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DYNAMICS OF A STOCHASTIC POPULATION MODEL WITH
ALLEE EFFECT AND JUMPS

Rong Liu'® anD GUIRONG Liu?*

Abstract. This paper is concerned with a stochastic population model with Allee effect and jumps.
First, we show the global existence of almost surely positive solution to the model. Next, exponential
extinction and persistence in mean are discussed. Then, we investigated the global attractivity and
stability in distribution. At last, some numerical results are given. The results show that if attack rate
a is in the intermediate range or very large, the population will go extinct. Under the premise that
attack rate a is less than growth rate r, if the noise intensity or jump is relatively large, the population
will become extinct; on the contrary, the population will be persistent in mean. The results in this
paper generalize and improve the previous related results.
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1. INTRODUCTION

The Allee effect represents the relationship between population growth and population density. That is, for
a population with Allee effect, if its population density is too sparse, it is so difficult to find a mate that
reproduction does not compensate for mortality, then its population number will be reduced (see [1, 10, 34]).
Allee effects mainly classified into two broad categories: strong Allee effect and weak Allee effect (see [4]).
There is a threshold population level for the strong Allee effect such that the species become extinct below this
threshold population density. On the other hand, the weak Allee effect occurs when the growth rate reduces
but remains positive at low population density (see [4]). Recently, many literatures have studied the population
dynamics with Allee effects (see [5-7, 14]). In [7], the author used Poincaré-Bendixson theory to study the
following single population model with Allee effect

a

' (t) = z(t) |r — cx(t) — 15 har(D)

(1.1)

with 2(0) = xo. Here, r represents the intrinsic growth rate, ¢ stands for the strength of intra-competition of
the population. Under predation satiation circumstance, h and a represent the handling time and the attack

rate of predator, respectively. Here, 755 is the Allee effect (see [10] for more details).
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In addition, populations are actually subject to the environmental noise. From [21], the extra noise can be
divided into white noise and color noise. The white noise is uncorrelated, that is, each and every randomly drawn
noise value is totally independent on previous value. However, the colored noise is temporally autocorrelated,
that is, the values of random numbers used in the noise process will depend on the previous ones. Thus, it is
more objective to modeling stochastic population models with white noise in mathematical biology (to name a
few, see [8, 9, 11, 22, 25, 30]). In these papers the authors revealed how noise affects the population dynamics.
Especially, [8, 9, 11, 25, 30] investigated the dynamics of stochastic population models with Allee effect. There
are many different ways to introduce environmental noise into the model. For example, due to the environment’s
continuous fluctuation, the intrinsic growth rate r always fluctuates around some average value. In this sense
r—r+oB (t). Here o2 represents the intensity of white noise B(t) Thus, one can get the following stochastic
population model with Allee effect

dz(t) = z(t) |r — cx(t) — dt + oz(t)dB(t) (1.2)

1+ haz(t)

with 2(0) =z > 0.

As we all know, Brownian motion is a stochastic process whose paths are continuous. However, natural pop-
ulations are actually subject to sudden environmental shocks (earthquakes, hurricanes, epidemics, etc.), which
have to be taken into account when the population dynamics model is established. Here, a sudden environmen-
tal shock will cause a sudden shift on the size of biological population, and the mathematical explanation is
that sample paths are not continuous almost surely. It is recognized that stochastic differential equations with
Lévy process are quite suitable to describe such discontinuous system. From [32], Lévy processes are stochastic
processes with stationary and independent increments, in which they can form some special classes of both
semi-martingales and Markov processes. Moreover, Lévy processes are not continuous, but their sample paths
are right-continuous and have a number of random jump discontinuities occurring at random times, on each
finite time interval. Thus, in order to depict these sudden changes in the environment, as in [17, 18, 27-29], we
propose to introduce Lévy process into the stochastic model (1.2) and obtain the following stochastic population
model with Lévy noise and Allee effect

dz(t) =z(t—) |r — cz(t—) dt + ox(t—)dB(t) + / z(t—)y(2)N(dt,dz) (1.3)

1+ hax(t—) r

with 2(0) = 9 > 0. Here 2(t—) means the left limit of z(t), the parameters r, ¢, a and h are defined as in model
(1.1). B(t) is a standard Brownian motion defined on a filtered compete probability space (Q, F, {F:}i>0,P)
satisfying usual hypotheses. N(-,-) is a Poisson process with parameter A on the measurable subset I" C [0, 00)
with A(T') < co. The compensated Poisson random measure N (dt, dz) = N(dt, dz) — M(dz) d¢ is a martingale,
which is independent of B(t). o2 represents the intensity of B(t). y is the effect of jumps on the population.

The remainder of this paper is organized as follows. In Section 2, we show that the model has a unique global
positive solution by the comparison theorem of stochastic differential equations. In Section 3, the asymptotic
pathwise behavior and stochastically ultimate boundedness of the model are investigated. In Section 4, We dis-
cuss the effect of Allee effect and stochastic perturbation on population dynamic behavior. Further, in Section 5,
we first show that the solution of the model is globally attractive in mean. Then, the stability in distribution of
the model is investigated. Section 6 contains numerical results, which are used to demonstrate the effectiveness
of the theoretical results in this paper. The paper ends with a conclusion. The results in this paper generalize
and improve the previous related results.

Throughout this paper, set R, = (0,00), R} = [0,00) and assume that v(z) > —1 is a bounded function.
From the boundedness of v(z), there is K > 0 satisfying

/F[ln(l +7(2))PA(d2) < K. (1.4)
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For simplicity, let M (¢ fo JoIn(1+7(2))N(ds,dz) and 8 = [.[In(1 + v(2)) — ¥(2)]A(dz) — % . Note that

1—s4+Ins<0fors> O7 from which it follows that § = [[In(147(2)) — (1+~(2)) + 1JA(dz) — %2 < —%2 < 0.

2. EXISTENCE AND UNIQUENESS OF THE POSITIVE SOLUTION
Note that z(t) is the size of the population. Thus, we should consider positive global solutions of (1.3).

