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Abstract In this paper, we considered the non-autonomous Droop model for
phytoplankton growth in a chemostat in which the nutrient input varies non-
periodically. It is assumed that growth rate varies with the internal nutrient level of the
cell and the uptake rate of phytoplankton depends on both the external and the inter-
nal nutrient concentrations. A series of new criteria on the positivity, boundedness,
permanence and extinction of the population is established.
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1 Introduction

The chemostat is an important laboratory apparatus used to culture microorganisms.
See [4,5,12,14], and [22-25] for a detailed description of a chemostat and for various
mathematical models for analyzing chemostat models.The Droop model (see [2,3])
of phytoplankton growth in a chemostat has been widely investigated in many liter-
atures (see [7-10]). As in Monod [10], the classical chemostat equations modeling
phytoplankton population dynamics originally related the growth rate of the cells to
the nutrient concentration in the medium. It is assumed that the nutrient uptake rate
is proportional to the rate of reproduction. The constant of proportionality which con-
verts 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 [9].
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Droop [2] 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 function of the ambient
nutrient concentration while growth rate varies with the internal nutrient level of the
cell, called the cell quota, which may be viewed as the average amount of stored nutri-
ent in each cell of the particular organism in the chemostat. The cell quota increases
due to nutrient uptake and decreases duo to cell division, which acts to spread the total
stored nutrient uptake over more cells. Grover [7,9] refereed to the Droop model as
the variable-yield or the the variable-nutrient stored model.

There has been a great deal of current interest among phytoplankton ecologists in
both experimental and theoretical analysis of nutrient-limited phytoplankton growth
and competition studies in variable-nutrient environments (see Smith [13], Grover
[7,8] and Sommer [11]). There are number of different operating parameters in the
Droop model in addition to the feed-nutrient concentration which might be inter-
esting to vary with time in a periodic manner (see Butler, Hsu and Waltman [1],
Stephanopoulos etal. [16], Smith [14,15], Smith and Waltman [12]). Smith [14] stud-
ied the dynamics of the Droop model incorporating a periodically varying nutrient
input which takes the following forms

dN

E = NWu(Q) — D),
d
d—Q = p(S. 0) - 1n(Q)0.
t
ds 0
5 = DG’ =5 = No(S. 0). M

where the nutrient input S°(¢), uptake rate of nutrient by phytoplankton cells p(S, Q)
and the growth rate of phytoplankton population p(Q) varies periodically. In [14], the
author proved that the periodically forced Droop model (1) has precisely two dynamic
regimes depending on a threshold condition involving the dilution rate. If the dilution
rate is such that the sub-threshold condition hold, the phytoplankton population is
washed out of the chemostat. If the super-threshold condition holds, then there is a
unique periodic solution to which all solutions approach asymptotically.

Stimulated by the work of [14], we introduce the following more general case of
model (1):

A N(ui(t, Q) — D(1))

d[ — I»Ll ’ Q ?

do

o = p1(t, S, Q) — pa(t, 0)0,

ds

4 =a) =b®OS = Npa(t. S. ). 2

where S(¢) denotes the concentration of the nutrient and N (¢) denotes the concentra-
tion of the phytoplankton cells in the culture vessel; Q(t) denotes the internal nutrient
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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 p; (¢, S, Q)
represents the per unit biomass uptake rate of nutrient by phytoplankton cells and
p2(t, S, Q) denotes the consumption rate of phytoplankton cells at time #; (¢, Q)
describes the per unit biomass growth rate and > (f, Q) denotes the removal rate. a(¢)
and b(r) are the input nutrient concentration and the dilution rate, respectively, and
D(t) represents the specific removal rate (it equals to sum of death rate and washout
rate of the population N (¢)).

The aim of this paper is to discuss the positivity, boundedness, permanence and
extinction of the all species for model (2) and establish a series of very interesting
criteria. The methods used in this paper are motivated by the works on the uniform
persistence for the periodic predator-prey Lotka—Volterra models in [18], the per-
manence and extinction for the periodic predator-prey systems in patchy environ-
ment with delay in [20] and the permanence criteria in nonautonomous predator-prey
Kolmogorov systems and its applications in [21].

The organization of this paper as follows. In the next section, we introduce several
assumptions for model (2) and the definitions of the permanence and extinction of
species. Further, we will give two lemmas which will be essential to our proofs and
discussions. Positivity and boundedness of solutions of model (2) are discussed in
Sect. 3. In Sect. 4, the results on the permanence and strong persistence of solutions
of model (2) are stated and proved. At last, in Sect.5 the results on the extinction of
solutions of model (2) will be stated and proved.

2 Preliminaries

Wedenote Ry = (0, 00), Ryo = [0, 00), R2 = Ry xRy, R%j = RyoxRyo, R} =
Ry x Ry x Ry and Ri’ro = R4 X Ryo X Ryo. In this paper, for model (2) we always
assume that the following condition holds.

(H;) Functions a(z) and b(t) are bounded and continuous defined on Ry, inf,eg,
a(t) > 0 and there is a constant @ > 0 such that

t+w tHw
lim inf / a(s)ds > 0, liminf / b(v)dv > 0.
11— 00 11— 00

t t
Assumption (Hp) shows that, when time 7 is large enough, the growth rate of the

nutrient and the dilution rate of the nutrient on interval [z, ¢ 4+ w] are strictly positive.
Putting N = 0 in the last equation of model (2), we obtain

dS— t b()S 3
a—a()—()- 3)

Let constant op > 0. For any constant ¢ € [—agp, o] and a bounded continuous
function ¢(¢) : R1o9 — R, we further consider the following equation

@ Springer



462 J Math Chem (2009) 46:459-483

ds

T a(t) +ac(t) —b(1)S. 4)
For any initial point (9, So) € Ryo X Ry. Let S*(¢) and S, (¢) be the solutions of
systems (3) and (4) satisfying the initial conditions S$*(#9) = Sp and S, (t9) = So,
respectively. Using a similar argument as in [19], we can prove the following result.

