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Abstract. This paper is concerned with the persistence and extinction of a randomized non-
autonomous logistic system. Sufficient conditions for extinction, non-persistence in the mean, weak
persistence and stochastic permanence are established. The critical value between weak persistence,
and extinction is obtained. The behaviors of the system in every coefficient case are studied.
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1. Introduction
The logistic equation is one of the most classical models in ecology. The deter-
ministic non-autonomous logistic system can be denoted by

dz(t)/dt = 2(t)[r(t) —n(t)z()], (1.1)

where z(t) is the population size at time ¢; r(¢) stands for the rate of growth and
r(t)/n(t) denotes the carrying capacity at time ¢; (t) and n(t) are continuous bounded
functions on [0,400).

Owing to its theoretical and practical significance, Equation (1.1) has received
great attention and has been extensively investigated. Many important results on the
global dynamics of the solutions have been obtained; see e.g. Freedman and Wu [6],
Golpalsamy [7], Kuang [11], Li et al. [12], Lisena [14], and the references therein. In
particular, the books [7, 11] are very good references in this area.

However, in the real world, population systems are often subject to environmental
noise. In reality, parameters involved with the system are not constants, and they
always fluctuate around some average values due to continuous fluctuation in the
environment. May [22] has pointed out that due to environmental noise, the birth
rates, death rates, carrying capacity, competition coefficients, and all other parameters
involved in the system exhibit random fluctuation to a greater or lesser extent. “In
fact, the view that stochastic models are better suited to describe the development of
biological populations, rather than their deterministic counterparts, has been gaining
support” [23].
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There are two main ways considered in the literature to model the effect of the
environmental noises in population systems. The first one is to assume that the most
sensitive parameter is the intrinsic growth rate r(¢). The other is to assume that the
noise mainly affects the coefficient n(t). The studies [4, 10, 13, 15, 16, 17, 24] are the
former case, and the investigations [1],[18]-[21] are the latter type.

In the real world the coefficients of the model may have complex and random time
behavior. Their behavior may also be correlated. We study the simplest possible case
of randomly varying coefficients, which is modeled by uncorrelated Brownian motion.
Recall that the parameter r(t) represents the intrinsic growth rate. In practice, we
usually estimate it by an average value plus an error term. In general, by the well-
known central limit theorem, the error term follows a normal distribution. Thus, for
short correlation time, we may replace r(t) by

r(t) = r(t)+o1(t)Bi(t).
Furthermore, suppose that parameter —n(t) is stochastically perturbed, with
—n(t) — —n(t)+ o2 Bs(t),

where o;(t) is a continuous bounded function on [0,+00) and oZ(t) represents the
intensity of the white noise at time ¢, i=1,2. Bi(t) and By(t) are the white noises,
namely (Bj(t),Bz2(t))T is a two-dimensional Brownian motion defined on a complete
probability space (2,F,P) with a filtration {F; };cr, satisfying the usual conditions.
Then we obtain the following non-autonomous stochastic logistic system:

dz(t) =z (t)[r(t) — n(t) ()| dt + oy (H)a(t)dBy (t) + oo (D)2 (£)dBa(t).  (1.2)

Since (1.2) describes a population system, it is critical to find out when the species
goes to extinction and when does not. As far as we know, there were no persistent
and extinctive results for Equation (1.2). The aim of this work is to investigate this
problem. To this end, we need an appropriate concept of persistence. Hallam and
Ma [8] proposed the concept of weak persistence for some deterministic models and
then Wang and Ma [26] pointed out that there was a critical value between weak
persistence and extinction for general non-autonomous population models.

DEFINITION 1.1.
1. The population x(t) is said to go to extinction z'ft ligl x(t)=0.
—+oo

2. x(t) is said to be monpersistent in the mean (see e.g. [26]) if tllgl (xy=0,

where (f) ::t’lfotf(s)ds.
3. x(t) is said to be weakly persistent (see e.g. [8]) if x*>0, where f*:=
limsup f(¢).

t—+o00
4. x(t) is said to be stochastically permanent (see e.g. [10]) if for any € €(0,1),
there exist two positive constants M =M (e) and 8= p(g) such that

S < >1— imi >pt>1—e.
glin_&ggP{x(t)_M}_l g, ltlgl_&gP{x(t)_ﬁ}_l €

The rest of this paper is arranged as follows. In Section 2, we investigate Equa-
tion (1.2). Sufficient conditions for extinction, non-persistence in the mean, weak
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persistence, and stochastic permanence are established. The critical value between
weak persistence and extinction is obtained. In Section 3, we work out some figures
to illustrate our results. The last section gives the conclusions and future directions
of the research.

