ VRO S — DX E(0) — aPHe (5, ()

o0

- P* [aU(N *) — by + by J f(s)ds]f(xl(z))[ew —1]

t

o0

+ bVP*f(xl(t))f f(s)[e™ 7" — 1]ds

t

1 o0 t
+ = bcyP* f(s) e duds
2 0 t—s

+ T, e"‘z“)] E(x4(1)) . (2.15)

On the other hand, from the second equation of (2.1) one can see
that

P()z —(+ D)PQ),
which implies that

P(t
1n—8§ —(+D)t—s) fort=s>0.
Thus, we have
P(s) < e D=9P(@) fort=s5>0 (2.16)

and
p* wa(s) f e duds = Ff(s) JI P(u)du ds
Y t=s 0 t—s

< ( joof(s) ft e(V+D’(‘_“)duds>P(t)

- i . [ Lw £(s) (D — l)ds]P(t)

= T*P(1). (2.17)
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By (2.15) and (2.17), we obtain

E(Vl + Vo)(x(0) £ — Dxy () E(x: (1)) — aP*e™" & (x,(1))

dt
— P* |:aU(N*) - bV + b'}) wa(s)ds]é(xl(t)) [exz(r) N 1]
+ byP*E(x4(t)) fwf(s) [exl(t—,\v) —1]ds
+3bey[TF + T1P(0)E (x4(1)) - (2.18)

Let
il ® x,(1)
Fe = o [QU(N*) —br+by J S () dS] J [ef —1]ds (2.19)
! 0
and

V(1) = Vilx) (@) + Va(x) () + V3(x2) (@) - (2.20)
Then V(t) = 0. From (2.20), (2.18) and (2.19),

V(t) = — Dx1(0)E(x1(1)) + byc(xy (1)) jwf(S) [P(t —s) — P*]ds

+ PE(x,()[ —a +3bey(TE+ T))] . (2.21)
Since |&(x)| £ 1, we have

V() £ — Dx1(0)&(x1(8) — [a — 3bey(TF + T)TPE (x4(1))

+ by[ sup  P(s) + P*] J f(s)ds . (2.22)
— w0 <s=0 t

Notice that [, [ f(s)dsdu < [§ sf(s)ds = T, < oo. Integrating (2.22) from

0 to t > 0 and using the assumption (b), we obtain

t

x1(s)&(x1(s))ds < V(0) + by|: sup  P(s) + P*:| Ty. (223)

— 0w <s=0

V(t)+ D J

0
This, together with the definition of the nonnegative function ¥, implies that
x(t) = (x1(t), x»(t)) is bounded and x;(t)&(x4(t)) € Ly [0, o0). Note that ¢ is
uniformly continuous on [0, c0). It then follows from the system (2.10) that
x(t) and hence X(t) are uniformly continuous. Using Barbalat’s lemmas (see
Lemmas 1.2.2 and 1.2.3 in Gopalsamy [13]), lim,_, ,x(¢)&(x1(t)) = 0, which
leads to lim,.,x;(t)=0, and lim,, %x;(t)=0. That is, lim,- ,(N(t),
N(t)) = (N*, 0). Now taking the limit t - oo on both sides of the first equa-
tion in (2.1), we obtain

lim [aU(N*)P(t) — by Joof(s)P(t —s) ds] = D(N° — N¥). (224)

t— o0
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Since P(t) is bounded eventually, lim sup,. ., P(f) = p; < oo. Hence, there
exists a sequence {t,} satisfying t, = t,, forn 2 mand t, > o0 asn— oo such
that lim,_, , P(t,) = p;. Thus, from (2.24)

aU(N*)p; < D(N° — N*) + byp,,

that is, p; < P*. Similarly, one can show that liminf,,  P(t) = p, = P*.
Therefore, lim,, ,, P(t) = P*. This proves the global attractivity of E*.
Following Theorem 5 in [4], we know that E* is locally asymptotically

stable if
1/ D a
yT - =+ - 2.25
M= b [ck + c] ( )

with k = U (N*)P*. From (2.7), one can see that T} > T,. It then follows
from (2.6) that yT , < a/bc, which implies that (2.25) holds. This, together with
the global attractivity of E*, leads to the global asymptotic stability of E*. The
proof is completed. O

Remark 2.2. The local asymptotic stability condition yT, < 1/b[D/ck + a/c]
was derived in [4] by considering the associated characteristic equation
of the linearized system of (2.1) at the equilibrium E*. Following the
idea of the construction of the Liapunov functional in the proof of
Theorem 2.1, one can obtain the same condition on the local asymptotic
stability of E*.