Lemma 1 Suppose that (Hy) holds. Then we have

(a) There are constants M1 > 1 and 0 < yy < 1 such that for any (to, So) €
Rio X Ry and a € [—y0, Wl

M < lim inf §*(¢) < lim sup §*(r) < M1,
— 00

—00

and

M < lim inf S (1) < lim sup S, (1) < M.

t—00

(b) Sq(t) is globally uniformly attractive on [ty, o0).
(c) Sq(t) converges to S*(t) uniformly fort € [tg, o0) as a — O.

Let S*(¢) be some fixed positive solution of system (3) with initial value S*(0) =
S5 > 0. For model (2), we introduce the following assumptions.

(H) Function py(z, S, Q) satisfies the following conditions:

(a) pi(t, S, Q)iscontinuous, pi(t, S, Q) > 0and p; (¢, 0,0) = Oforall (¢, S, Q)
€ R3; p1(t, S*(1), 0) is bounded on 1 € Ro.

vative 901(,S,0) 0p1(t,8,0) Lyiep 0P1(,S,0) 1,5, 0)
(b) Thederivative 7 and 50 exist, 7 > OandT <0

for all (z, S, Q) € Rio; for any constant n > 0, W is bounded on

(, S, Q) € Ryo x [0, n] x [0, n].
(c) There is a constant k; > O such that lim inf;_, o ftH_w p1(u, S*(u), k1)du >
0.

(H3z) Function pa(t, S, Q) satisfies the following conditions:

(@) pa(t, S, Q)iscontinuous, py(t, S, @)>0and py(t, 0, 0)=0forall (¢, S, Q) €
Ri_; for any positive constants « and 8, p2(¢, «, B) is bounded on t € Ry
and liminf,_ ~ 02 (¢, @, B) > O. ‘

(b)  The derivative am(é’ss -9 and am(;‘QS 9 exist, w > 0 and B/’Z(L;—QSQ) <

902(1,5,0)

ES

0 for all (¢, S, Q) € Rio; for any constants > 0, is bounded on

(t,S) € Ryo x [0, nl.
(H4) Function w1 (¢, Q) satisfies the following conditions:

(@) p1(t, Q) iscontinuous and uy (¢, 0) = Oforall (¢, S) € Rio; for any constant
o >0, u(t,o0) is bounded on t € R4y.
(b) The derivative % exists and %&Q) > 0 forall (z, Q) € Rio; for any

constant & > 0, % is bounded on (¢, Q) € Ryg X [0, «].
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(Hs) Function ua(t, Q) satisfies the following conditions:

(@) pa(t, Q) iscontinuous and us (¢, 0) = O forall (¢, S) € Rio; for any constant
o > 0, ua(, o) is bounded on t € Ryo and liminf, o0 [/ pta(s, ka)ds >
0

(b) The derivative %tQQ) exists for all (z, Q) € Rio and there is a nonnega-

tive continuous function ¢ (¢), satisfying lim inf;_, fttﬂ) q(s)ds > 0,and a
continuous function p(u), satisfying p(u) > O for all u € R, such that

dp2(t, Q)

50 > q(t)p(Q) forall (1, Q)€ R%,.

(He) Function D(z) is bounded and continuous on R( and there is a constant
® > 0 such that liminf, o [/ D(s)ds > 0.

Remark 1 Assumptions (H) and (H3) show that the uptake rate of the nutrient by
phytoplankton cells p (¢, S, Q) and assumption rate of the nutrient by phytoplankton
cells pa(¢, S, Q) are strictly increasing with nutrient concentration S, nonincreasing
with cell quota Q, and to vanish in the absence of nutrient and cell quota. In other
words, an increase in the ambient nutrient concentration with no change in cell quota
leads to a greater uptake rate and consumption rate, while an increase in the internal
pool with no change in ambient nutrient concentration can only decrease the uptake
rate and consumption rate. In (Hy) we see that, when time ¢ is large enough and nutri-
ent reach the available nutrient and the cell quota keep a constant value, the values of
the uptake rate of the phytoplankton on interval [#, t 4+ w] are strictly positive.

In assumptions (H4) and (Hs), we see that, when the concentration of the cell quota
increases, the per capita growth rate of phytoplankton cell © (¢, Q) and removal rate
of cell quota u,(¢, Q) are increasing and vanish in the absence of cell quota; The
phytoplankton growth rate (¢, Q) and the racial rate of the phytoplankton growth
rate to the cell quota are limited when cell quota keep constant; when time ¢ is large
enough and the cell quota keep a constant value, the values of the the removal rate of
the cell quota on interval [z,  + w] are strictly positive.

Assumption (Hg) shows that when time ¢ is large enough, the values of the sum of
death rate and washout rate of the population N (¢) on interval [z, t 4+ w] are strictly
positive.

Let (N (1), O(t), S(¢)) be any solution of model (2). If N(¢) > 0, Q(tr) > 0 and
S(t) > 0 on its maximal existence interval, then such solution is called to be positive.
The definitions of permanence, persistence and extinction of population have been
given in many articles (see, for example, [6,17]). Here, for the requirement of this
paper we give the following statements.

Definition 1 Let (N(¢), Q(¢), S(t)) be any positive solution of model (2).

