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Abstract

The objective of this paper is to study the dynamics of the stochastic ratio-dependent
predator—prey model with Holling Il type functional response and nonlinear
harvesting. For the autonomous system, sufficient conditions for globally positive
solution and stochastic permanence are established. Then, applying comparison
theorem for stochastic differential equation, sufficient conditions for extinction and
persistence in the mean are obtained. In addition, we prove that there exists a unique
stationary distribution and it has ergodicity under certain parametric restrictions. For
the periodic system, we obtain conditions for the existence of a nontrivial positive
periodic solution. Finally, numerical simulations are carried out to substantiate the
analytical results.

Keywords: Predator—prey system; Harvesting; Stochastic permanence; Stationary
distribution and ergodicity; Positive periodic solution

1 Introduction

Renewable resources (such as fisheries and forestry resources) are considered to be inex-
haustible at all times, but excessive exploitation will actually exhaust them. The optimal
management of renewable resources, which has a direct relationship to sustainable de-
velopment, has been studied extensively by many authors (see [1, 2] and the references
cited therein). Xiao [1] pointed out that the aim is to determine how much we can har-
vest without dangerously altering the harvested population. According to Clark in [2], the
management of renewable resources has been based on the maximum sustainable yield,
with the property that any larger harvest rate will lead to the depletion of the population.
Thus, it is important to investigate the reasonable exploitation of renewable resources and
their effective utilization to obtain the maximum revenue.

In recent years, the harvesting effects on the dynamics of predator—prey systems have
attracted lots of attention and considerable work has been done (see [3—8] and the ref-
erences cited therein). In their papers, an adequate amount of thorough investigation is
carried out to study the existence of periodic solutions for biological models with harvest-
ing terms. For example, Hou [4] discussed a ratio-dependent predator—prey system with
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multiple harvesting terms. By means of using coincidence degree theory, they established
the existence of at least four positive periodic solutions for the system. Wei [5] discussed
a three-species periodic predator—prey system with Holling III type functional response
and harvesting terms. By means of using coincidence degree theory, they established the
existence of at least eight positive periodic solutions for the system. In addition, Gupta
et al. [9] presented three types of harvesting functions (constant harvesting, proportional
harvesting, nonlinear harvesting), and showed that nonlinear harvesting is more realis-
tic than constant harvesting and proportional harvesting. Motivated by [1-11], in this
paper, we propose the following ratio-dependent predator—prey system with Holling III
type functional response and nonlinear harvesting terms, which therefore is described as:

dx(t) _ b1x()y(t) )1

dr x(t)(rl - alx(t) - x2(t)+my2(t) - 1+w1x(t))’ (1 1)
dy®) _ (t)(ry - by  _ h ) ’
a Y 27 ka+x(t) — T+woy(d

where x(t) and y(£) represent the population densities at time ¢, respectively. All param-
eters involved in the model are positive. The parameters have the following biological
meanings: r; and r, are intrinsic growth rates of the prey and predator species, respec-

tively. a; denotes the density-dependent coefficient of the prey. The associated ratio-
byx*(8)y(8)

A2(t)+my? (1)’

for the conversion rates, m for half capturing saturation [11]. The meaning of b, is similar

dependent form of the Holling type III functional response is where b; stands

to b1, k, measures the extent to which environment provides protection for predator y.
fix Sy

T+wix(t)’ 1+woy(t)
coefficient, w; (i = 1,2) is the suitable positive constant [9].