Theorem 2.1. For any initial value xo € Ry, model (1.3) has a unique global positive solution x(t) for all
t > 0 with probability one, namely,

]P’{x(t) >0: for any t > O} =

Proof. Consider the following stochastic differential equation

a

—lp—er® %
do(t) {r ce 1T haet®

+ﬁ] dt + odB(t) +/F1n(1 + 7(2))N(dt, dz) (2.1)

with v(0) = Inzg. Note that the coefficients of (2.1) satisfy the local Lipschitz condition. Hence, (2.1) has a
unique maximal local solution v(t) on [0, 7,.), where 7, is the explosion time. Let z(t) = ¢**). From the generalized
It6 formula, model (1.3) has a unique positive local solution z(t) = ) on [0, 7.) satisfying z(0) = z .

Next, we show that v(¢) is a global solution to equation (2.1), i.e. 7. = oo. Consider the following two
stochastic auxiliary systems

(1) = d(t—)[r — co(t—)]dt + oot / B(t—)y(2) N(dt, d2), )
$(0) = o
() = D(t)[(r — a) — ep(t—)]dt + oot / W)y (2) N (dt, d2), 03
¥(0) = zo.

From Lemma 4.2 in [2], for any ¢(0) = zg, equation (2.2) has a unique solution ¢(¢) > 0 on Ry and can be
explicitly solved as follow

exp {(r+B)t+oB(t) + M(t)}

o= % +0fgexp{(7“+ﬁ)s+03(3) +M(S)}d8.

Similarly, for any ¥ (0) = x¢, equation (2.3) has a unique solution ¥(¢) > 0 on R, and

exp{(r—a+B)t+oB(t)+ M(t)} .
9710 Jrcfotexp{(r —a+B)s+0oB(s)+ M(s)}ds

b(t) =

From stochastic comparison theorem ([20], Thm. 3.1), it follows that
0<¢(t) <z(t) < ¢t), as., fort €[0,7.).
Further, we have

Iny(t) <wv(t) <lng(t), as., for ¢t € [0, 7).
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Since In ¢(t) and In 4 (¢) exist on [0, 00), it follows that 7, = co. Thus, for any initial value v(0) = In zg, equation
(2.1) has a unique solution v(t) on Ry a.s. Therefore, for any initial value o € Ry, model (1.3) has a unique
solution z(¢) > 0 on R a.s. The proof is therefore complete. O

3. ASYMPTOTIC PROPERTIES OF THE SOLUTION

In this section, by using the generalized exponential martingale inequality and Borel-Cantelli lemma, we
investigate the asymptotic pathwise behavior of the model. Then, we continue to examine the stochastically
ultimate boundedness of the model.

Lemma 3.1 (see [16, 24]). Let f : [0,00) = R and h : [0,00) X T' — R be both predictable { F;}-adapted processes
such that for any T > 0,

T T
/ [F(£)2dt < o0 as. and / / Ih(t, =) 2A(d2)dt < o0 as.
0 0 r

Then, for any positive constants 9, o,

IP’{ sup [A(t) — @(t)] > g} <e Y

0<t<T
Here A(t fo +f0 Jph(s,2)N(ds,dz), ®(t) = & fo |f(s)Pds+4 fg Jp [€97(52) —1—9h(s, 2)] A(dz)ds.

Theorem 3.2. For any xog € Ry, let x(t) be the solution of model (1.3) with initial value x(0) = xo. Then

lim sup In z(?)
t— o0 Int

<1 a.s.

Proof. Applying Itds formula to ef In 2 and using inequality Inz < 2 — 1 for > 0, we have

¢ 1t
etln;v(t)zlnar:o—&—/0 es[lnx(s)—i—r—cx(s)—Hhaax(s)]ds—z/o o%e’ds

# [ [ et - 2@ - [ oeas)
+/Ot/resln(l+’y(z))1\7(ds,dz)

§lnxo+/t [lnx( )+ — cx(s) — H_haam()]ds;/otazesds
+/Ot —oe*dB(s / /e In(1 +(2))N(ds, dz2). (3.1)

2

Note that fOT o?e**ds = Z-(e*” — 1) < oo for any T > 0. Moreover, from (1.4), it follows that for any 7" > 0

/T / e [In(1 + 'y(z))}zx\(dz)ds < K/T e*ds = %(6271 —-1) < 0.
o Jr 0
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By virtue of Lemma 3.1, for any 9, g, T > 0, we have

IP’{O?:ET[/t—aequ( ) — 19/ 2§ds+/ /e In(1 + v(2))N(ds, dz)

- 7/ / (1+7(2))% —1—de*In(1 +’V(z))} )\(dz)ds} > Q} <eve

Choose T =n~y, 9 =ece ™ and g9 = (fe™ lnn)/e, where n € N, v > 0,0 > 1 and 0 < £ < 1 in above equation.
Since Y ) 5 < oo for 6 > 1, the Borel-Cantelli lemma (see Lem. 1.2.4 in [19]) implies that there exists a set
Qo € F with P(Qp) = 1 and an integer-valued random variable ng = ng(w) such that for every w € Qg

t n'yl —ny t
/ —oe’dB(s / /e In(1 4+ ~(2))N(ds,dz) < be . nn o, 662 / o?e?**ds
0 0

% /Ot/F [(1 +9(2) T —1—ee* ™ In(1 + ’y(Z))]A(dz)ds

holds for all 0 <t < n7y, n > ng. Substituting the above inequality into (3.1), we see that

t t - t
fe 1 1 n
e' Inx(t) S/ e’ [Inxz(s) +r — ca(s)]ds + e nn f/ o2e’ds + 5 / o?e**ds
0 € 2.Jo 2 0

v t s—ny
e / / [(1 Fy(2) T — 1 — et In(1 + 'y(z))})\(dz)ds +Inag (3.2)
o Jr
holds for all 0 < ¢t < ny, n > ng. For 0 < s <t < ny, we have see "0%e?* — 1o%e® < 1o%e(c — 1) < 0 and

1+ 7(2))5657TW —1—ee M In(l+75(2) <1+ee’ ™"y(z) =1 —ee® " In(l +7(2))
=ee” " [y(2) = In(1 +~(2))],

where in the second inequality, we use the inequality 2" <1+ r(x — 1), z > 0, 1 > r > 0. Therefore, for all
0 <t <mny, n>ng, it follows from (3.2) that

¢ fe" Inn
e lnx(t) <lnzg+ / e’ [ln x(s) —cx(s) +r+ / [7(2) = In(1 + v(2)) | M(dz) |ds + — (3.3)
0 r
Let us consider function ¢(x ) Inz—cx+r+ [([y(z) —In(14+~(z ))])\(dz) n (0,00). It is easy to show that ¢
has maximum value for x = 2 > 0 and maximum value of ¢i8 gmax =In 2 — 147+ [L[v(2) +In(1 +~(2))]A(d2).