2. Survival analysis of (1.2)

Throughout this paper we suppose that r(t), n(t), o1(t), and o2(t) are continuous
bounded functions on ¢ >0 and infy>on(t) > 0. Define ¢ =inf;>w(t), ¥ =sup,sqe(t).

As z(t) in (1.2) denotes the population size, it should be nonnegative. Thus we
must give some conditions under which (1.2) has a global positive solution.

LEMMA 2.1. For any given initial value x(0)=1x0>0, (1.2) has a unique solution
z(t) on t>0 and the solution will remain in Ry :=(0,+00) with probability one.

Proof. The proof is a modification of Theorem 4.1 in Mao, Marion, and Renshaw
[20] and hence is omitted.
O Now let us give our main results.

THEOREM 2.2. If (b)* =limsup(b(t)) <0, then the population x(t) represented by

t—+oo

(1.2) goes to extinction almost surely (a.s.), where b(t) =7(t) —0.503(t).
Proof. Applying It6’s formula to Equation (1.2), one can see that

dlnx = d?a: - ((2122 = [b(t) —n(t)z —0.505 (t)z*]dt + o1 (t)d By (t) + o2 (t)vd Ba(t).
Then we have
Inz(t) —Inxg :/0 [b(s) —n(s)z(s) —0.503 (s)x?(s)]ds + My (t) + Ma(t), (2.1)

where Ml(t):fotal(s)dBl(s) and Mg(t):fgag(s)x(s)ng(s). The quadratic varia-

tion of My (t) is (M (t), M (t)) :fg 0?(s)ds < o}t, where 07 =supoi(t). Making use of
>0

the strong law of large numbers for martingales (see e.g. [19] on page 12) leads to

t£+mooMl(t)/t:0’ a.s. (2.2)

The quadratic variation of May(t) is (Ma(t), Mo (t)) = gag(s)xQ(s)ds. In view of the
exponential martingale inequality (see e.g. [19] on page 44), for any positive constants

Ty,a, and 8, we obtain

P{ s [Ma(0)~ 5 (3a(0). Ma0)] > | <exp(—ad) (2.3

0<t<T,
Choose To =k, a=1, f=2Ink. Then we get

1

P{ sup [Ma(t) 2<M2(t)7M2(t>>]>2h’lk}Sl/kQ.

0<t<k
By the Borel-Cantalli lemma (see e.g. [19] on page 7), for almost all w € there is a
random integer ko= ko(w) such that for k> ko,

sup [Ms(t)

- %(Mg(t),Mg(t»] <2k,
0<t<k
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In other words,
t
My (t) <2Ink+ - <M2( ), Mg(t)>:21nk+0.5/ o2(s)a?(s)ds
0

for all 0<t <k, k>ko almost surely. Substituting this inequality into (2.1) yields

Inz(t) —Inzg <f0 ds—fo x(s)ds+2Ink+ M (t)
< [hp(s ds+21nk+M1()

(2.4)
for all 0<t <k, k>ky almost surely. Then for 0<k—1<t<k,
tHInz(t) —Inzo} < (b(t)) +2(k—1)" Ink+ M (t)/t.
Taking the superior limit on both sides and then making use of (2.2), we have
[t~ na(t)]* < (b)*.
That is to say, if (b)* <0, then lim x(t)=0. 0
t—+oo
THEOREM 2.3. If (b)* =0, then x(t) is nonpersistent in the mean a.s.