are both nonlinear harvesting terms where f; (i = 1,2) is the catchability

In fact, population dynamics is inevitably affected by environmental fluctuations, which
is an important component in an ecosystem. May [12] pointed out that the birth rates,
carrying capacity, competition coefficients, and other parameters involved in the system
can be affected by random fluctuation. Stochastic models could be a more appropriate way
of modeling in comparison with their deterministic counterparts, since they can provide
some additional degree of realism. Particularly, Tom [13] suggests that stochastic epidemic
models can provide some additional degree of realism in comparison with their determin-
istic models. For example: What is the probability of the disease outbreak? Furthermore,
for models describing an endemic situation: How long is the disease likely to persist (with
or without intervention)? Later stochastic models have also shown to be advantageous
when the contact structure in the community contains small complete graphs; households
and other local social networks are common examples. Indeed, by introducing stochastic
environmental noise, some scholars have proposed some stochastic epidemic models [14—
19], stochastic population models [20—28]. Liu [21, 22] established sufficient and necessary
criteria for the existence of optimal harvesting policy and obtained optimal harvesting ef-
fort and the maximum value of the cost function in a random environment. In [23], Jiang
et al. introduced environmental noise into the parameters of the intrinsic growth rates
to describe the dynamics of the predator—prey system with nonlinear predator harvest-
ing and showed that this model possessed nonnegative solutions, the solutions oscillated
around the equilibria, and the intensity was relevant to the intensity of the white noise.
Moreover, they proved that there exists at least one nontrivial positive periodic solution.
In the present paper, we consider that the catchability coefficient is affected by other cir-
cumstances such as weather conditions, temperature, seasonal variation, and other noises
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arose nearby. Hence, the constant catchability coefficient f; (i = 1,2) is replaced by a ran-
dom variable f; + o;dB;(t) (i = 1,2), where B;(t), Bo(t) are mutually independent Brownian
motions, 07, o} represent the intensities of the white noise. Then, corresponding to the
deterministic model (1.1), the stochastic system takes the following form:

dx(t) = x(£)(r1 — arx(t) - xﬁl;‘fijﬁfi 5 HWW ) di - 220 dB, (¢), 1)
dy(t) = Y(O)rs — 22505 — ) dt — 12505 dBo(0).

In the article, we focus on the effects of environmental noise and harvests on the dynam-
ics of the system (1.2). On the other hand, periodic behavior arises naturally in many real
world problems such as in biological, environmental, and economic systems. To better un-
derstand the dynamic behavior of the population, numerous authors consider the effects
of periodic variation and stochasticity (see [23, 29] and the references cited therein). In
this paper, we will consider the periodic behavior in the following stochastic model:

)x(t)y(t) )
dx(t) (t)(rl (t) al(t)x(t) x2(t )tm(tt)J;'Zt(t) 1+w1 t)x t)) L= 1+w1(t 2 dBl( ) (1’3)
dy(t) = y(£)(ra(t) — 12950 50 ) dt — 12900 dB) (6),

O+x(t) ~ T+wa(t)y(t L+wa (2)

where r1(2), a1(2), b(£), m(2), f1(€), wi(2), 01(8), r2(2), b2 (), ka(2), f2(2), wa(t), 02(¢) are all
positive T-periodic continuous functions. We will obtain the existence of the periodic
Markov process of system (1.3) by the method of Khasminskii [30].

The rest of the paper is organized as follows. In Sect. 2, we give the existence and unique-
ness of global positive solution and the solution is stochastically ultimately bounded.
Moreover, we obtain that stochastic system (1.2) is stochastically permanent in Sect. 3.
In Sect. 4, sufficient conditions for extinction, stochastic persistence in the mean of the
population are established. In Sect. 5, we show the existence of a unique stationary distri-
bution and ergodicity. The existence of a positive periodic solution for non-autonomous
periodic solution is also obtained in Sect. 6. Finally, the conclusions are given and our main
results are illustrated through numerical simulations.

2 Existence and uniqueness of globally positive solution

Throughout this paper, unless otherwise specified, we let (2, ¥, {F;}:>0, P) be a complete
probability space with a filtration {#;};>0 satisfying the usual conditions (i.e., it is right
continuous and ¥, contains all P-null sets). For convenience we introduce the notations

R} = {X(t) =(x1,%2,...,%,) ER"|x;>0forall1 <i< n}, |X(t)| =

If f(¢) is integrable, we define (f(¢))r = %fon(t) dt, T > 0. And if f(¢) is bounded, we
define f* = supte[ovwo)f(t),fl = infre[o,+00) f (£).

As we know, for a stochastic differential equation in order to have a unique global (i.e.,
no explosion in a finite time) solution for any given initial value, the functions involved in
the stochastic system are generally required to satisfy the linear growth condition and the
local Lipschitz condition [31]. However, the functions of system (1.2) do not satisfy the
linear growth condition. So the solution of system (1.2) may explode at a finite time. In
this section, we first show that there exists a unique positive local solution of system (1.2)
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and then, by constructing some suitable Lyapunov function, we prove that this solution is

global. Explanation for ‘explosion time’ used in the following lemma can be found in [31].

Lemma 2.1 For (x(0),y(0)) € R?, there is a unique positive local solution (x(t),y(t)) of sys-

tem (1.2) for t € [0, t.) a.s., where 1, is the explosion time.