(a) Plankton population N is said to be strongly persistent, if liminf;_, o N(t) > 0.

(b) Plankton population N is said to be permanent, if there are constants M > m > 0,
and M and m are independent of any positive solution of model (2), such that
m < liminf, .o N(t) < limsup, ,,, N(t) < M.
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(c) Plankton population N is said to be extinct, if lim;_. o N(t) = 0.

Similarly, we can give the definitions of strong persistence, permanence and extinc-
tion of nutrients S and Q. We here omit them.
Putting S(r) = S*(¢) in the second equation of model (2), we obtain

do %
=S50, 0) — (. 0)0. ®)

Since inf,cg,, S*(#) > 0 by Lemma 1, we can choose a constant ap > 0 such that

infrer,, S*(t) —ap > 0. For any o € [—oaq, opl, we further consider the following
equation

d
d_? = p1(t, S*(t) + &, Q) — pa(t, Q) Q. ©)

For any initial point (¢9, Qo) € Ry9 X R4, let Q*(¢) and Q, () be the solutions of
systems (5) and (6) satisfying the initial conditions Q*(fy) = Qg and Q. (t9) = Qo,
respectively. We have the following result.

Lemma 2 Suppose that (Hy), (Hz) and (Hs) hold. Then we have

(a) there are constants M> > 1 and 0 < yy < 1 such that for any (ty, Qo) €
Rio x Ry and a € [y, Yol

-1 .. .
My~ < liminf 0(1) < hfiigp 0*(t) < Ma,

and

My ' < liminf Qq(r) < limsup Qq(t) < Ma;
=00 t—00

(b) Qq(t) is globally uniformly attractive on [ty, 00);
(c) Qq(t) converges to Q*(t) uniformly fort € [ty, 00) as o — 0.

Proof On the basis of (H;) and (H4), conclusion (a) can be proved by using a similar
argument as in [22, Lemma 1].

Now, we prove conclusion (b). For any constant n > 1 and 7y € [tg, 00), let Qa (1)
be a solution of system (6) with initial value Ouo) €0~ Y, 0. By conclusion (a),
there are constants My > 1 and 0 < yy < 1 such that for any @ € [—y0, 0]

My' < Q%) <My, My' < Qu(t) <My forall t> 1. ©)
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Consider Liapunov function V(f) = |In Qu(f) — In Q4(¢)|. Calculating the Dini
derivative DTV (¢), by (H;) and (Hs) we obtain

DYV (1) = sign(Qq (1) — Qu()IQ; (1)1 (1, S*(1), Qu (1))
—0, 1P, S*(1), Qu (1)) — pa(t, Qo (1)) + p2(t, Qu(1))]

< sign(Qyu (1) — Qu()pa(t, Qu (1)) — pa(t, Qu(t)]

3, E(0) A

=g |Qa () — Qu(1)]

< —q(pE®)|Qat) — Qu (), ®)

for all r > 1y, where £(¢) is situated between Q (7) and Qa (1). Hence V() < V(1)
for all r > 7y. Consequently, by (7) we have

[In Qo ()] < 10 Qo ()] + V (10) < In(nMp),

for all ¢+ > 7y. Hence r)_lMO_2 < Qq() < nMé for all t > . Further by (7), we
obtain

0 TMG2V () < 1Qu(t) — QL] < nM 2V (1),
for all 7 > 7y. Consequently, by (8) it follows that
D+V(l) < —M(;ln—lq(t)p(%'(l))‘/(t) =—q@)M3V(t) forall > I_(), ©)]

where M3 = My ' n~" min{p(Q) : n~'M;? < 0 < nM}}.
Since lim inf;_, o ftﬂr” qw)du > 0, we can choose positive constants § and T;
such that
t+w
/ qu)du > 4§ forall t=>Ti.

t

Let T = to + Ti. For any t+ > T/, there is an integer n; > 0 such that r €
[T{ + n;o, T] + (n; + 1w). Integrating (9) from 7/ to ¢, we have

t
V(T{) exp / (—Mogq(u))du

V) <
Ty
T+ '
= V(T{)exp / +--+ / (—Mog (u))du
T To+nw
< V(T}) exp(—M3én,).
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Since V(T)) < V(1) < In(nMy), we further have

V() < In(nMy) exp[—M380~ ' (t — T' — w)]
= M*nexpl—M3so ™" (t — 1o)], (10)

where M* = In(nMy) exp[M35(1 + %’)]. Hence, for any constant € > 0, from (10),
there is a large enough 7' (n, €) > Tl’ such that

€ _
V() < — forall #>1+ T(n,e€).
nMo

Therefore, |Qq(t) — Qu(t)| < € for all t > 7y + T(n, €). This shows that solution
Q4 (1) is globally uniformly attractive on [fy, 00).