Proof.  For fixed € >0, there exists a constant 773 =T;(e) such that

t
til/ b(s)ds <(b)*+¢e/2=¢/2
0
for t>T). Substituting this inequality into (2.4) yields

Inz(t) —Inzg <f0 ds—fo x(s)ds+2Ink+ M (t)
<et/2-— nfo d8+21nk+M1()

for all Th <t<k, k>ky almost surely, where n= t1r>1£ n(t). Note that for sufficiently

large t satisfying 71 <T'<k—1<t<kand k> ko, we have Inzg/t<e/8,2lnk/t<e/8,
and M (t)/t <e/4. Then we obtain

¢
lnx(t)gstfﬁ/ x(s)ds; t>T.
0

Setting h(t fo s)ds, we get
In(dh/dt) <et—nh(t).

Thus, for sufficiently large t, ") (dh/dt) < et. Integrating this inequality from T to
t results in

ﬁ—l[ehh(t) _eﬁh(T)] <5_1[6€t —BET}.
Rewriting this inequality we get
M) < T 4 pe=lest _ e lesT

Taking the logarithm of both sides leads to

h(t) <n tinf{netett 4+ M) _pelefT)
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In other words, we have shown that

*

t
{ / x(s)ds/t} <a~HIn{netest 4T _pe=tefT) /1),
0
Making use of the I’'Hopital’s rule results in
(x)* < Ht Hn[ne e} =< /n.

It then follows from the arbitrariness of € that  (z)* <0, which is the required
assertion. ]

THEOREM 2.4. If (b)* >0, then the population x(t) is weakly persistent a.s.

Proof. To begin with, let us prove that
[t inz(t)]* <0 a.s. (2.5)
In fact, applying Ito’s formula to Equation (1.2) results in
d(etInz) =etInzdt +etdinz
=et{[lnz+b(t) —n(t)x —0.503(t)x?|dt + [o1(t)dB1(t) + o2 (t)xdBa(t)]}.
Consequently,
e!lnz(t) —Inxg
(2.6)
= fo [Inz(s)+b(s) —n(s)z(s) —0.503(s)z%(s)]ds + N1 (t) + No(t),

where Ni(t foe o1(s)dB1(s), Na(t foe o2(8)z(s)dBa(s). Note that Ny(t) is a
local martlngale with the quadratic form (N1(t), N ( )= tezsa%( )ds N2( ) also is

a local martingale with the quadratic form (Ny(t), Na(t)) fo e?5o3( (s)ds. It then
follows from the exponential martingale 1nequahty ( .3) that

P { sup [N;(t) — 0.5 Y*(N;(t), N;(t))] > Qerlnk:} <k?,
0<t<~k
where 8§ >1 and v>0, ¢=1,2. In view of the Borel-Cantelli lemma, for almost all
w € there exists a ko(w) such that for every k> ko(w),
Ni(t) 0.5 H(N;(t), Ni(t)) + 0 Ink, 0<t<~k
for i=1,2. Substituting the above inequalities into (2.6), we obtain
etInz(t) —Inxg <f0 [Inx(s)+b(s) —n(s)z(s) —0.503(s)x?(s)]ds
+0.5e~ 'ka e?*02(s)ds+0e*Ink
0.5 [ 2503 (s)a2(s)ds + e * Ink

—fo [Inx(s) +b(s)+0.5e5 %52 (s) —n(s)z(s)
—0.502(s)z%(s) (1 —e*~7%)]ds +20e* Ink.
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Since b(t), 0?(t), and o3(t) are bounded and ﬁ:%r;gn(t) >0, for any 0<s<~k and

x>0 there exists a constant C' independent of & such that

Inz+b(s)+0.5e° %02 (s) —n(s)x—0.505(s)x?(1—e ) < C.
Thus, for any 0 <t <~k we get

e'Inz(t) —Inzg < Clet —1]+20e"* Ink.
That is to say
Inz(t) <e 'Inzg+C[1—e ! +20e e  Ink.

Consequently, if y(k—1) <t <~k and k> ko(w), one can observe that

7 nz(t) <e H nzg+ CtH 1 —e ]+ 207Dkt g,

which is the required assertion (2.5) by letting k — —+oo0.