Proof Let u(t) = Inx(£) and v(¢) = Iny(t), by use of It&’s formula, we get that

_ by etttV f 02 .
du(t) = [rl - aleu - 32’41+m32" - 1+Wlle"‘ - 2(1+W113’4)2 ] dt - 1+wlle’4 dBl(t); (2 1)
v 0'2 .
avlt) = [ry - 25 — L % __ 14— —2_4B,(1),

kyte — 1+woe”  2(1+woe’)? T+wpe?

subjected to the initial condition #(0) = logx(0), ¥(0) = log y(0). The functions involved in a
drift part of the stochastic differential system above satisfy the linear growth condition and
are locally Lipschitz. Hence there exists a unique local solution (u(t), v(z)) for ¢ € [0, 7.),
where 7, is any finite positive real number. Clearly, x(¢) = €*(t), y(£) = €'(¢) is the unique
positive local solution of stochastic differential system (1.2) starting from an interior point
of the first quadrant. d

Now we are in a position to show that this unique solution is not only a local solution

but a global solution. To prove this, we need to show that 7, = oo a.s.

Theorem 2.1 For any given initial value (x(0),y(0)) € R?, there is a unique solution
(x(2),y(t)) to system (1.2), and the solution will remain in RE with probability 1, that is,
(x(2),¥(t)) € R? for all t > 0 almost surely.

Proof Let ky > 0 be sufficiently large for (x(0),y(0)) lying within the interval [%,ko] X
[%, ko]. For each integer k > ko, define the stopping time

T = inf{t €[0,7.):x(t) ¢ (%,/{);y(t) ¢ (%,k) }

Throughout this paper we set inf#J = co (as usual, ¥ denotes the empty set). Clearly, 7 is
increasing as k — 00. Set Too = limg_, oo Tk, hence 7o < 7, a.s. If we can show that 75, = 00
a.s., then 7, = 0o a.s. and (x(¢),y(t)) € R? a.s. for all £ > 0. In other words, to complete the
proof, all we need to show is that 7,, = 0o a.s. For if this statement is false, then there is a

pair of constants 7 > 0 and ¢ € (0, 1) such that
Pl <T}>e¢, (2.2)

hence, there is an integer k; > ko such that P{ty < T} > ¢ for all k > k;.

Define a C2-function V : R — R, as follows:

Vix,y)=x—Inx+y—Iny + (ky +x)y = V1 + V5 + V3,
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where V1 =x —Inx, Vo, =y —Iny, V3 = (k; + x)y. By [td’s formula we have

by fi )

x2+my* l+wx

Ay g A of
1A x2+my> l+wx  2(1 +wyx)?

LVI =x<7'1 —apx —

< 2 ( ) bl f 612
<-—a1x  +\(ri+a)x + +/+——-r11.
2/m 2

Analogously, we have

byy f by f o3
LV2 =y ry — - — |- - - 5
ky+x 1+wyy ky+x  1+wyy 2(1+wyy)
2

b
< (rz+k—j)y+f2+%—r2.

Moreover, we also have

by fo bixy S
LV; = (k - - - - -
a=lhat x)y(rz ky+x 1+wpy PR\ T ey my?  1+wx

< —bzy2 - alxzy + rp(ky + X)y + rixy.
Hence, we obtain

b
LV < —a1x* —byy? —arx®y + (r + ap)x + <r2 + k—z)y
2

2 2
o3 o5
+f+——r1+f2+7—r2

k
+ro(ky + %)y + rixy + 2\/_

<. (2.3)

In fact, one can see that

—a1x” = by’ — a1’y + nxy = —a1x” — by’ + (—arx> + r1x)y
2

r
<-ax® —byy* + Ly
da,

4
"

=
6461% bz

= C].
Similarly, we derive that LV also has an upper bound C, (LV < C,). Hence

1 1
dszth+(1_—) % d31+<1-—) %) _ 4,
x)1+wx y/)1+wyy

X (2.4)

+ (ky +x) 92y dBy +y dB;.
1+wyy 1+wix
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Integrating both sides of (2.3) from 0 to 7 A T yields

wAT
V[x(te A T),y(t A T)] < V[x(0),5(0)] + /(; ' Cyds + My + M, (2.5)

where

AT 1 7w AT 1
Ml = / (1 - — +_)/> aix dBl, Mg = / <1 - — + k2 +x) %2y de
o x 1+wx 0 y L+wyy