Denote Hy=(In1 —1+47r+ fF z) +1In(1+7(2))]A(dz)) V1. Then €' lnx( ) <Inzg+ Hiet + 967% holds for
all 0 <t <nvy,n>mng. Therefore forall 0 < (n— 1)y <t <nvy, n > ng, we have

Inz(t)  Inxzg . Hy L fe?Inn
Int etlnt  Int  eln[(n—1)y]

Letting n — oo (and so t — 00), we obtain lim sup,_, lnlz(tt) < . Moreover, letting | 1, v, 0 and € 1 1,

lim sup
t—00 n

a.s.

In z(t) <1
t
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The proof is complete. O

Now, we show that model (1.3) is stochastically ultimate bounded.

Definition 3.3 (see [12, 13]). Model (1.3) is called stochastically ultimate bounded, if for any e € (0, 1), there
exist a positive constant Hy = Hs(e) such that the solution z(t) of model (1.3) with any initial value zo € Ry
has the property that

limsup P{z(t) > Ha} < e.

t—o0

Theorem 3.4. For any xo € Ry, let z(t) be the solution of model (1.3) with initial value xg. Then, for any
p > 1, there is a constant K(p) > 0 such that

E[zP(t)] < K(p).

Further, model (1.3) is stochastically ultimate bounded.

Proof. For p > 1, applying It6’s formula to e!z? and taking expectations, we obtain

a

Bletar(@)] =af + 98 [ e[+ ot b5 (104960 = 1= @A) - eals) - s o

2

<ah —i—pE/O e*aP(s) Ll) +r4 L ; Loz y % /F[(l +7(2))" = 1= py(2)]A(dz) — Cx(S)} ds.

Denote k = 1% +r4+ 1’2;102 + %fr[(l +v(2))? = 1 — py(2)]A(dz). For p > 1, we consider the function f(s) =
(1+5)?—1—pson (—1,00). Note that f reaches its minimum value at s = 0. Thus, we have f(s) > 0. This
means that £ > 0 for p > 1. Clearly, if p =1, then K = 1 + r > 0. Therefore, for p > 1, we have

Elez?(t)] <af + p/ot eSIE{xp(s) [k — cxz(s)] }ds,

where x > 0 is a constant. Note that g(z) = 2P(k — cz) reaches its maximum value at z = > 0. Thus,

PK
. c(p+1)
gmax = (2)P(S47)PH!=k" and Ele’aP (t)] < af +pr* [y e*ds =z + pr* (e’ — 1), which implies

E[z?(t)] < abe™" — pr*e™" + pr* < 2} + pr*=K(p).

Further, there is a positive constant K (1) such that limsup,_, . E[z(t)] < K(1). Now, for any € € (0,1), let
Hy; = @ + 1. Then by Markov’s inequality,

Elz(t
Pla(t) > By} < 22O
Hy
Hence,
Elz(t
limsup P{x(t) > Hs} < limsup Ele(®)] <e
t—o0 t—o0 H,

The proof is complete. O
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4. EXTINCTION AND PERSISTENCE
In this part, we will investigate how Allee effect and stochastic perturbation affect the population dynamics
behavior. For simplicity, denote ( =1 fo
4.1. Extinction

Theorem 4.1. For any initial value xo € Ry, let z(t) be the solution of model (1.3) with x(0) = xo. If one of
the following two conditions holds:

(i) 7+ B < a < /¥ (the attack rate a is in the intermediate range);

ii < c_ 1 i

(i) a > /¥ and a > § D g > 0 (the attack rate a is large),
then the population becomes extinct exponentially with probability one.

Proof. Applying the generalized It6 formula, we obtain

Inz(t) =lnxy + /0 {r —cx(s) — m + ﬂ} ds +oB(t) + M(t). (4.1)

Using the strong law of large numbers (see [19]), we have

B(t

im 20 ¢ as. (4.2)
t—oo

In addition, M (t) is a local martingale with M (0) = 0 and the quadratic variation of M (t) is (M) (t)=(M, M), =
Ji Jelln(1 +~(2))]2A(dz) ds. It follows from (1.4) that

_ Jen(1 +~(2))]2A(dz) Kt
)= ds < .
pur(t) /0 / 1+s) =14t
Thus, lim¢—, o par(t) < K < co. From the strong law of large numbers for local martingales (see [15]),
M(t
lim M) =0 as. (4.3)
t—oo t

Therefore, from (4.2) and (4.3), it follows that

1
tll)rgo n Inzg + oB(t) + M(t)} =0 as. (4.4)
Consider f(x) =7+ — cx — 5255 on [0, +00). Obviously, f'(z) = %, where g(z) = —ch?a?2? — 2chaz +

ha? — c. By a simple calculation, we can obtain solutions of quadratic equation g(z) = 0 are

¢+ Vcha? ¢ — Vcha?
r=— To=-——
! —cha '’ 2 —cha

Now, we differ two cases:
Case 1. (i) holds. From a < /¢, it follows that z; < 0 and x5 < 0. Then, g(z) < 0 for each x € (0,400). This
implies f'(x) < 0 on (0,00). Thus, f(z) < f(0) =r + S —a for all z € (0, +00). Now, from (4.1), it follows that

%lnx(t) <(r+B-a)+ %[lnxo +oB(t) + M(t)],
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which, together with (4.4), yields

lim sup [1 lnx(t)] <r+p—-—a<0 as.

t—o00

Case 2. (ii) holds. If a > /¥, then z; < 0 and x5 > 0. Thus, function f(z) has maximum value at z = x5,
and fmax =7+ B+ 15 — 24/ Thus, from (4.1), it follows that

%lnx(t) < <r+ﬁ+ hia - 2\/E> + %[mxo + o B(t) + M(t)],

which, together with (4.4), yields

1
liiri)sotjp [t lnm(t)} <r+p8+ hfca - 2\/5 a.s.