3 Discretely delayed nutrient recycling

In this section, we suppose that the delay describing nutrient recycling is
discrete. We first consider the following equations

N =D(N° — N)—aU(N)P + byP(t — 1),
(3.1)
P=P[—(y+ D)+ cUN)],

where 7 > 0 is a constant. Notice that if the inequalities in (2.4) hold, then the
positive equilibrium E* given by (2.5) exists.

Theorem 3.1. Assume that

(a) the inequalities in (2.4) hold,
(b) © > 0 is finite such that

1 D) 2a
v [m [e(/+D) — 1] + T:| < E . (32)

Then the positive equilibrium E* of (3.1) is globally attractive.
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Proof. By using the transformation (2.8), the system (3.1) can be written as

follows:

x1() = — Dxy(t) — aP*e*"¢(x4(t)) — aP*U(N*)[e™" — 1]

+ byP*[e" " — 1],
Xa(1) = & (x4 (1)) -
Define V;(x,) as in (2.12), then along the solutions of (3.3) we have
Vi(xi (1) = €0 (0)%1(2)
S = Dxy(E(x1 (1)) — aP*e™ &% (x4(1)
— P*[aU(N*) — by1&(x, (1) [e™" — 1]

+ 3bcyP* |:< f e du> E2(x4(1) +Jl e WE2(x (1)) du:|

t—t

for t = 7. Now define

W, (x(t) = %bcyP* ft jt e*2E2 (x (u)) du dv.

v

From (3.4) and (3.5), it follows that

%(Vl + W) (x(1) £ — Dx1()E(x1 (1) — aP*e™ "% (x4 (1))

— P*[aU(N*) — by]&(x, (1)) [e™" — 1]

1 t
+ EbcyP* |:< f e dy ds> + rexz‘”} E2(x1(1)).
t—1t

Using (2.16) and following the argument in (2.17), we obtain

! 1
pP* eWdy < ——[e"*D" 1] P(r).
- y+D

Hence, (3.6) becomes

%(Vl + Wo)(x(0) £ — Dx;()E(x1 (1) — aP*e™ &% (x,(1)

— P*[aU(N*) — by]&(x1 (0)[e=" — 1]

1 1 v+ D)t 2
+ Ebcy |:V+—D eV — 1)+ rj| P(t)E=(x4(2)) -

Let Ws(x,) = |5 [e® — 1]ds. We can choose « such that
ac = P*[aU(N*) — by] .

(3.4

(3.5)

(3.6)

(3.7)

(3.8)
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Define a Liapunov functional as follows
W (x)(t) = Vi(x)(t) + Wa(x)(t) + aW5(x)(t) . (3.9)
Then from (3.8) and (3.9), we have
W (x)(t) £ — Dx1(1)€(x1 (1)

+ P.fz(xl(t))|:— a+ 1bcy(

2

Using (3.10) and the same argument used in the proof of Theorem 2.1, one can
show that the positive equilibrium E* of (3.1) is globally attractive. This
completes the proof. O

D [+ _ 1] + rﬂ . (3.10)

We next consider the following equations with a variable delay
N =D(N°—N)—aU(N)P + byP(t — (1)),
P=P[—(y+ D)+ UN)],
where 1(¢) is differentiable and satisfies
0=t =T, 0=1(t) < 1. (3.12)

Denote o(t) =t — t(t), then its inverse ¢ () exists and denote ¢(f) =
o~ 1(t) — t. By modifying the Liapunov functionals constructed in the proof of
Theorem 3.1, we have the following result.

(3.11)

Theorem 3.2. Assume that

(a) the inequalities in (2.4) hold,
(b) the delay t(t) satisfies (3.12) and

1 2
y[y - D[e‘“D”‘” — 1]+ q(t)J < b_z , (3.13)

where q(t) = '(t) —t and a(t) =t — 1(¢).