Taking expectations of both sides of (2.5) yields

E[V(x(tk A T),y(ti A T))] <V[%(0),5(0)] + Co(ti A T). (2.6)

Set Qi = {tx < T} for k > k; and by (2.2) P(S2¢) > €. Note that for every w € €4 such
that x(tx, ) or y(1x, ) equals either k or %, and hence V is no less than either k — Ink or

% + Ink. Consequently,

1
V(x(rk, w),y(rk,a))) > (k—1Ink) A (% +1In k).
It then follows from (2.6) that

V(%(0),5(0)) + C, T > E[lgk(a))V(X(‘L'k, a)))]

>e(k—Ink) A (% + lnk),
where 1g, is the indicator function of €. Letting k — oo leads to the contradiction
00 > V(x(0),7(0)) + Co T = oo.
So we must have 7, = 00. The conclusion is confirmed. O

Theorem 2.1 shows that the solutions to system (1.2) will remain in R?. The property
makes us continue to discuss how the solution varies in R? in more detail. We first present
the definition of stochastic ultimate boundedness which is one of the important topics in

population dynamics.

Definition 2.1 ([32]) The solution X(£) = (x(¢), y(¢)) of Eq. (1.2) is said to be stochastically
ultimately bounded if for any ¢ € (0, 1) there is a positive constant § = §(¢) such that, for
any initial value X(0) € R?, the solution X(¢) to (1.2) has the property that

lim supP{X(t) > 5} <e.

t—>00

Theorem 2.2 The solutions of system (1.2) are stochastically ultimately bounded for any
initial value X(0) = (x(0),y(0)) € R%.
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Proof From Theorem 2.1, the solution X(¢) will remain in RE for all £ > 0 with probabil-
ity 1. Let us define a C?>-function V : R> — R, as follows:

V =2+ 9 + (ky + x)y%.

Applying Itd’s formula, we obtain

b 2 42
LV =2x* (r1 —ayx— 15 i ) i ke

x2 + my? 1w (1 + wyx)?

b 2.2
+2y2<r2 2y fz) o5y

_k2+x_1+wzy +(1+wzy)2

2,2

byy S 03y
k 292 ry — —2— — k 27
+ (ko + x)2y (rz ltx Tewy +((2+x)(1+wzy)2

bixy f )

x2+my? 1+wx

+ xy2 (rl —a1x —
< —2a1x3 + 2r1x2 + 012 + 2r2y2 + 022 - 2b2y3 - a1x2y2

+2ry(ky + %)% + (ko + 96)022 +rxy’.

Define the function
W=¢€V.
Applying Itd’s formula, we have
LW =e"(V +LV)
< et(x2 + 9% + (ky + %)% = 24,2 + 2r, 2% + 012 +2ryy% + 022
- 2b2y3 - a1x2y2 +2ry(ky + x)y2 + (ko + x)022 + rlxyz).

Similar to the proof of Eq. (2.3), there exists a constant C3 such that LW < Cse’. Therefore

ax dBy —2e'(1 + ky +x)y %y

AW < Cset dt — &' (2x + 2
= ta¢ e(x+y)1+w1x 1+wyy

dB;. (2.7)

Integrating and taking expectations of both sides of (2.7) from 0 to ¢, yields
E(e'(x* + 5% + (ka + )y%)) < W(0) + C3(¢" - 1),
ie.,
E(** +y* + (ky +x)y*) < W(0)e™* + C3(1—e™).
It is straightforward to see that
EX(IX]) <E(X?) = E(x* +y*) S E(x* +5* + (kr + x)y*) < W(0)e" + C3(1 —€7"),

i.e., E(|X]) has an upper bound. To proceed, applying the Chebyshev inequality yields the
required assertion. |
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3 Stochastic permanence

Generally speaking, the non-explosion property, the existence, and the uniqueness of the
solution are not enough, but the property of permanence is more desirable since it means
the long time survival in population dynamics. Now, the definition of stochastic perma-

nence will be given below [32].

Definition 3.1 ([32]) The solution X () = (x(¢), y(¢)) of Eq. (1.2) is said to be stochastically
permanent if for any € € (0, 1) there exists a pair of positive constants § = §(¢) and y = y (¢)
such that, for any initial value X(0) = (x(0),y(0)) € R?, the solution X () to (1.2) has the
properties that

lim inf P{[X(6)| =8} =1~¢,  lim infP{[X()| <y} = 1-e.