From a > %2\/%%7"—6 > 0, we know r + 8 + 7= — 2\/% < 0. The proof is complete. O

From Theorem 4.1, one can get the following corollary.

Corollary 4.2. For any xo € Ry, let 2(t) be the solution of model (1.3) corresponding to x(0) = xo. If r+ 5 < 0,
then lim; oo z(t) = 0. This means that the high intensity noise and jump can lead to the extinction of the
population.

. c 1 cC 1 _ 1 C C e AN
Proof. From r + 8 < 0, it follows that D < Wy 5\/% < \/% Thus, the condition (ii) in Theo-
rem 4.1 equals to a > \/% Note that r + 8 < 0 < a. This, together with the condition (i) in Theorem 4.1, yields

that if r + 8 < 0, then limsup,_, o lnf(t)

< 0. Hence, one can get the conclusion. O
Moreover, for models (1.1) and (1.2), from the proof of Theorem 4.1, one can get the following two corollaries.

Corollary 4.3. For any xg € Ry, let x(t) be the solution of model (1.1) corresponding to x(0) = xg. If one of
the following conditions holds:

(A1) r<a</3;

(A2) a> /% and a > £ L >0

2y/ 5T

then lim sup,_, o, lmz(t) < 0. That is, lim;_, o z(t) = 0.

Corollary 4.4. For any zo € Ry, let 2(t) be the solution of model (1.2) corresponding to x(0) = xo. If one of
the following conditions holds:
2
(Bi) r— % <a<\/3;

1
(BQ) a>\/%anda>%m>0,
Inz
t

then limsup,_, o M) <0 as. That is, limy_ e x(t) =0 a.s.

Remark 4.5. Kang and Udiani [10] investigated the following single species model with Allee effects

2 (t) = z(t) [r<1 - “7;?) - 1—|—ljax(t)] (4.5)

oK — /(ha 2_ 4a2hK aK—1)—+/(ha 2_ 4a2hK
with 2(0) = zo. Let 2 = (e (;hfﬂ) — and 2% = et (gth) ~—. For model (4.5),

from Lemma 2.1 in [10], we know that
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(1) If a < 7, then model (4.5) has the following two equilibria: z° = 0 and 2%, where z° = 0 is unstable while
K is locally asymptotically stable.

2 Ifr<a< ,K or max {r, VIR (QI_VJL’}(K)} < aand rhK < 4, then model (4.5) has only the extinction

equilibrium z° = 0 which is globally stable.

B) f4hK <r <a hold or max {r,;z} <a < w/hLK(QI_VJ%{) and r < 73 hold, then (4.5) has three
0

equilibria: 20, =¥ and z?, where both 2° and z¥ are locally asymptotically stable while z¢ is unstable.
If we take ¢ = &, then model (4.5) can be reduced to model (1.1). From Lemma 2.1 (2) in [10], for any initial
value z¢g € Ry, 1f one of the following conditions holds:
(Ag) r<a< -
(Ag) 4c > 7"2h and max {r, &, /< L,T} <a
h

) Th h 9o
then the solution z(t) of model (1.1) corresponding to x(0) = x( satisfies tlim z(t) = 0.
Obviously, if condition (A3) or (A4) holds, then condition (A;) or (Az) in Corollary 4.3 holds. Furthermore,
from (As) and (A4), it follows that a # -%. However, if a = -% and a > /7, then ;% > |/%. This means that

rh

r < /%. Thus, we have 2,/% —r > r. This implies that 0 < %2\/17 - < ;% = a. Thus, condition (Az) holds.
-

Therefore, Corollary 4.3 generalizes and improves Lemma 2.1 in [10].

Remark 4.6. In [26], the authors discussed the persistence and ergodicity of the following stochastic model
under regime switching

_ a(§(t)) i
) 1T hE@) e | X T (£(t)) dB(t), (4.6)

where r(i), K(i), a(i) and h(i) are all positive for any i € M = {1,2,--- | N}, and £(t) is F; adapted but
independent of the Brownian motion B(t). Let b(£(t)) = r(£(t)) — 202(£(¢)), a = Zil mia(i), b= vazl m;b(1)

and 7 = va 1T % Then, for model (4.6), from Theorem 3.1 in [26], we know that
(a )Ifmln [% h(i)a ()]>0,Wehave
(al) hm x(t) = 0, i.e., the population is extinct when b < a;

(a2) hm 1 fo s)ds = 0, i.e., the population is nonpersistent in mean when b = ;

(a3) hm 1nf fo s)ds > 0, i.e., the population is persistent in mean when b > a

(b) If ngﬁ [K(i)) (i)a? (z)] < 0, we have 7
(b1) lim x(t) = 0, i.e., the population is extinct when b < 7;

(b2) hm mf fo s)ds > 0, i.e., the population is persistent in mean when b > a.

If there is only one state in the state space M and ¢ = %, then model (4.6) can be reduced to model (1.2).
From Theorem 3.1 in [26], for any initial value xg € Ry, if one of the following conditions holds:
2 ,
(B3)r—% <a<./%;
2

(Bs) a>\/fandr— % < ./%
then the solution z(t) of model (1.2) with z(0) = x satisfies hm z(t) =0 a.s.

Obviously, if condition (Bs) or (B4) holds, then cond1t1on (Bl) r (Bz) in Corollary 4.4 holds. However,
from (Bs) of Corollary 4.4, it follows that r — "72 <2\/% -5 and a > /. Note that 2,/§ — ;% > /7 when
a > \/% Therefore, if there is only one state in the state space M and ¢ = £ for the model in [26], then
Corollary 4.4 is more general than Theorem 3.1 in [26].
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Remark 4.7. Note that g < —%2. Thus, under the condition of Corollary 4.3, the solutions of models (1.1),
(1.2) and (1.3) all tend to 0 exponentially. Meanwhile, under the condition of Corollary 4.4, the solutions of
models (1.2) and (1.3) both tend to 0 exponentially. Moreover, from Corollary 4.3, it follows that no matter
how loud or small the noise, if the attack rate a is in the intermediate range or very large, i.e. 7 < a < \/%
ora>,/f and a > 3 ;4, then the populations in models (1.1), (1.2) and (1.3) will go extinct (see Figs. 1

and 2). Comparison Theorem 4.1, Corollary 4.3 and Corollary 4.4 show that if attack rate a is less than growth
rate r and the noise intensity or jump is relatively large, the populations in models (1.2) and (1.3) will become
extinct (see Fig. 3).