Then the positive equilibrium E* of (3.11) is globally attractive.
Proof. Under the transformation (2.8), we can rewrite (3.11) as follows:

X1(t) = — Dx((t) — aP*e*"¢(x,(t)) — aP*U(N*)[e*" — 1]

+ byP*[ext "0 — 17, (3.14)

X2 (t) = c&(x1(1)) -
Define V;(x;) as in (2.12), then along the solutions of (3.14), we have
Vi(x1(0) = E(x1(0)%1 (1) £ — Dxy(1)E(x1 (1) — aP*e & (x4 (1))

— P*[aU(N*) — by]&(x, (1) [e™" — 1]

+ %bcyP* [( Jt ex du) EX(x4() + Jt e EX (x4 (u)) du]
t—1(t) t—(1)
(3.15)
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for t = T. Now define

1 a (t) [t
Wa(x(0) = 3berP* J J e=®E2 (x, (u) dudv . (3.16)
t a(s)

Then by (3.15) and (3.16), we obtain

%(Vl + Wa(0) £ — Dxy (0)E(x1 (1)) — aP*e™"E (x4 (1))

— P*[aU(N*) — by]&(x4(1) [ — 1]

t
+ %bcyP* |:< J e dy ds) + q(t)exZ“’] E2(xq (1)) .
t—1(t)
(3.17)

Using (2.16) and following the argument in (2.17), we have

SR L e, P
t—1(t) '))+D

Hence from (3.17)

L4 W) S — ¥ (D60 (0) — aPHe=02 (1)

— P*[aU(N*) — byJ&(x, (0)[e™" — 1]

1 1 v+ D)t(t
+ Ebc“”[y " D(e‘ Do 1) + q(t)]P(t)éz(xl(t)).
(3.18)

Let W5 be defined as in the proof of Theorem 3.1. One can select o such that
oc = P*[aU(N*) — by]. Then

V(X)) = Vi(x)(t) + Wa(x)(0) + aW3(x)(1)

is the required Liapunov functional. This completes the proof. ]

Remark 3.3. As pointed out in Remark 2.2, one can use the idea of construct-
ing the Liapunov functionals for Theorems 3.1 and 3.2 to derive the local
asymptotic stability conditions for the positive equilibrium E* of systems (3.1)
and (3.11).

4 Delayed growth response

In the chemostat, there are two obvious sources of delays. One is, as pointed
out by one referee, due to the possibility that the species takes up nutrient in
excess of immediate needs and stores the nutrient to be used later when
nutrient is scarce, so that the “free” nutrient concentration does not reflect the



Global stability in chemostat-type plankton models 265

nutrient available for growth. An internal-store model (without time delays)
was considered by Grover [15-17] and Smith and Waltman [29]. Another
one is due to the cell cycle, which characterizes the time delay between
consumption and growth. Consequently there is a delay in the growth term of
the species equation but no delay in the consumption term in the nutrient
equation. In this section, we consider the second type of delay model with an
added nutrient recycling term. We suppose that there is a discrete delay in the
growth response of plankton to nutrient uptake, that is, we consider the
following system:

N =D(N°—N)—aU(N)P + by f f(s)P(t — s)ds,
0 4.1
P=P[—y+D)+cUN(—1)]
where t = 0 is a constant. Notice that system (2.1) is a special case of system
(4.1) when t = 0. If the inequalities in (2.4) hold, then there is a positive
equilibrium E* given by (2.5).

System (4.1) was considered in [26]. It was shown that the solutions are
bounded, the discrete delay could destabilize the positive equilibrium E* and
Hopf bifurcations may occur. In the following, we will give estimates of the
delay such that the global attractivity of the positive equilibrium persists.

Theorem 4.1 Assume that

(a) the inequalities in (2.4) holds;
(b) the delay © > 0 and the kernel f satisfy

T.+T,,<a, 4.2)
where

1
T, ==[aU(N*) — by] [— (€ — 1)+ re”’”:|,
2 71

Tr,f = %bc"/ |:7_';k + Tfe}‘lf]

with yy =c¢ — (y + D) > 0 and T ¥ defined by (2.7).
Then the positive equilibrium E* of (4.1) is globally attractive.