6+1) max{alz,oz2

Theorem 3.1 Ifsystem (1.2) satisfies min{ry,ry} —max{b1 +f2,f1} — ( 5 S 0, where
0< 0 <2, for any initial value X (0) = (x(0), y(0)) € R? and the solution X(t) = (x(t),(t)) has
the property

1
limsupE| —— | < +00
vy <|X<t>|9)

Proof Define V(t) = x +y, then V(¢) is continuous and positive on ¢ > 0. By It6’s formula,

we get
b b
av=|x|r —ax—- leyz— S >+y ry — 2 f2 dt
x2+my?  1+wix ky+x  1+wyy
)’ N ) X
1+wx 1+wyy

and define U(¢) = % Then, using Itd’s formula, we obtain

b b
du = -t?|x(r - ax - %y S +y<r2 _ f2
x2+my> 1+wx ky+x  1+wyy

P olx? N o}y b+ U o1xdB; N 02y dB, '
1 +wix)?2 (1 +wyy)? T+wix  1+wyy

Let W = (1 + U)?. In view of Itd’s formula, we have

AW = LW dt +6(1 + U)9‘1U2<ledBl + Uzyde),

1+wix  1+wyy

where

LW =001 +U)"! (—u2 |:x<r1 —ax—

+y|r - bay - f2
" ky+x  1+wy

(o
(1 +wix)?2  (1+wyy)?

bixy h )

2 +my>? 1+wx
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+ 006 - 1)(1 + L[)‘g’zl,[4 012962 + 0223/2
2 (I +wx)?2 (1 +wyy)?

:(1+U)9_2<9(1+U){—L12|:x(r1—alx— 2b1xy 5 - S )
x*+my>  1+wix
byy p)
+y(r2 Ckotx 1+ wy)]

e olx? N o3y . 0O -nU* [ ofx? . o}y
(I +wix)?2 (1 +wyy)? 2 (1+wix)2 (1 +wyy)?

b10x2yU? OxU?
5(1+u)9‘2(9(1+U){—Uz[(nxwzy)+ﬂ19x2U2+ lzxy ) e
x* + my 1+wx

b.0y*U*  f0yU?
+ +
ky +x 1+wyy

00 +1
+max{012,022}<91,[+ e )u2))

<(1+U)’? (—9(LI+ 1)(min{r1,r2} —max{b; + /3, 1})L1 + 9<a1 + %)(U +1)
2

6(6 + 1) max{o}, o} U>
2

+max{<712,022}91,[).

Then, applying Itd’s formula to €W, where 0 < k < 6(min{r|,r,} — max{b; + f,f} —

(0+1) max{o2,02}
————1"2°) 'we have

L("W) = LW + ke W
<+ u)? (k(l +U)?-0U + 1)(min{r1,r2} —max{b; + />, 1})1,1

6(6 + 1) max{o}, o7} U>
2

+9<a1+ %)(U+1)+

+max{012,022}91,[)
2
=1+ L[)gz{ |:—9 (min{rl, ry} —max{b; +fo,f1}

IRCERY mz;x{af,af}) N k:| e

+ |:2k—9<min{r1,r2} —max{b; +fo,fi} + max{olz,ag} +ag + —2):|Ll
+k+9<a1+%)}.

2 2
By 0 < k < O(min{ry, 2} — max{b; + f,f1} — W) and 0 < 6 < 2, it is straightfor-

ward to see that there exists a constant Cy such that L(e W) < Cue*t. Then

E[¢0+1)°] < (1+U(0)" + %ekt,

ie.,

C
limsupE(Ue) <limsupE(1 + U)? < 74.

t—00 t—00
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Note that (x + y)? < 27(x? +y2)% =2%1X|%, where X = (x,y) € R?. Consequently,

i E( 1 ><29C4
1msu —_— .
SSPE X ) = Tk

The proof is completed. O

#+1) malx[<712,<722

Theorem 3.2 [fsystem (1.2) satisfies min{ry, o} —max{b; +/5,f1} — 3 b5 0, where

0< 0 <2, then Eq. (1.2) is stochastically permanent.

The proof is the application of the well-known Chebyshev inequality, Theorems 2.2
and 3.1. Here it is omitted.