4.2. Persistence
Lemma 4.8 (see [26]). Assume u(t) € C(Q x Ry, Ry), G(t) € C(Q x Ry, (—o0, +00)), limy_so0 @ =0 a.s.

(I) If there are 0 > 0, gg > 0 and T > 0 satisfying

¢
Inwu(t) < ot — go/ u(s)ds + G(t), as., t > T,
0

then lim sup;_, ., (u(t)) < £ as.
(I1) If there exist 0 > 0, oo > 0 and T > 0 satisfying

¢
Inwu(t) > ot — go/ u(s)ds + G(t), as., t > T,
0

then lim inf; o0 (u(t)) = 2 a.s.

Theorem 4.9. For any xog € Ry, let x(t) be the solution of model (1.3) with x(0) = xg. If r + 8 —a > 0, then

lim sup(z(t)) < rt B, lim inf(z(t)) > rth-a a.s

t—00 & t—00 c

That is, population x(t) in model (1.3) is persistent in mean.

Proof. Tt follows from (4.1) that

a

Inz(t) =Inxg +/0t {r—c:v(S) " haz(s) + 1

P 5} ds + o B(t) + M(t).

Thus, we have
¢
Inz(t) <(r+ p)t — c/ z(s)ds + Inxzg + o B(t) + M(¢),
0
t
Ina(t) >(r+ 8 —a)t — c/ x(s)ds + Inxzg + o B(t) + M(t).
0
From (4.4), 7+ 8 — a > 0 and Lemma 4.8, we have
>r+5fa

lim sup{x(t)) < r+p lim inf (2 (t)) >

t— o0 & t—o0 C

a.s.

The proof is complete. O
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From Theorem 4.9, one can get the following result.

Corollary 4.10. For any zp € Ry, let z(t) be the solution of model (1.2) with x(0) = zq. If r — "; —a>0,

then

(7'2 0'2

z r—%2 —a

lim sup(z(t)) < 2 liminf(z(t)) > —2—— as.
c

t—00 Cc t—o0

r—

Remark 4.11. From Theorem 4.9, if attack rate a is less than growth rate r and the noise intensity or jump
is relatively small such that a < r 4+ 3, the population in model (1.3) will be persistent in mean (see Fig. 4).

Remark 4.12. If there is no Allee effect, then stochastic model (1.3) can be reduced to

da(t) =z(t—)[r — cx(t—)]dt + ox(t—)dB(t) + /F z(t—)y(2)N(dt,dz). (4.7

For stochastic model (4.7), from Theorems 4.1 and 4.9, one can get the following results

(i) if r 4+ 8 < 0, then lim; o 2(t) = 0 a.s.;

(ii) if 7 + 8 > 0, then lim;_o (z(t)) = 2 as.

Wu and Wang [24] discussed non-autonomous model corresponding to model (4.7). From [24], we know that
the jump noise and the general noise can make the population extinct. [31] discussed the dynamics of a stochastic
predator-prey model with habitat complexity and prey aggregation. The results show that environmental noise

is disadvantage for the survival of biological population.

5. GLOBAL ATTRACTIVITY AND STABILITY IN DISTRIBUTION

In this section, we first show that the solution of model (1.3) is globally attractive in mean. Then we consider
the stability in distribution of model (1.3).

Definition 5.1. For any x;0 € Ry, let x;(t) be the solution of model (1.3) with z;(0) = z;0 (i = 1,2). If
limy_y o0 E|21(¢) — 22(¢)| = 0, then the solution of model (1.3) is globally attractive in mean.

Let z(t;2) be the solution of model (1.3) corresponding to z(0) = xg € Ry and p(¢, xo, -) be the transition
probability of z(t; xg). Then, for any A € B(R), we have

P(t,zo, A) =P{a(t;zo) € A} = /Ap(t,xo,dn).

Let P(R.) be the family of probability measures on the measurable space (R, B(R.)). For any P;, P, € P(R.),
define the metric

ds(Pr, P2) = sup

| [ 1&P@s) ~ [ f)Pa(ds)|
res!Jry R,

where S = {f : Ry — R | |f(s1) — f(s2)] < |s1 — s2] and |f()| <1 for s1,s2 € Ry}, Thus, (P(Ry),ds) is a
complete metric space.

Definition 5.2 (see [23]). If there is v(-) € P(Ry) such that for each zg € Ry, p(, zg, ) converges weakly to
v(-) as t — oo, that is lims, o ds(p(t, g, ), ¥(-)) = 0, then model (1.3) is stable in distribution.

Lemma 5.3 (see [3]). If f: R, — R, is uniformly continuous and integrable, then lim; o f(t) = 0.

Lemma 5.4. For any x;,0 € Ry, let z;(t) be the solution of model (1.3) with x;(0) = x;p (¢ = 1,2). Then,
E|z1(t) — 22(t)| is uniformly continuous on [0, 00).
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Proof. From (1.3), it follows that

which, together with Theorem 3.4, yields

% = rElz1(t)] — cBl23(t)] — E {m} < rElzy ()] < rK(1),
% — rE[z: (t)] — cE[z3(t)] — E {M} > —cE[z1(t)] — a > —cK(2) -

Thus, we have ‘%‘ < M, where M = max{|rK(1)|,| — ¢K(2) — a|}. This implies that E[z;(¢)] is uniformly

continuous. Similarly, E[z2(t)] is also uniformly continuous. Therefore, for arbitrary € > 0, there is 6 = §(e) > 0
such that for each 0 < s,t < co with [t — s| < 4,

Now, we show that E|z1(t) — x2(¢)| is uniformly continuous. Without a loss of generality, set 219 > z29. From
the stochastic comparison theorem ([20], Thm. 3.1), it follows that x1(t) > z2(t) a.s. for ¢ € [0, 00). Therefore,

E|x1(t) — l’Q(t)‘ = E[I’l(t) — xz(t):l

Furthermore, for each 0 < s,t < co with |t — s| < 0, we have

|E|21(t) — 22(t)| — Elz1(s) — x2(s)|| =|Elz1(t) — 22(t)] — IE[ (s) — 22(s)]|
—’E x1(t) — x1(8)] — E[za(t) — 22(s |
<|Exy(t) — Ex1(s)| + ’El‘g(t — Exg(s)‘
<g,
which implies the conclusion of the lemma. O

Theorem 5.5. Ifa < \/%, then the solution of model (1.3) is globally attractive in mean.