Finally, we prove conclusion (c). By conclusion (a) of Lemma 1, we have M, I <
S*(t) < My for all t € Ryo, where My is some positive constant. Let V(t) =
|In Qy(#) — In Q*(¢)|, calculating the Dini derivative, by (H,) and (Hs) we obtain

DTV (1) = sign(Qu(t) — Q¥ ()0 ' p1(t, S* (1) + &, Qo (1)) — pa(t, Qu (1))
—0* M (p1(t, §* (1), 0* (1)) + pa(t, Q*(1))]
= sign(Qu (1) — Q*(N[Qy (o1 (t, S* () + &, Oy (1))
-0, Mp1(t, S*(1), Qo () + O3 (1) p1 (2, S* (1), Qul(t))
—0* N1, S* (1), Q* (1)) + palt, O (1)) — palt, Qu(1))]
- _3M2(I,El(l‘))|Qa(1) —0* )| + le(t)lam(t,éz(t), Qu(®)

00 aS
< —q(O)pE(1)] Qo (1) — Q*(1)| + Ms]a|
< —q(OpE )MV ) + Msa|
< —q(OpoV (1) + Msal, (11)

where & (1)) is situated between Q () and Q*(1), &»(¢) situated between S*(r) + «
and §*(1), po = My ' min{p(Q) : My' < Q < Mo} and

ap1(t, S, Q)| _
MSZSUPHIOIT‘Q 1

1t€R4, S € [M4_1, Ms+wl, O € [Mo_l, Mo]]~

Since M5 < oo, liminf,_, j;t+wq(u)du > 0 and Q4 (ty) = Q*(t), by the com-
parison theorem and the variation of constants formula of solutions for first-order
linear differential equations we can obtain from (11) that V() — O uniformly for
t € [ty, 00) as @ — 0. Since

1Qa(t) — Q*(D)] < MoV (t) forall 1 € [to, 00),

we finally have that Q,(f) — Q*(¢) uniformly for ¢t € [ty, 00) as @« — 0. This
completes the proof.
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3 Positivity and boundedness

For any zo=(No. Q0. So) € R3., we denote by z(t, 20)=(N (, z0), Q(t. 20). S(t, 20))
the solution of model (2) with initial condition z(0, zo) = zo. On the positivity of
solutions of model (2) we have the following result.

Theorem 1 Suppose that (Hy) — (Hg) hold. Let z(t) = (N(t), Q(t), S(t)) be a solu-
tion of model (2) with initial condition z(0) = (N (0), Q(0), S(0)). Ifz(0) € R3, then
z(t) > Oforallt € Ryyp.

Proof Let I = [0, t1) be the maximal interval such that z(r) = (N(t), S(), Q(¢))
exists and is positive for all # € . Obviously, 11 > 0. We will prove #; = oo.
Suppose #; < oo. Then we must have either lim;_,,, min{S(¢), Q(¢), N(t)} = 0 or
lim;—,,, max{S(z), Q(¢), N(¢)} = oo. From model (2) we have

dflit) <a(t)—b@)S() forall rel.

Using the comparison principle and conclusion (a) of Lemma 2 for @ = 0, we obtain

that S(¢) is bounded on 7, say 0 < S(r) < Sy for all t € I, where S is some positive
constant. Further from model (2) we also have

do() dN (1)
2 w00, —

> —D()N(1),

forall + € I. Hence,

t
(1) = Q(0)exp _/Ml(u» Qu))du |,
0

and

t

N(t) > N(0) exp —/D(u)du ,
0

for all + € I. Consequently, there are positive constants Q¢ and Ny such that Q(r) >
Qpand N(t) > Ng forallz € I.
Since

do()
dt

< p1(t,S(1), Q1)) < p1(t, S1, Qo).

for all ¢ € I, we directly obtain that there is a constant Q1 > 0 such that Q(¢) < Qi
forall ¢+ € I. Since, further,

dN(z)
dr

= (t, QO)IN(@) < 1, Q)N(1),
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for all + € I, we obtain that N (¢) also is bounded on 7, say N(t) < Nj forallr € I.
By (H3), we obtain further

dsS(r)
T =b()S(t) — N(0)pa(t, S(1), O(1))
> —b(t)S(t) — N1p2(t, S(¢), 0)
=—-b®)S(t) — NIWSU)
> —kaS(1),
forallz € I, where £(¢) € (0, S(¢)) and
kg:sup[b(t)—i-Nl%SS’O) 11 >0, 055551]-

Obviously, k» < oo. Hence, there is a constant Sy > 0 such that S(¢) > Sy for all
t € I. From the above discussion we obtain finally

inf{S(), (1), N()} > 0, sup{S(r), Q(1), N(1)} < oo,
tel tel

which leads to a contradiction. This completes the proof. O
On the boundedness of all solutions of model (2) we have the following result.

Theorem 2 Suppose that (Hy) — (Hg) hold. Then there is a constant My > 0 such
that any positive solution (N (t), S(t), Q(t)) of model (2)

limsup N(t) < My, limsupS(t) < Mp, limsup Q(t) < Mp.

—>00 t—00 [—>00

Proof Let (N(t), O(t), S(¢)) be any solution of model (2) with the initial value
(N(0), Q(0), S(0)) € Ri. From Theorem 1, we have that (N (z), Q(t), S(¢)) is
defined on R4 and is positive. Since

dS()
T <a(t)—b)S(t) forall re Ry,

by the comparison principle and conclusion (a) of Lemma 1 for @ = 0, we can obtain
that there exists a 7y > 0 such that

S(t) < S*(t) +yo <2M; forall t > Ty,

where constant yy € (0, 1) is given in Lemma 2. Further since

d
%;(t) < o1, §* (1) + 0. Q1) — pa(t. Q1) Q).
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forallt > Ty, by the comparison principle and conclusion (a) of Lemma 2 for o = yyp,
we can obtain that there exists a 77 > Ty such that

O(t) < Qy(t) <Mz + 1y < 2M>,
for all t > Ty, where Q,, () is the solution of the following equation

do()

o - S*(1) + v, Q1) — pa(t, Q1)) Q(1),

satisfying the initial condition Q,, (To) = Q(T0).