4 Stochastic persistence in the mean and extinction

Let us continue to discuss the long time behavior of stochastic model (1.2). From the point
of view of the optimal management of renewable resources, how much can we harvest
without dangerously altering the harvested population? On the other hand, how much
will larger harvest rate lead to the depletion of the population? In this section, we will
show that stochastic system (1.2) may preserve some important dynamics of the origi-
nal deterministic system without harvesting terms when the intensities of noises and the
catchability coefficient are small. On the contrary, if the catchability coefficient is suffi-
ciently large, the populations will become extinct with probability one. Now, we present
the definition of persistence in the mean and extinction.

Definition 4.1 ([33]) System (1.2) is said to be persistent in the mean if

1t 1 [t
liminf — / x(s)ds>0 a.s., lim inf; / y(s)ds>0 as.
0 0

t—>oo t—00

Definition 4.2 ([33]) The population x(¢) is said to go to extinction if
lim x(¢) =0 a.s.
t—>00

Lemma4.1 Assume that (x(t),y(t)) is the positive solution of Eq. (1.2) with the initial value
2
(%(0),9(0)). If r1 > zbﬁ +Ai+ %1, then we have

Inx(¢)
m

t—00 t

>0 a.s.

Proof Applying Itd’s formula to Eq. (1.2), we can see

2
t _bixy A ] t_o]
1 — 1 —r1£+f0 *2+my2 BT 214w x)2 ds+f0 T+wyx dBy
x(t)  x(0)
2
_ t_ by N 79 t_o1_up
+tae rit+Jo x2+my2+1+wlx 2(1+W1")2 ds+f0 1+w1xd 1

¢ ris—Jo biy | N 012 dr—[3 2 4B,
x f e 0 x24my2 " THWIX 214w x)2 0 T+wyx ds
0

= 11 + 12.
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By computation, we get

2
t by N 79 t_ol
—rit+ — —— dB
Il — 1 1t fO x2+my2 + T+wix 2(1+W1x)2 dSJrfO T+wix B

2
o
- )t+201 maxges<r |B1(s)|

b
e—(rl—m—fl— 2

IA

’

and

e ff N of ds+ [t 2L dB
-rit+ + s+ 0 7o
10 32y T TOWIE 21wy 2)2 0 Tewpx 4P1

12 ae

by fs aw A of dr—fy 2 dB
x / e 1 0 x2+my2 T+wix 2(1+w1x)2 0 T+wix 1 dS
0

IA

t by 012
/ ﬂ]e"l(t—3)+(m+f1+7)(t—S)+2m maxgeser [B1(s)| ds
0

a 620'1 maxocs<t |B1(s)

Similar to the proof of [33] (Theorem 3.1), we obtain

1
lim nx(t) >0 as.
t—00 t
The proof is completed. O
Next, we consider the following stochastic model:
do(t) = d(t)(r — zz;d;((g))dt - ﬁ’ivz%t) dBy(t), @1
av(t) =W (t)(ry - k22+d>(t))dt - 1ffvzw<t> dBs(t).

Lemma 4.2 Assume that (9, V) is the solution of system (4.1) with any initial value ®(0) =
x(0) > 0, W(0) = y(0) > 0. Then we have
In W (¢) . In®(k)

<0 as, lim
t—00 t

=0 a.s.

lim su
t—00

2
Moreover, if ry > %1 is satisfied, then ®(t) is persistent in the mean a.s.

Proof By the first equation of (4.1), we represent the solution. And there exists a constant
T such that 1 — e71f > % for t > T. Then

2
t ] t o]
rt—fo =———5 ds—Jo 750 9B
e 1 f() 2(1+w1®)2 .f() Trw @ %P1

O(t) = P 2 P
1 t "15=Jo 2(1+w )2 S=Jo T+w ® 1
_ 1
o ta e ds
t <712 t o1
rit-fg w1 3)2 ds=Jo Trwys 9B1
e 1
<