Proof. For any x;o € Ry, let z;(t) be the solution of model (1.3) corresponding to x;(0) = x;0 (i = 1,2). From
the generalized It6 formula, it follows that

dlnz;(t) =|r — cx;(t) — a 0 + ﬁ] dt + odB(t) +/Fln(1 +7(2))N(dt,dz), i=1,2.

1+ hax;(t
Set Va(t) = |Inz1(t) — Inza(t)]. Thus,

ha?|z1(t) — zo(t)]

d*Vo(t) = — elar (t) — w2 (t)|dt + (1 + haa (£))(1 + hawa (1))

Consequently,

0 < B < Va0) - e~ ha?) [ Eloas) — walo)l s
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That is (c — ha?) fg E|z1(s) — z2(s)|ds < V5(0) < oo. It follows from a < /£ that E|z1(t) — x2(t)| is integrable
on [0,00). From Definition 5.1 and Lemmas 5.3 and 5.4, we know that Theorem 5.5 holds. O

Corollary 5.6. Ifa < \/% then the solution of model (1.2) is globally attractive in mean.

Remark 5.7. From Theorem 5.5 and Corollary 5.6, if attack rate a relatively small, i.e., a < \/%, then the
solution of model (1.2) is globally attractive in mean. For model (1.3), one can obtain the same result (see
Fig. 5).

Theorem 5.8. Ifa < \f then model (1.3) is stable in distribution.

Proof. For arbitrary zo € Ry, f € S and t,s > 0, we have
[Ef(2(t + s;20)) — Ef (2(t; 20))] </ [Ef(a(t;20)) — Ef(z(t;90))|p(s, 20, dyo) + 2P (s, w0, B), (5.1)

where 6 > 0, xg € By = [9,0] and By = (0, 9) (6, 00). According to Chebyshev’s inequality and Theorem 3.4,
{p(t,x0,dn) : t > 0} is tight. Thus, there is a sufficiently large 6 such that

P(s, w0, Bg) < 5> 0, (5.2)

1

From Theorem 5.5, for any yy € By, there is T' > 0 such that ]E{x(t; xo) — x(t;y0)| < § for t > T'. Thus, for any
f €S andt>T, from the inequality |Ez| < E|z|, it follows that

/B B/ (2(t; 20)) — Ef (x(t; y0)) |p(s, w0, dyo) < / E| £ (2t 20)) — £(2(t: %)) [p(5, 0, dyo)
S/ Ela(t; 20) — 2(t;y0) |p(s; %0, dyo)
By

€ €
< 5/ p(s; 0, dyo) < 3 (5.3)
B

From (5.1)—(5.3) and the arbitrariness of f, it follows that ds(p(t + s, zo, ), p(t,x0,")) < € for any t > T, s > 0.
Hence, for any zp € Ry, {p(t,zo, ) : t > 0} is a Cauchy sequence in (P(R;),ds). Thus, there is a unique
v(-) € P(R4), such that

tlggo ds(p(¢,0.01,-),v(+)) = 0. (5.4)

For any z¢ € R4, a similar discussion, we have lim;_, ds(p(¢, zo, -), p(t,0.01,-)) = 0. This, together with (5.4)
and triangle inequality, yields

lim sup ds(p(¢, zg, -), v(+)) < tli}rn ds(p(t, zo, -), p(t,0.01,-)) + tlim ds(p(¢,0.01,-),v(-)) = 0.
oo — 00

t—o00
Hence, lim;_, o, ds(p(¢, xo, -), ¥(-)) = 0. By Definition 5.2 we complete the proof. O

Corollary 5.9. If a < \/¥, then model (1.2) is stable in distribution.

Remark 5.10. From Theorem 5.8 and Corollary 5.9, if the attack rate a relatively small, i.e., a < \/% then
model (1.2) is stable in distribution. For model (1.3), one can get the same result (see Fig. 6).
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FIGURE 1. Deterministic and stochastic trajectories of the populations in models (1.1)—(1.3).
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FIGURE 2. Deterministic and stochastic trajectories of the populations in models (1.1)—(1.3).

6. NUMERICAL SIMULATIONS

In this part, using the theory and method (stationary Poisson point processes) mentioned in [33], we give
some numerical simulations. Numerical experiments are made by using I' = (0,4+00) and A(I') = 1. Denote

—c_ 1 _c 1 _ —c_ 1
A_h2 '7T7B_h2\/%—7'+§ andc_h2\/%77“*ﬁ.
Example 6.1. From Theorem 4.1, it follows that no matter how large the noise intensity or jump is, as long
asr<a< \/% ,ora> \/% and a > A > 0, the population will be extinct with probability 1. Here we choose
zg=2,7=0.6,¢=0.2, a = 0.8. In Figure 1, we choose h = 0.02. By computing, we obtain r < a < /% = V/10.
In Figure 2, we choose h = 0.5. By computing, we obtain \/% =+10.4~06325 <aand 0 < A=
0.602 < a. Therefore, from Theorem 4.1, the population will go to extinct.

o

~

0.4 ~
21/0.4—-0.6

From Figures 1 and 2, we can see that the solutions of models (1.1), (1.2) and (1.3) will tend to 0. This
is consistent with Corollaries 4.3-4.4 and Theorem 4.1. The results show that if the attack rate a is in the
intermediate range or very large, then the populations in models (1.1), (1.2) and (1.3) will go extinct.