Now suppose that (b)* >0, we will prove 2* >0 a.s. If this assertion is not true,
denote S={z*=0} and suppose P(S)>0. In view of (2.1),

t M n(z(t) /z0) = (b(t)) — (n(t)z(t)) — 0.5(o3 (t)z2(t)) + My (t) /t+ Mo (t) /t.  (2.7)

On the other hand, for all w € S we have tl}lﬁl z(t,w) =0, and the boundedness of o5 (t)
and the law of large numbers for local martingales indicate that tl}I-P Ma(t)/t=0.
oo
Substituting this equality and (2.2) into (2.7), we have [t~ !Inz(t,w)]* = (b(t))* > 0.
Then P{[t " 'Inz(¢)]* >0} >0, which contradicts (2.5). O

THEOREM 2.5. If b, =liminf(r(t)—0.503(t)) >0, then the population x(t) is stochas-

t——+o0
tically permanent.

Proof.  Firstly, let us show that for arbitrary given € >0, there exists a constant
B> 0 such that P.{z(t)>p}>1—e¢. Define Vi(z)=1/22 for € R,. Applying Ito’s
formula to Equation (1.2) leads to
dVi(z(t)) = —2x73dx+ 32~ 4(dz)?
=2Vi(z)[n(t)x —r(t)]dt+ 303 (t)Vi(z)dt + 303 (t)dt
—201 (t)V1(x)d By (t) —202(t)x 1 dBa(t)
=2V1(z)[1.503(t)z? +n(t)x —r(t) +1.50%(t)]dt
—201 (t)‘/l (.’L‘)dBl (t) — 209 (t)a?_lng (t)

Since b, >0, we can choose a positive constant 6 such that it obeys

b, > 0(c2)".
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Define Vy(z) = (1+Vi(x))?. Using It6’s formula again results in

dVa(z) =0(1+Vy(2))0~1dV; +0.50(0 — 1) (1+ Vi (x))?=2(dV;)?
=01+ V1 (2))?2{(1+V1(2))2Vi(2)[1.503 (t)x2 +n(t)z —r(t) + 1.502(t))
+2(0—1)VR(x)o2(t) +2(0 — 1)Vi (z)o2(t) }dt
—20(14+Vi(2))?"Lo1 (t)Vi(2)dBy (t) — 20(1+ Vi (2))? Lo~ Loo(t)dBa(t)
=0(1+ V1 ()" {=2[b(t) — 007 ()] V{ (x) +2n(t) V{ ()
+[(20+1)03(t) — 2r(t) + 303 (t)]Vi(2) +2n(t) VL2 (x) + 302 (t) }dt
—20(14+Vi () o1 (1) Vi(2)dBy (t) — 20(1+ Vi (2))? Lo~ Loy (t)d By (t)
<O(1+Vi(2))" 2 {=2(be = 0(07)" — )V (2) + 20V} (2)
(204 1)02 — 27 + 302 Vi (2) 4+ 2aV0 (2) + 302 }dt
—20(1+ Vi () Loy (V4 (2)dBy (t) — 20(1 4 Vi ()~ Lz oo (t)dBo (t)

for sufficiently large t>T, where >0 obeys b, —0(c?)* —e>0. Now let >0 be
sufficiently small to guarantee that

0<n/0<2(be—0(037)* —¢).
Define V3(z)=e"Va(z) =" (14 V;(x))?. In view of Itd’s formula,
dVs(z(t)) =ne"Va(x)dt+ e dVa(x)
<0 (1+V1(2))" 2 {n(1+Vi(2))?/0 = 2(b. — 0(07)" =) Vi ()
20V () +[(20+1)03 — 27 + 30 Vi () + 2V (2) + 303 dt
—2e"0(1+ Vi ()0 oy (1) Vi(2)dBy(t) + 2~ oo (t)d Ba(t)]
=0em(1+Vy(2))?=2{=2(b, — 0(03)* —e—0.5n/0)V?(z) +2A V10 ()
(204 1)02 — 27 + 302 4+ 20/0]) Vi () + 20V (2) + 302 + 1 /0 }dt
—20e" (14 V1 (2))0 oy (¢)Vi(2)dBy (t) + 2~ Lo (t)dBa(t)]
=:e J(x)dt —20e" (14 Vy(2)) " o1 () Vi (2)dBy (t) + 2 oo (t)dBa(t)]
for sufficiently large t >7T. Note that J(z) is upper bounded in R, namely Jj:=

sup J(x)<+oo. Consequently,
TERL

dVa(x(t)) < Jredt —20e" (1+ Vi ()t o1 () Vi (2)dBy () + 2~ oo (t)dBs(t)]

for sufficiently large ¢. Integrating both sides of the above inequality and then taking
expectations, we can derive that