Write B = max{2M, 2M>}. From (H3) to (He) we can choose the positive con-
stants €, €1, r, Nog and T*, satisfying €g < €] < 1 and ¢y < infyer, S*(t), such that
forallt > T*

t+ow
/ (11 (0. €1 exp(Bw)) — D(u))du < —r,

t
t+w

/ sl ‘(”’:1‘” Vo, e)du < -,
t

and
a(t) —b(t) — Nopa(t, €0, B) < —, (12)
where
B = sup M-ﬂu(hél) .
teR Ly €1

By (H») and (Hs) we have < oco.
We first will prove

liminf N(f) < Np. 13)
—>0o0

In fact, if (13) is not true, then there is 7* > T such that N(¢) > Ny for all t > T*.
If S(t) > €p for all t > T*, then by (12) we have

d_flit) <a(t) — b(t)eo — Nop2(t, €0, B) < —y (14)

forall t > T*. It follows S(t) — —oo ast — oo which is contradiction. Hence, there
isat; > T* such that S(t;) < €. Further, if there is a fy > f; such that S(79) > €,
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then there is a t* € (¢1, tp) such that S(t*) = ¢p, and S(t) > ¢ for all ¢ € (¢t*, 19].

Hence, we have %f*) > 0. However, on the other hand, in view of (12) we have

ds(*
) <a(t*) — b(t*)eg — Nop2(t*, €0, B) < 0.

Therefore, a contradiction is obtained. This shows S(#) < ¢ for all ¢ > 1;.
If Q(t) > € for all t > 1, then

do@) _ p1(r, (1), Q1)
T Q(t)(—Q(t) pa(t, Q1))

< Q(O(M — ot ).

1

for all + > t;. Consequently,
[ Pt €0, €1)
p1t, €0, €1
0) = Q(myexp [ (P e, e
11 !
for all ¢+ > ¢;. Since

o0
p1(t, €0, €1)
/ P0G edr = —oo,
€1
1

we obtain lim;_, o, Q(¢t) = 0 which leads to a contradiction. Hence, there exists a
to > t; such that Q(#;) < €. If further there exists a 13 > f; such that Q(#3) >
€1 exp(Bw), then by the continuity of Q(¢) there existsats € (f2, 13) suchthat Q(t4) =
€1 and Q(t) > € for all t € (14, 13]. Choosing an integer p > 0 such that 13 €
[t4 + pw, t4 + (p + 1)w), then we obtain

€1 exp(Bw) < Q(13)
13

= Q(ts) exp / (W NG Q(t))) dt

14

13
t? 9
€1 exp/ ('01(6;1061) —Mz(l,ﬂ)) dr

2}

IA
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t1+w t4+pw 13 ( )
1(Z, €0, €1
= €1 exp /—l—-'-—i- / + / ('Oe——uz(t,el))dt
1
14 t4+(p—Do  4+po
3
t, €0, €
< €jexp / (M — palt, 61)) dr
€1
4+po

< €1 exp(Bw),

which leads to a contradiction. Hence, we finally have
0@) <ejexp(fw) forall ¢ > 1. (15)
From this, we immediately obtain

dN (1)
dt

= N(@)(u1 (1, €1 exp(Bw)) — D(1)),

for all t+ > 1,. Integrating from 7 to ¢ it follows

t
N@) < N(r)eXp/(m(v, €1 exp(Bw)) — D(v))dv.

By (13), we further obtain N(#) — 0 as t — oo, which leads to a contradiction.
Therefore, (13) is true.
Now, we prove that there is a constant Mg > 0 such that

lim sup N (t) < Ms. (16)

—>00

If (16) is not true, then there is an initial value sequence {z,, = (N,, Su, Q,)} C Ri
such that

limsup N(¢,z,) > 2No+ Dn forall n=1,2,3,....

—>00

In view of (13), for each n, there are two time sequences {v,gn)} and {té")}, satisfying

0 < Uin) < [1(") < v;n) <t2(n) < e < ‘U((In) <tq(n) < e andv;n) — o0 as g — oo,
such that

N, 20) = 2No, N, 24) = @No + Dn,
and

2N < N(t.za) < @No + D forall 1€ (0", 1),
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Obviously, there are T > 0 and K™ > 0 such that S(z, z,) < Band Q(¢, z,) < B
forallt > T™ and v((I") > T for all q > K™ Since

dN(t,
T < Nz uate, B~ DO Forall 12 T,
when ¢ > K™ integrating the above inequality from v[(,") to t;") we have
1(5”)
n < exp / (141 (v, B) — D(v))dv.
v
Consequently, by assumption (H3)
t;”) — vfl”) —~o00 as n—>oo and ¢ > K®™. 17

By (11), (Hp) and (H4)—(Hg) we can choose a constant P > 0 such that for any ¢ > P
anda € Ry

a-+t

/(m(v, erexp(fw)) — D(v))dv < —y,

a-+t
p1(t, €0, €1) €1
T s(t,€))dt <In(—=
/( = 1a(t, €1)) <n(B)
a

andy P > B—e¢g.By (17),thereisan N* > Osuchthattén) > v;”)+3P foralln > N*
andg > K™ . Forany n > N*,q > K™ if S(t) > €q forall t € [vfln), vé”) + P],
then we have

ds()

TH <a(t) —b(t)ep — Nop2(t, €0, B) < —y.

Consequently
€0 < Sy + P,z) < S, 20) — ¥ P < o,

whichis a contradiction. Hence, thereisat; € [v;”) , vf]") + P]suchthat S(#1, z,,) < €o.