Example 6.2. Let 2o = 2, r = 0.8 and ¢ = 0.1. In Figure 3a, we choose a =1, h = 0.2, 0 = 0.2 and v(z) = 0.2.
By computing, a > \/% ~ 0.707 and @ > A ~ 0.814 > 0. Thus, by Theorem 4.1, populations in models (1.1)-
(1.3) are extinct with probability 1. In Figure 3b, we choose a = 0.6, h = 0.4, 0 = 1 and «(z) = 0.5. Note
that @ < r. Then from Lemma 2.1 in [10], model (1.1) has equilibrium z* = 5.38125. Then a > \/% ~ 0.5,
a < A=1.25 and a > B ~ 0.357. Thus, by Theorem 4.1, the solutions of (1.2) and (1.3) will tend to 0.
In Figure 3c, set a = 0.51, h = 0.4, 0 = 0.1 and ~v(z) = 1. Note that a < r. Then from Lemma 2.1 in [10],
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FIGURE 3. Deterministic and stochastic trajectories of the populations in models (1.1)—(1.3).

model (1.1) has equilibrium z* = 5.625. Then 8 ~ —0.312, a > \/% =05, a<A=1.25 a < B =~1.22 and
a > C = 0.488. Thus, by Theorem 4.1, the solution of (1.3) will tend to 0.

Figure 3 shows that white noise and jump may affect the survival of the population. Moreover, the results
show that if the attack rate a is less than the growth rate r and the noise intensity or jump is relatively large,
the populations in models (1.2) and (1.3) will become extinct.

Example 6.3. In Figure 4, we choose g =2, 7 =0.8, c=0.2, a = 0.4, h = 0.2, 0 = 0.2 and y(z) = 0.2. Note
that a < r. Then from Lemma 2.1 in [10], model (1.1) has equilibrium z* = 2.312. Thus, we have § ~ —0.038.
Moreover, 7+ 8 — a = 0.8 — 0.038 — 0.4 > 0. Then, by Theorem 4.9, the populations described by (1.1), (1.2)
and (1.3) will be persistent in mean. Moreover, from Corollary 4.10 and Theorem 4.9, it follows that

1.9 < litrginf@(t» < limsup(z(t)) < 3.9 for model (1.2),
o0

t—o00

1.81 < litm inf(x(t)) < limsup(z(t)) < 3.81 for model (1.3).
— 00

t—o0

As can be seen from Figure 4a—c, populations described by models (1.1), (1.2) and (1.3) will be persistent in
mean. The results show that if the attack rate a is less than the average growth rate r and the noise intensity
or jump is relatively small, populations in models (1.1), (1.2) and (1.3) will be persistent in mean. Moreover,
from Figure 4d, one can see that Allee effect would have an adverse effect on the survival of the population.

Example 6.4. In Figure 5, choose r = 0.8, ¢ = 0.12, a = 0.5, h = 0.4, 0 = 0.1 and 7(z) = 0.2. Thus, 0.1 =
ha? < ¢ = 0.12. Then by Theorem 5.5, the solution of model (1.3) is globally attractive in mean.
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It can be seen from Figure 5a that the solutions of model (1.2) with initial values x19
eventually converge to the same solution. The same result for model (1.3) can be obtained from Figure 5b.

=2, (b)

=4andx20:2

Example 6.5. In Figure 6, choose r = 0.8, ¢ = 0.1, a = 0.5, h = 0.04, 0 = 0.1 and 7(z) = 0.1. Thus, 0.01 =
ha? < ¢ = 0.1. From Theorem 5.8, it follows that model (1.3) is stable in distribution. Note that a < r. Then
from Lemma 2.1 in [10], model (1.1) has equilibrium z* = 3.3105.
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FIGURE 6. Stochastic trajectories of (1.3) and the probability density functions (PDFs) of z(¢)
of (1.3). (a) trajectories of (1.3) with xg = 2, (b) the PDFs of x(¢) at time 18000, 19000 and
20000 with zo = 2, (c) trajectories of (1.3) with zg = 3,4, 5, (d) the PDFs of x(¢) at ¢ = 20000
with 2o = 3,4, 5.

From Figure 6b and d, when the time is large enough, the PDFs of (1.3) at the different times have almost
no change, and PDF's of (1.3) with different initial values also have almost no change.

Example 6.6. Choose zg =2, r = 0.8, ¢ = 0.2, a = 0.4, h = 0.2. (i) Take v(z) = 0.2, if we choose o = 0.4,
then r + 8 — a > 0. Moreover, if we choose o = 0.1 (0.2,0.3), then r + 8 — a > 0. This means that in the cade
of 7y(z) = 0.2, the population described by (1.3) will be persistent in mean for different noise intensities (see
Fig. 7a). (ii) Take o = 0.2, if we choose 7(z) = 0.4, then r + 8 — a > 0. Moreover, if we choose v(z) = 0.1
(0.2,0.3), then 7 + 8 — a > 0. This means that in the cade of o = 0.2, the population described by (1.3) will be
persistent in mean for different jumps (see Fig. 7b).

It can be seen from Figure 7 that on the premise of the population is persistent in mean, the population size
decreases with the increase of white noise intensity; with the increase of jump range, the population size also
decreased. This means that white noise and jump are disadvantage for the survival of biological population.

7. CONCLUDING REMARKS

This paper investigates the dynamics of a stochastic single population model with Allee effect and jumps.
First, by the comparison theorem of stochastic differential equations, we show the global existence of almost
surely positive solution to the model. Then, the asymptotic pathwise behavior of the model is given wvia the
generalized exponential martingale inequality and Borel-Cantelli lemma. Meanwhile, we show that the model
is stochastically ultimate bounded under some conditions by using the It6 formula and Chebyshev’s inequality.
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TABLE 1. The dynamic behavior of model (1.2) and model (1.3).