Ele™(1+Vi(2(1))’] < L+ Va(a(T)) + Ji(e™ —e™) /1.
Consequently,

limsup B[V (z(t))] < limsup E[(1+ Vi (2(1)))?] < J1 /n=:C.

t—+oo t—+oo
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For any given € >0, denote 3=¢%%/¢ /C9-5/¢ By virtue of Chebyshev’s inequality (see
e.g. [19], page 5), we get

Pla(t) < By=P{a">(t) > 87} < Bla™(1))/57*" = 6 B[z~ (¢)),

that is to say P*{x(t) < 8} < B?’C=e¢. Consequently P, {z(t) >3} >1—¢.

Next we show that for arbitrary fixed >0, there exists a M >0 such that
P{x(t) <M} >1—e. The following proof is motivated by the work of Luo and Mao
[18, Lemma 3.2]. Define V(x) =17 for z € R, where 0 <g<1. Then by Ité’s formula

dV (r) =qri tdr + @xq—z(dm)2
={qxiLz[r(t) —n(t)z] +0.5¢(q— 1) 27 2[0?(t)x2 + o3 (t)x*] }dt
+01(t)xdB: (t) + o2 (t)z2dBa(t)
=qxi[r(t)+0.5(¢—1)o?(t) —n(t)r+0.5(q—1)o3 (t)x>]dt
+01(t)xdB1 (t) + oo (t)x%d Ba(t).
Let ko > 0 be so large that x lies within the interval [1/kg,ko]. For each integer k > ko,

define the stopping time 7, =inf{t >0:2(¢) ¢ (1/k,k)}. Clearly 7, — oo almost surely
as k— o0o. An application of Ité’s formula again leads to

d(etV(z)) = etV (z)dt+etdV ()
=el[z9+qzi[r(t) +0.5(q—1)o?(t) —n(t)x+0.5(¢— 1)o3 (t)x?]|dt
+e'[o1 (t)zd By (t) 4+ 02 (t)22dBa(t)]
<e'K+elloy(t)zdBy(t) +oo(t)22dBa(t)],

where K is a positive constant. Integrating this inequality and then taking expecta-
tions on both sides yields

tATE
E[eMT"‘xq(t/\Tk)]—xggE/ eSKds< K(e'—1).
0

Letting k — oo results in e'E[z9(t)] <zl + K(e' —1), which indicates that E[z?(t)] <
e~ 'z{+ K. In other words, limsup E[z?(t)] < K. Then the desired assertion follows

t——+o0

immediately from Chebyshev’s inequality. ]

REMARK 2.6. By using the Fokker-Plank equation, Pasquali [25] studied Equation
(1.2) in autonomous case:

da(t) =z(t)[r —na(t)]|dt+o12(t)dBy (t) + o92®(t)dBa(t). (2.8)

Associated to the equilibrium solution z(¢) =0, it is easy to see that (2.8) has an
invariant Dirac delta distribution. Pasquali [25] claimed that (2.8) has another in-
variant distribution if and only if 0% <2r. If o7 > 2r, the solution x(t) =0 is stable in
probability, i.e., for every e >0 and s >0,

limP{ sup |x(t;8,y)] 25} =0,

y—0 t€[s,+o0)
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where z(t;s,y) stands for the solution of (2.8) satisfying the constant initial condition
x(s) =y. Now let us compare our results with [25]. On the one hand, our system (1.2)
is more realistic than (2.8). On the other hand, our results are parallel to [25]. For
example, we show that if (b)* <0, then every solution z(¢) of (1.2) obeys tlgpoom(t) =

0 a.s. However, t_l}gloox(t) 0 a.s. does not mean ?}%P{supte[sﬁm) |z(t;s,y)| >e}
0. In contrast, ;%P{supte[s7+oo) |z(t;8,4)| > e} =0 does not imply tilgloox(t) =0 a.s.
either.

3. Numerical simulations

In this section we use the Euler-Maruyama method mentioned in Higham [9] to
illustrate our analytical results.