Proof. Let x(t) = (x1(t), x»(t)) be defined by (2.8) and &(x,) be defined by (2.9).
Then it follows from (4.1) that

Xi(t)= — Dxy(t) — aP*eXZ([)é(xl(t)) — aU(N*)P* [exz(r) —1]
+ byp* rf (s)[e® > —1]ds, 4.3)
0

X (t) = (x4 (t — 7).
Define

o0

Vi(x1(1)) = j | E)ds,  Valxa(t) = f [e* —1]ds. (4.4)

0
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Then along the solutions of system (4.3) we have

Vilxi(0) = — Dxy (0 €(x1 (1)) — aP*e™ &% (x, (1))

o0

— P [aU(N*) — by + by f

t

1) dS] (e (1) [V —1]

+ byP*E(x(2)) jmf(s)[exl“‘s) —1]ds

t

- bVP*f(xl(t))f

0

1(s) ft €% %, (u) du ds
= — Dx()¢(x1(1)) — aP*e™"E%(x,(¢))

—P*[aU (N*) — y—l—byj f(s)ds] )= —1]

+ P*|: —by + bw/J‘ f(s) ds} (1 (1) [ 7 — e¥]
+ bVP*f(Xl(f))J f(s)[e™" Y —1]ds
— beyP*E(x4(1)) Jt f(s) Jt e (xy(u — 1)) duds (4.5)
and
Va(xa(t + 1) = c&(x, (1) [e™C 7 —17. (4.6)

Choose a(t) = P*/c[aU(N*) — by + by[.” f(s) ds] and
V3(t) = Vi(x1(t)) + (@) Va(x2(t + 7)) - 4.7)
Then it follows that

Va(t) £ — Dxy (0 €(x1(1)) — aP*e™"E% (x4 (1))

+ c¢P* |:aU(N*) — by + by J‘mf(s)ds]é(xl(t))
X Jtﬂ e E(xq(u — 1)) du

+ by P*E(x1(1) wa(S) [~ — 1]ds

o0

— beyP*E(x,(1)) j f(s) f e E(x (u — 7)) duds

0
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< — Dx;(0E(x1 (1)) — aP (1) E%(x4(2))
1 0
+ 5 cP* |:aU(N*) — by + by J f(s)ds:|
t

X fm =& (x4(1) + & (x4 (u — 7))] du

T byP*E(x (1) f " PO — 17ds

207 rf s) J e [E (x1 (1) + E¥(xy (u — 1)) 1duds . (48)
0

Now define a nonnegative function as follows

V(1) = V3(x(1) + Val0) , (4.9)
in which

Va(t) = % cP* |:aU(N*) — by + by wa(s) ds:|

xft Jt 20 9E2(x 1 (u)) do du

t

+= byc|:J‘ f(s)J f (u)E*(x1 (u — 1)) dvduds

+ Tff P(s + r)éz(xl(s))ds]
t—1
Note that |&(xq)] £ 1. Thus we have

V(1) £ — Dx;()E(x1 (1) — aP ()& (x4(1))
+ % cP* [aU(N*) — by + by wa(s) ds]

t+t
X [ J e dy + te¥ “)} E2(x4(1))
t

+ % bcy|:< wa(s) Jt P(u)du ds> + T,P(t+ r):| EX(x4(1)
0 t—s

+ by|: sup  P(s) + P*] wa(s) ds . (4.10)

— w0 <s=<s
On the other hand, from the second equation of system (4.1), we have
PO)<[c—(y+D)IP=1yP

and hence
P(s) < P(t)e"* =" fors=t>0. (4.11)
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It follows from (4.11) that

t+t
P* |: J e=Wds + TCXZ([+T:|
t

J s)ds + tP(t + 7)

< P(t |: J et 0ds + re"”}

[ (@ — 1)+re'”:|P(t). (4.12)

By using (2.17), (4.12), we obtain
V= = Dxy(0¢(x1(1)) — aP ()€ (x4 (1))

+ {% c|:aU(N*) — by + by jwf(s)ds}
X [i e —1)+ re””]
71

b>
+%V[T +Te”f]} (0E(x1(1)

+ by|: sup  P(s) + P*} f f(s)ds . 4.13)
— o <s=0 t

Note that lim,, by [°f(s)ds=0 and [§[”f(s)dsdu < |3 sf(s)ds =

T; < oo. Then, using (4.13) and the same argument used in the proof of

Theorem 2.1, one can show that the positive equilibrium of (4.1) is global

attractive. This completes the proof. O

Remark 4.2. Obviously, when 1 = 0, Theorem 4.1 reduces to Theorem 2.1 and
Remark 2.2.