A similar argument as in above we can prove S(t, z,) < €qg for all t > 11.
If Q(t,z,) > € forall t € [t;, t; + P], then we have

do() - Q(I)(,Ol(t,eo,él)
dr €]

—Mz(t,fl))
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for all ¢t € [#1, t1 + P], consequently,

€ <=0n+P)
t1+P

< 0(1)exp / P e
4

€1

< Bexp (1n (%)) = €],

which is a contradiction. Hence there is a constant t, € [t1, f{; + P] such that
O(t2, zy) < €1. A similar argument as in above we further can prove Q(t, z,) < €]
exp(Bw) for all t > 1,. From this, we obtain

dN (1, zn)

o =Nz @ e exp(Bw) — D) forall ¢ € [n, 1.

Therefore,

(2No+ n = N, z,)
pQ)

< N(t0. 2n) exp / " (11, €1 exp(Bw)) — D(v))dv

70

< 2Ny + D,

which is a contradiction. This shows that (16) is true. Choose a constant My >
max{B, Mg}, then we finally have

lim sup N(t) < Mo, lim sup S(t) < Mgy, lim sup Q(r) < M.
11— 00 —00 —00

This completes the proof. O

Remark 2 The biological meanings of Theorems 1 and 2 are very obvious, because
in a chemostat the sizes of cultured phytoplankton cells N, nutrients S and Q actually
must be nonnegative and limited.

4 Permanence

Let Q*(¢) be some fixed positive solutions of Eq. 4 with initial condition Q*(0) =
Qg > 0. On the permanence of species N of model (2) we have the following result.

Theorem 3 Suppose that (Hy)—(Hg) hold. If there exists a constant . > 0 such that
(42

liminf A ™! /(m(u, 0*(v)) — D(v))dv > 0, (18)

—>00
13

then species N of model (2) is permanent.
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Proof In view of conclusion (a) of Lemma 2 we have directly 0 < inf;>0 Q*(t) <
sup,~o Q*(#) < oo. We first prove that there is a constant & > 0 such that for any
positive solution (N (t), S(t), Q(t)) of model (2)

limsup N(t) > a. (19)

t—00

From (18), (Hy), (H4) and (He) we can choose the positive constants € and 77 such
that inf;cg o Q* () — € > 0 and

t+A

/(Ml(vv 0*(v) —€) — D(v)dv = € (20)
t

for all + > T7. For any small enough constant « > 0, we consider the following two
auxiliary equations

dy

5 = A S*(t) — o, y) — palt, y)y, 1)
and
dz
i a(t) —ap(t, My, 0) — b(1)z, (22)

where M is given in Theorem 2. Let y, (¢) and z, () be the solutions of Eqgs. 21 and
22 with initial values y, (0) = Qé and z4(0) = Sa‘ , respectively. By conclusion (c)
of Lemmas 1 and 2, we obtain that y, (f) converges to Q*(¢) and z,(t) converges to
S*(t) uniformly for all € R4 when @ — 0. Hence, there is a constant @ = «(€) > 0
with 2 < € such that

Ya(t) = O (1) — % Za(0) = S5 (1) — % forall e Ry (23)

If lim sup,_, o, N(f) < o, then from Theorem 2 thereisa 7 > T} such that N(f) <«,
S(t) < My and Q(t) < My forall t > T5. Since

dflf‘t) > a(r) — b([)s(t) —apa(t, My, 0)9

for all ¢+ > T5, by the comparison theorem we have S(¢) > z(¢) for all # > T5, where
z(t) is the solution of Eq. 22 with initial value z(72) = S(7»). By conclusion (b)
of Lemma 2, z,(¢) is globally uniformly attractive. Hence, there is a enough large
T3 > T such that

z(t) > z4 (1) — % forall ¢ > T;.
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By (23) we further obtain
2(1) > za(1) — % > S*(1)—e forall ¢>Ts. (24)

It follows from (24), that

do@)

o =~ §*(t) —€, Q1) — pa(t, Q) Q).

By the comparison theorem we have Q(t) > y(¢) for all + > T3, where y(¢) is the
solution of Eq. 21 with initial value y(73) = Q(73). By conclusion (b) of Lemma 2,
Vo (¢) is globally uniformly attractive. Hence, there is a enough large 74 > T3 such
that

y(t) = yo(t) — % forall ¢ > Ty.

Hence,
0(t) > yult) — % > 0*(t)—¢ forall 1> Ty
Since
T 2 Vw070~ - DOy,

for all + > T4, by integrating we have

t
N(r) = N(Ty) exp /(Ml(v’ 0*(v) —€) — D(v))dv

Ty

By (20), it follows that N () — oo as t — 0o, which is a contradiction. Therefore,
(19) is true.

Suppose that the conclusion of Theorem 3 is not true, then there is a sequence
{zn = (Nu, Sp. Qn)} C R such that

liminf N(t, z,) < —— forall n=1,2,3,...,
1—00 n-+1

where 2o < €. In view of (12), for each n, there are two time sequences {vf,n)} and
(n) (n) (n)

{t;")}, satisfying 0 < Ui") < tl(n) < vé") <l <<y <ty <---and
v > 0 as h th
q q — 09, such that

o

N, z) =a, N@, z) =

3

n—+1
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and
2 < N(t,zp) <a forall e @™, ).
n+1 a4
Since
dN(t, z
% > —D(t)N(t, z0).

integrating from v;") to t(;") we can obtain

(n)
Iy

exp/D(v)den+1.

v;n)
Hence,
t;") - v;”) —> 00 as n — oo, (25)

By (20), there are positive constants P and 1 such that forany t > P anda € R4,

a-+t

/(m(v, 0*(v) —€) — D(v))dv > 1. (26)