Consider the discretization equation:

Tpr1=xk+xg[r(k At)—n(k At)zp]At+ o1 (k At)zpV At + o2 (k At)zivV ALy,

where both 7y, and & are N(0,1) Gaussian random variables.

In Figure 3.1, we choose r(t)=0.5+0.02sint, n(t)=0.7+0.1sint and o3(t)=8.
The only difference between conditions of Figure 3.1(a), Figure 3.1(b), Figure 3.1(c),
and Figure 3.1(d) is that the representation of o7 (t) is different. In Figure 3.1(a),
we choose 0%(t)/2=0.501+0.002sint. Then it is easy to obtain (b())* <0. In view
of Theorem 2.2, the population z goes to extinction. Figure 3.1(a) confirms this.
In Figure 3.1(b), we choose o7(t)/2=0.5+0.01sint. Then we have (b(t))*=0. It
follows from Theorem 2.3 that the population is nonpersistent in the mean. This can
be seen from Figure 3.1(b). In Figure 3.1(c), we choose o (t)/2=0.499+0.002sint.
Then the condition (b(¢))* >0 is valid. By virtue of Theorem 2.4, the population
is weakly persistent; see Figure 3.1(c). In Figure 3.1(d), we choose o3 (t)/2=0.45+
0.03sint. Then ltlinig b(t) > 0. In view of Theorem 2.5, the population is stochastically

permanent. Figure 3.1(d) confirms this.

4. Concluding remarks

The logistic equation, which is widely used in many cases as a basic model, is the
most basic and important equation in ecological models and biomathematics. More-
over, population models are inevitably affected by the random perturbations. Thus
the investigation of the stochastic logistic system is useful for better understanding
of the real world. This paper studied the persistence and extinction of the stochastic
non-autonomous logistic model (1.2). We established the sufficient conditions for ex-
tinction, non-persistence in the mean, weak persistence, and stochastic permanence.
The critical value between weak persistence and extinction was obtained. More pre-
cisely,

(I) If (b)* <0, then the population x(t) goes to extinction a.s.

(IT) If (b)* =0, then the population is non-persistent in the mean a.s.
(IIT) If (b)* >0, then the population is weakly persistent a.s.

(IV) If b, >0, then the population is stochastically permanent.

We conclude that the persistence and extinction of 2:(¢) depend only on the intrin-
sic growth rate (i.e., r(t)) and the white noise on r(t) (i.e., 02(¢)), but are independent
of initial population size (i.e., zg), n(t), and the white noise on n(t) (i.e., o2(t)).

Some interesting topics deserve further investigation. In this paper, we used two
independent Brownian motions to model the random noises. It is interesting to use
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Fic. 3.1. Solutions of system (1.2) for r(t)=0.5+0.02sint, n(t)=0.7+0.lsint, o3(t)=
8, x(0)=1, step size At=0.001. (a) is with 02(t)/2=0.501+0.002sint; (b) is with o%(t)/2=
0.540.01sint; (c) is with o2(t)/2=0.499+0.002sint; (d) is with o?(t)/2=0.45+0.03sint.

non-independent Brownian motions to model the noises. Another problem of interest
is to consider some realistic but complex models. An example is to take colored noise
(such as continuous-time Markov chain) into account. The motivation is that the
population may suffer sudden environmental changes, e.g. changes in nutrition or food
resources and rain falls, etc; frequently, the switching among different environments is
memoryless and the waiting time for the next switch is exponentially distributed, and
sudden environmental changes can be modelled by a continuous-time Markov chain
(see e.g. [15, 18]). It is also interesting to study the persistence and extinction of
non-autonomous Lotka-Volterra models with random perturbations.

Acknowledgements. The authors thank Prof. Shi Jin and referees for their
very important and helpful comments and suggestions. The authors also thank Dr.
Hong Qiu for helping us improve the English presentation.

REFERENCES

[1] A. Bahar and X. Mao, Stochastic delay Lotka- Volterra model, J. Math. Anal. Appl., 292, 364—
380, 2004.

[2] M. Bandyopadhyay and J. Chattopadhyay, Ratio-dependent predator-prey model: Effect of
environmental fluctuation and stability, Nonlinearity 18, 913-936, 2005.