A special case of system (4.1) is that when the kernel f'is a Delta function,
that is, the nutrient recycling is instantaneous. The model now has the form

N =D(N°® — N) — aU(N)P + byP,

P=P[ —(y+ D)+ cUN(t —1))].

System (4.14) was briefly discussed in [26]. It was found that the delay has

an effect on stability of the positive equilibrium. However, by Theorem 4.1, we

have the following result on the global attractivity of the positive equilibrium
of system (4.14).

(4.14)

Corollary 4.3. Assume that
(a) the inequalities in (2.4) holds;
(b) the delay © > O satisfies

T.<a. 4.15)
Then the positive equilibrium E* of (4.14) is globally attractive.
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Remark 4.4. 1f T = 0, (4.15) is automatically satisfied. This is Theorem 3.2 of
Beretta et al. [1] or Theorem 2.7 of Ruan [25], that is, if the positive
equilibrium exists, it is globally attractive. Theorem 4.3 indicates that if the
delay 7 is sufficient small, then the positive equilibrium E* is still globally
attractive.

5 Discussion

In this paper, we have discussed global attractivity of the positive equilibrium
of plankton-nutrient models with delayed nutrient recycling. We supposed
that there is a delay in the growth response of plankton to nutrient uptake. We
also considered the case where the delay describing nutrient recycling is
a constant or variable discrete delay.

In the first model, system (2.1), we supposed that the limit nutrient is
partially recycled after the death of plankton due to bacterial decomposition
and used a distributed delay to model nutrient recycling. Recall that the
sufficient conditions we obtained for global attractivity of the positive equilib-
rium E* are as follows:

y+ D
v+ D<c U—1<L><N° (2.4)
c
and
2a
VTP +Tr]l< be’ (2.6)

where T, is the average time delay defined in (2.3) and T¥ is defined in
Theorem 2.1 and is somehow similar to the average time delay. The first
inequality in (2.4) indicates that ¢, the maximum specific growth rate of
plankton, must be greater than y + D, the total loss rate of plankton and the
second inequality in (2.4) means that there must be enough nutrient input
concentration. Notice that the inequalities in (2.4) are required throughtout
the paper to gurantee the existence of the positive equilibrium and when the
delays are absent, they are exactly the global stability conditions. Condition
(2.6) demonstrates that the positive equilibrium is still globally attractive if the
average time delay involved in nutrient recycling is relatively small, in other
words, if the process of recycling is relatively short.

The results in Sect. 3 show that if the delay describing nutrient recycling is
a constant or variable discrete delay, one can still have global attractivity of
the positive equilibrium as long as the delay is sufficient small.

In Sect. 4, we introduced a discrete delay in the planktonic growth re-
sponse term. It has been found (see Ruan [26]) that this delay has a distabiliz-
ing effect on stability of the positive equilibrium. In Theorem 4.2, we showed
that if the inequalities in (2.4) hold and if

T.+T.,;<a, 4.2)
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then the positive equilibrium E* of (4.1) is globally attractive, where T,
depends on the discrete delay t and T, , depends on both the discrete delay
7 and the distributed delay kernel f. Inequality (4.2) thus gives us an estimate
for the delays: when the delays are sufficiently small such that (4.2) holds, then
the equilibrium is globally attractive; when the delays are increased and (4.2) is
invalid, the equilibrium may lose its stability and a Hopf bifurcation may
occur (see Ruan [26]).

The results in this paper indicate that in order to have global attractivity,
delays must be relatively small. These results justify the common belief that
“small delays are negligible in some modelling processes as far as stabilities are
concerned”.

It should be pointed out that our method can be used to analyze models
with two or more various delays appearing in the first equation. In fact, the
global asymptotic stability of the chemostat-type competition models
(Freedman and Xu [12]) has been studied by us (see Ruan and He [27]). It
would be interesting to investigate the global stability of the predator-prey
models (see Ruan and Wolkowicz [28]). Also, as suggested by the referee, it
would be very interesting to consider the Droop model with delays. We leave
this for future study.

Acknowledgements. The authors are grateful to Prof. K. P. Hadeler for his kind advice and
to the referee for his/her helpful comments.
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