By Theorem 2, there is a T™ = 0 such that
S(t,z,) < My forall > T,

Obviously, there is a K ) - 0 such that v((I") > T for all qg>K M Let z(t) be the
solution of Eq. 22 with the initial value z(v\") = SS", z,). Since z,(¢) is globally
uniformly attractive for Eq. 22, we obtain that there is a 7y > P and Ty is independent

of any g and n such that

2(0) = (1) — % forall ¢ = To+ v 27)

Let y(¢) be the solution of Eq. 21 with the initial value y(v"” 4+ To) = Qv +To, z).
Since yy (¢) is globally uniformly attractive for Eq. 21, we obtain that thereisa 7* > P
and T* is independent of any ¢ and n such that

(1) = yalt) - % forall 1> T"+ o 4T,
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By (23), there is an N* > 0, such that tc(ln) > vflm +To+T*+ P foralln > N* and
g > K™ Foranynand g > k™, we have

ds(, za)

o 20— bS8, zn) — apa(t, Mo, 0), (28)

forallr € [v((ln), té")] By (28) and the comparison theorem, it follows S(¢, z,,) > z(t)
forall r € [v!, 1] and ¢ > K™. Hence, from (24) forany n > N* and g > K™

vy, 1y
we have
S(t,zp) > z(t) > S*(t) —e forall te [v;") + Ty, t;")].

Further, since

do(, zn)

e §*(t) — €, Q(t, zn)) — pa(t, Q(t, 2a)) Q(t. 2p), (29)

forallz € [v,gn) +To, té")], by the comparison theorem, it follows that Q (¢, z,) > y(t)
forall ¢t € [v;”) + Tp, té")] andg > K ) Hence, from (23) and the above inequality,
forany n > N* and ¢ > K we have

Q(t,2,) = y(1) = Q* (1) — € forall 1€ [vf” +T,1{"],

where T = Ty + T*. Since

dN (1, zn)

P N(t, zp) (1 (t, Q*(t) — €) — D(1)),

forall t € [v;") + T, t,;”)], by integrating we have

(n)
Iq
NP, 20) = N + T, z,) exp / (11 (v, Q*(v) = €) = D(v))dv.
v,(]n)+f

From this and by (25) we obtain

tlgn )

exp / (11 (v, Q%(v) — €) — D(v))dv

v((ln)+f

o
>
n+1 " n+1

o
> 9
n—+1

which is a contradiction. This completes the proof. O
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Remark 3 Inmodel (2)the 11 (¢, Q) and D(¢) indicate the growth rate and the removal
rate of the phytoplankton cells, respectively. So, 1 (¢, Q) — D () is the intrinsic growth
rate of phytoplankton cells. On the other hand, let (S(z), Q(¢), N(t)) be any positive
solution of model (2), then one can prove that lim sup,_, ., S(¢) < limsup,_, ., S*(¢)
and lim sup,_, o, Q(#) < limsup,_, ,, Q*(¢) . Hence, when time is large enough, S*(¢)
and Q*(t) can be take for the available maximum value of S(¢) and Q(¢), respectively.
Thus, in inequality (18), w1 (¢, Q*(¢)) — D(t) is the available maximum value of phy-
toplankton NV at time ¢. The left hand of inequality (18) indicates inferior limit of the
maximum intrinsic growth rate in the mean of phytoplankton N on interval [z, f + A].
Therefore, Theorem 3 shows that phytoplankton cells must be permanent when the
inferior limit value is positive.

Further, on the permanence of nutrients S and Q for model (2), we have the fol-
lowing result.

Theorem 4 Suppose that (H))—(Hg) hold. Let (N (t), S(t), Q(t)) be any positive solu-
tion of model (2).

(a) If species N is strong persistent, then nutrient S and quota Q also are strong
persistent.
(b) If species N is permanent, then nutrient S and quota Q also are permanent.

Proof We only give the proof of conclusion (a). We firstly prove that if species N is
strongly persistent then quota Q is also strongly persistent. Choose positive constants
n and Tp such that

t+w
/ (u1(v,n) — D())dv < —n forall t > Ty. (30)
t

If there is a 71 > 0 such that Q(¢) < n for all t > Ty, then we have

dN (1)
dt

= N@O(uit,n) = D()) forall r>T.

Integrating from 7 to ¢t we obtain

t
N@) < N(Tl)eXp/(m(v, n) — D(v))dv.
T

From this and by (30), it follows that N (t) — Oast — oo. This leads to a contradiction
with the strong persistence of N. Therefore, we have lim sup,_, ., Q(¢) > n.
If liminf; . oo Q(¢) = 0, then there are two time sequences {¢,} and {s, }, satisfying

O<si<ti<sy<h<---<s§;<ty<---,suchthatforeachqg =1,2,...
n N
0(y) = —, Qsq) =—,
q 72 q q
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and
qlz < 0@ < g forall 1€ (sq4, t5).
Since
d
_%gzzpﬂnSw,Q@)—MﬂhQU»Qm

> —u2(t, mQ(),
forall t € [sq4, t4], we have

Iq
exp/,uz(t, mdr > q forall g =1,2,....