[3] J.R. Beddington and R.M. May, Harvesting natural populations in a randomly fluctuating
environment, Science, 197, 463-465, 1977.

[4] C.A. Braumann, Growth and extinction of populations in randomly varying environments,
Comput. Math. Appl., 56, 631-644, 2008.

[5] N.H. Du and V.H. Sam, Dynamics of a stochastic Lotka-Volterra model perturbed by white
noise, J. Math. Anal. Appl., 324, 82-97, 2006.

[6] H.I. Freedman and J. Wu, Periodic solutions of single-species models with periodic delay, STAM
J. Math. Anal., 23, 689-701, 1992.



M. LIU AND K. WANG 987

[7] K. Golpalsamy, Stability and Oscillations in Delay Differential Equations of Population Dy-

namics, Kluwer Academic, Dordrecht, 1992.

[8] T.G. Hallam and Z. Ma, Persistence in population models with demographic fluctuations, J.

Math. Biol., 24, 327339, 1986.

[9] D.J. Higham, An algorithmic introduction to numerical simulation of stochastic diffrential

equations, SIAM Rev., 43, 525-546, 2001.

[10] D.Q. Jiang, N.Z. Shi, and X.Y. Li, Global stability and stochastic permanence of a non-

(11]
[12]
(13]
[14]
[15]

[16]

(17]

(18]

[24]

[25]

Y
H.
X

=

X.

M
Q.
X
X

autonomous logistic equation with random perturbation, J. Math. Anal. Appl., 340, 588—
597, 2006.

. Kuang, Delay Differential Equations with Applications in Population Dynamics, Academic

Press, Boston, 1993.
Li, Y. Muroya, Y. Nakata, and R. Yuan, Global stability of nonautonomous logistic equations
with a piecewise constant delay, Nonlinear Anal. Real World Appl., 11, 2115-2126, 2010.

. Li and X. Mao, Population dynamical behavior of non-autonomous Lotka-Volterra compet-

itive system with random perturbation, Discrete Contin. Dyn. Syst., 24, 523-545, 2009.

. Lisena, Global attractivity in nonautonomous logistic equations with delay, Nonlinear Anal.

Real World Appl., 9, 53-63, 2008.

Liu and K. Wang, Persistence and extinction of a stochastic single-specie model under
regime switching in a polluted environment II, J. Theor. Biol., 267, 283-291, 2010.

Liu, K. Wang, and Q. Wu, Survival analysis of stochastic competitive models in a pol-
luted environment and stochastic competitive exclusion principle, Bull. Math. Biol., doi:
10.1007/s11538-010-9569-5, 2010.

. Liu and K. Wang, Persistence and extinction in stochastic non-autonomous logistic systems,

J. Math. Anal. Appl., 375, 443-457, 2011.
Luo and X. Mao, Stochastic population dynamics under regime switching, J. Math. Anal.
Appl., 334, 69-84, 2007.

. Mao, Stochastic Differential Equations and Applications, Horwood Publishing, Chichester,

1997.

. Mao, G. Marion, and E. Renshaw, Environmental Brownian noise suppresses erplosions in

populations dynamics, Stochastic Process, Appl., 97, 95-110, 2002.
Mao, S. Sabanis, and E. Renshaw, Asymptotic behaviour of the stochastic Lotka-Volterra
model, J. Math. Anal. Appl., 287, 141-156, 2003.

R.M. May, Stability and Complezity in Model Ecosystems, Princeton Univ. Press, 1973.
R.H. Norden, On the distribution of the time to extinction in the stochastic logistic population

model, Adv. Appl. Probab., 14, 687708, 1982.

S. Pang, F. Deng, and X. Mao, Asymptotic properties of stochastic population dynamics, Dyn.

S.

Contin. Discrete Impuls. Syst. Ser. A Math. Anal., 15, 603-620, 2008.
Pasquali, The stochastic logistic equation: Stationary solutions and their stability, Rend.
Sem. Mat. Univ. Padova, 106, 165—-183, 2001.

[26] W. Wang and Z. Ma, Permanence of a nonautomonous population model, Acta Math. Appl.

Sin. Engl. Ser., 1, 86-95, 1998.