Conditions x(t) in model (1.2) x(t) in model (1.3)
r<a lim z(¢) =0 a.s. lim z(¢) =0 a.s.
R t—o0 t—o0
a<r<a+%G lim z(t) = 0 a.s. lim z(t) = 0 a.s.
a < % ) t— o0 2 t— o0
- o2 . . r—% —a . _ 3
at+%G <r<a-p hgg)lf(ﬂ@(t)) > : a.s. tlg(r)lo z(t) =0 a.s.
r>a—f liminf(z(t)) > —Z— as. liminfioo(2(1)) > a8,
0<a<C Not sure Not sure
0<C<a<B Not sure lim z(t) =0 a.s.
C t—o0
a>\5 0<B<a<A Jim x(t) =0 a.s. Jim x(t) =0 a.s.
—00 00
0<A<a lim z(t) =0 a.s. lim z(t) =0 a.s.
t—00 t—00

Next, exponential extinction and persistence in mean are discussed. Results show that White noise, Lévy jumps
and Allee effect are unfavorable for the persistence of the population. The conditions for exponential extinction
in this paper generalize and improve the previous related results. Further, we show that the solution of the
model is globally attractive in mean via the stochastic comparison theorem and Ité formula. At the same time,
we show that the model is stable in distribution. At last, we give some numerical results to justify the analytical
results.

Note that 5 < 7%2 < 0. Thus, r+ 8 <r— %2 < r. This means that C < B < A. Therefore, if r < a < \/%,

then r — %2 <a<,/fandr+p <a<,/f This means that if the attack rate a is in intermediate range (i.e.
r < a < /%), the populations in models (1.2) and (1.3) will go extinct regardless of the noise intensity or the
jump size. Moreover, under the conditions a > \/% and a > A > 0, if the noise intensity or jump is relatively
large such that C' > 0, then the populations in models (1.2) and (1.3) will go to extinction. Further, under the
condition a < r, if noise intensity o2 is large (i.e. r < a + %2), the populations in models (1.2) and (1.3) will
become extinct; on the contrary, the population in model (1.2) will be persistent in mean. Further, under the
condition of a + %2 < r, if the jumps is large (i.e. r < a — ), the population in model (1.3) will become extinct;
otherwise, the population in model (1.3) will be persistent in mean. Therefore, the dynamic behavior of model
(1.2) and model (1.3) can be summarized as the following Table 1.
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TABLE 2. The dynamic behavior of model (1.2) and model (1.3).

Conditions x(t) in model (1.2) 2(t) in model (1.3)
0<r— %2 —a litrgiogf(x(t)) > # a.s. Not sure
r—%z—a<20<r—"—;+h—ca—2\/% Not sure Not sure
0> T r—%+5—2/5<0 tlggox(t)ff);.i. tlirrolox(t)f()a.s.
O<r+pB-a litrglrolﬂx(t)) > 22 as. ligirolf@(t)) > T"'Bf_a a.s.
r+B8—-a<0<r+p+5&-2/% Not sure Not sure
r+B845 —2/5<0 Not sure tlgglo z(t) =0 a.s.

TABLE 3. The dynamic behavior of model (1.2) and model (1.3).

(72 ] —
r—72<0 tliglox(t)—()a.s.
z(t) in model (1.2) 0<7r—% <a Not sure
) R
— g im i > 2 s.
r—%>a hgg}lf(m(t» > —Z— as
r+8<0 lim x(t) =0 a.s.
t—o0
z(t) in model (1.3) 0<r+f<a Not sure .
r+8>a litminf<x(t)> >z as.
— 0

If a > /%, then —a < % —2,/% < —/%. Thus, we have

2 2

o o c c c c
- Y - = _2,/=.
T3 a<r 2+ha \/; and r+p a<r—|—ﬁ+ha \/;

From Theorems 4.1 and 4.9, we have the following results. For (1.2), if noise intensity is large such that
r— %2 +55 = 2\/% < 0, then the population in (1.2) will become extinct. However, if noise intensity is relatively

small such that r — %2 —a > 0, then the population in (1.2) will be persistent in mean. For model (1.3), if noise
intensity or jump is large such that r + 8 + ;= — 2\/% < 0, then the population in (1.3) will become extinct.
However, if noise intensity or jump is relatively small such that » + 8 —a > 0, then the population in (1.3) will be
persistent in mean. According to the above analysis, if the population z(t) in (1.2) is extinct, the population z(t)
in (1.3) will become extinct. Conversely, if the population «(¢) in (1.3) is persistent in mean, the population z(t)
will be persistent in mean. Based on this, the dynamic behavior of models (1.2) and (1.3) can be summarized
as the following Table 2.

Moreover, according to Corollary 4.2 and Theorem 4.9, no matter how large or small the attack rate a is, the
dynamic behavior of models (1.2) and (1.3) can be seen in the following Table 3.

The results in this paper show that

— if attack rate @ is in the intermediate range (r < a < /) or very large (a > \/% and a > %2\/%77, > 0),

the population will go extinct;

— if the attack rate a is relatively small (a < /4 ), the solution of the model is globally attractive in mean
and the model is stable in distribution;

— under some conditions, if the noise intensity or jump is relatively large, the population will become extinct;
on the contrary, the population will be persistent in mean;
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— if the attack rate a is relatively small (a < \/%), then conditions in Theorems 4.1 and 4.9 provide a
threshold condition for the development of the population in model (1.3), which depends on

Rsié[r—kﬂ]

Roughly speaking, if R, < 1, then the population in model (1.3) becomes extinct exponentially with
probability one; otherwise, the population in model (1.3) is persistent in mean;

— if the population in model (1.2) is extinct, the population in model (1.3) must go to extinction. If the
population in model (1.3) is persistent in mean, the population in model (1.3) must also be persistent in
mean;

— the Allee effect, white noise and jump may have great influence on the survival of the population. As a
result, it is more nature and realistic to use the stochastic model especially with Allee effect and jump to
describing the population dynamics.

From Remark 4.5, we know that Theorem 4.1 generalizes and improves Lemma 2.1 in [10]. Moreover, from
Remark 4.6, if there is only one state in the state space M and ¢ = £ for model in [26], then extinction
conditions in Theorem 4.1 are more general than those in [26].

Note that the population’s environment may be randomly switched between two or more environmental
regimes. As done in [26], one can introduce the Markovian switching into the stochastic population model (1.3).
This is a significant problem. We leave it to future consideration.
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