Sq

Hence, t; — 54 — 00 as ¢ — oo. Let liminf; .o N(f) = a > 0 by the strong
persistence of N and further let No = sup,cg , N(2), then No < oo by Theorem 2.
By (30), there is a constant P > 0 such that

t+a
No exp/[ul(s, 1) — D(s)]ds < % forall 7 € Ryg, a > P.
t

Choose a go > 0 such that 7, — s, > P for all ¢ > g, then for any g > g, we have

Iq
Mmstnm/wmm—mmms

Sq

R

Hence, liminf; , oo N(#) < liminf, .o N(#;) < 5 < a which leads to a contradic-
tion. Therefore, quota Q is strongly persistent. Next, a similar argument as in above,
we can prove that if quota Q is strongly persistent, then nutrient S is also strongly
persistent. This completes the proof of conclusion (a). O

Remark 4 The biological meaning of the Theorem 4 is very obvious, because in
model (1) survival of the phytoplankton cells depends only on internal stored nutri-
ent @, and internal stored nutrient Q depends only on external nutrient S. Hence, if
nutrient S can not survive, then nutrient Q also can not survive. Consequently, phy-
toplankton N will extinct. Whereas, if phytoplankton cells in chemostat survive, then
all nutrient both in internal and external nutrient survive.

When model (2) degenerated into the periodic case, i.e. a(t), b(t) and D(t) are
continuous and w-periodic functions and p; (¢, S, Q) and u; (¢, Q) (i=1, 2) are con-
tinuous and w-periodic functions with respect to t € R, then we can easily obtain
that solution S$*(¢) of system (3) and Q*(¢) of system (5) are also periodic. Therefore,
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from Theorem 3- 4 and Theorem on existence of periodic solution in [6, Theorem 1],
we have following Corollary.

Corollary 1 Suppose that model (2) is w-periodic and (H1)—(Hg) hold. If
w
/(Ml(v’ 0*(v)) — D(v))dv > 0,
0

then S(t), Q(t) and N(t) are permanent, and model (2) has at least one positive
w-periodic solution.

5 Extinction
Lastly, on the extinction of species N of model (2), we have the following result.
Theorem 5 Suppose that (H1)—(Hg) hold. If there is a constant w > 0 such that
t+o
lim sup ! / (n1(v, Q*(v)) — D(v))dv < 0, 3D

—00
t

then for any positive solution (N (t), S(t), Q(t)) of model (2)
Aim N@) =0, lim (S(1) - §*(1)) = 0. Jim (Q(1) — 0*(1)) = 0.

Proof By (Ha), we can choose a sufficient small constant ry > 0 and a large enough
constant 7y > O such that

t+w
/(/Ll(v, Q") +¢€)— DW)dv < —rg forall € €0, ro], t >Ty. (32)

t

Consider the following equation

T—m(h (1) + o, () — pa(t, y()) y(1). (33)

By conclusion (c¢) of Lemma 2, we obtain that for any € € (0, rg] there is a con-
stant o > O such that solution y(¢) of Eq. 33 with ¢ = &, and initial condition
y(0) = Q*(0) satisfies

(1) < 0*(1) +§ forall 1 e Rio.
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Since

% <a@)—b@)S) foral t=>0,

in view of the comparison theorem and conclusion (a) of Lemma 1, we obtain that
for any @ > O there is a constant 7 (o) > Tj such that

S@) < S*(t) +a forall > T(x). (34)
Particularly, we have
S(t) < S*(t) +ae forall ¢ > T(a). (35)

Further, since

d
40 _ ) 1, (), Q1)) — uatt, Q1) Q)

dt
< p1(t, S*(1) + ae, Q1)) — pa(t, Q1)) (1),

for all > T (a¢), by comparison theorem and conclusion (b) of Lemma 2 there is a
T, > T (a¢) such that

Q) = y()+ 3 forall 1= Ty,
Therefore, we finally have
0@) < O*(t) + € forall ¢t > T».

By (Hy) it follows for any ¢ > T

t
N(1) = N(Tz)eXP/(m(v, Q) — D(v))dv
T

t
< N(Tz)eXp/(m(v, Q*(v) + €) — D(v))dv.
gl

Therefore, by (32) we finally have N(¢) — 0 as ¢t — oo.
For any small enough n > 0, we consider the following auxiliary equation

ds(t)

Frae a(t) —b()S() — nea(t, S* () + «, 0). (36)

Let Sj; () be the positive solution of system (36) with initial value S;; (0) = $*(0). By

conclusion (¢) of Lemma 1, forany & > Othereisan > 0 suchthat |S;‘ H—=S*0)| <3
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forallt € Ryo. Since N(t) — O ast — oo, for any n > O there is a T;, > T, such
that N(¢) < nforallt > T,. Hence

t
T >a(t) —b®)S() —np2(t, S*(1) + «,0) forall 1> T,,.

From the comparison theorem and the global attractivity of S;(¢) by conclusion (b)
of Lemma 1, we can obtain that there is a T3 > T, such that S(¢) > S,*] (t) — 5 for all
t > T3. Hence

St) > S*(t) —a forall t > T;. 37)
Combining with (35) we finally obtain
|S(t) — §*(t)| <« forall t> T;.

This shows S(t) — S§*(¢) ast — oo.
Finally, a similar argument as in above we can prove Q(t) — Q*(t) ast — o0.
This completes the proof. O

Remark 5 The biological meaning of the Theorem 5 is also very obvious. In fact,
given similar explanation as to remark 3, left hand of inequality (3.1) indicate inferior
limit of maximum intrinsic growth in the mean of phytoplankton on interval [¢, f + w].
Therefore, Theorem 5 shows that phytoplankton N must be permanent when inferior
limit of maximum intrinsic growth in the mean of phytoplankton on interval [¢,  + w]
is negative.

When model (2) is periodic, as a corollary of Theorem 5, we have following result.

Corollary 2 Suppose that model (2) is w periodic and (H1)—(Hg) hold. If
w
/(m(v, 0*(v)) — D(v))dv < 0,
0

then for any solution (S(t), Q(t), N(t)) of model (2), we have N(t) — 0 ast — oo.
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