2
S 9] s 0]
t 5=y s dt- f§ T 9B1
1fpe 214w @) Ti® T s
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1

=
6l10

- 1
— t
a, fO e (t=5)~201 maxos<t |1B1(s)| ds

2y €201 MaXocs< |B1

ay

Similar to the proof of [33], we obtain

W (t
lim sup i t()fo

t—>00

On the other hand,

2
t ] ‘it 0]
1 e—rlt+f0 W ds+]0 T @ dBy < 1

2
ot 91 t 01
-r(t-s)+ [, ———=dt+), 7 dB
£y 1(6=5)+ [ 2L+wy )2 J5 Trwrs 4Bt s

—+a
x

Page 12 of 25

/ e 1500 s 21+wlq> ~Js 1+w Trwrs 981 ds)
0
o2

_ 1 e r1t+f0 21 dS+f0 1+w1d)dB1 ra ‘/terl(t S +fs z—d +[ 1+w1<1>dB dS
x(0) 0
2 2
2% B 1 —r1t+f(§ aﬁl ds ¢ —rl(t—s)+ft aﬁld‘[
<e 1 MaXges< |B1(s)] e 2(1+w1 P) +a4; e S 2(1+wy ®) .
x(0) 0
Similarly, we obtain
1 1 trff 4 Eor(t-s)+ [t Ld
> 6*201 maxg<s<t |B1(s)| (_erl *Jo 2(1+wp )2 s + “1/ eirl s 2(1+wq )2 r)‘
(1) x(0) 0
Similar to the proof of [33], we obtain
. Ind(¢t
lim ® =0 as,
t— 00 t
o1t o?
lim — d(s)ds>r — =+ as.
t—oo t Jo 2
The proof is completed. g

Theorem 4.1 Suppose fi <r1 —

2
1
2\/* ¢ﬁ<r2_

2
072 are satisfied, and x(t), y(t) is the

positive solution to Eq. (1.2) with initial mlue x(0) > 0, ¥(0) > 0, then the system is persistent

in the mean.

Proof By comparison theorem for stochastic differential equation, Lemma 4.1 and

Lemma 4.2, one can see that

x(t) < (1),

() < W(t), t]im

— 00

Inx(s)

. Iny(?)
a.s., lim

t—00 t

=0
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Applying Itd’s formula to Eq. (1.2), we have

b 2
dinx=ri —aix - >y S - % dt — a dB;
x2+my> 1T+wax  2(1 +wx)? 1+wix

b 2
> (rl—z—l—ﬁ—%—a1x>dt— a dB,.

1+wx

Integrating both sides from 0 to ¢, one can see that

x(t) _ by o} !
s (rl i 7)t-/o ar(s)ds - My o),

where M3(t) = dBi (s). Note that M3(¢) is a local martingale, whose quadratic vari-

0 1+w1x

ation is (Ms(t), Ms(2)) fo 1+W1x ds < ol ’t. Applying the strong law of large numbers to

local martingales leads to lim,_, o, 229 =0 a.s. By f; <11 — \/_ 71, one can get that
13 x(s) ds rl—b—l—fl—_lz
lim 22 > 2/m 2 >0 a.s.
t—00 t a
Analogously, we have
L) ds dS r —fy — 0-_22
lim 7'[0 k > lim fo k2+x(s 22/ >0 as.
t—00 t t—00 t bz
The proof is completed. d

Theorem 4.2 Suppose x(t), y(t) is the positive solution to Eq. (1.2) with initial value x(0) >
0, ¥(0) > 0, then:

(i) Ifri<2 ”Lfl ”1 P> fr+ 2 then x is extinct and y is persistent in the mean a.s.

(ii) Ifr1 <2,/ “Jl -4 <2,/ ,fzzva"; kzw , then both the populations x and y are extinct

Proof (i) Define Lyapunov functions Inx, by Itd’s formula, one can see that

! bixy h of
Inx(t) — Inx(0) = - - - - d
na(f) - Inx(0) /0 (rl hx x2+my? l+wxe 2(1+ wlx)z) §

t
—/ 2B,
o 1+wx
</t . _al(l+w1x—1)_ f ds—/t N
~Jo ! w1 1+wx o l+wx !

¢ a L é Lo
:/ rl——1(1+w1x)— S a ds—/ ! dB;.
0 w1 1+w1x wi o 1+wx

Integrating both sides from 0 to ¢ and dividing by ¢, one can see that

o Inx(t a .
lim ® <r- lfl — <0 as., thatis, limax(t)=0 a.s.
t—00 t w1 Wl t—00
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Hence, for arbitrary small ¢ > 0, there exist £y and a set Q. such that P(2;) > 1 — ¢ and
x(t)
ko +ax(t)

<egfort >ty and w € Q. Thus, for the equation

dy=y(r-2 P Ny O g
ky+x  1+wyy 1+ wyy
byy byxy f ) 02y
= - = - dt - dB,(t),
y(rz ko " (ky +x)ky 1+ woy 1+wyy 2

one can see that

b
dy = y(r2 by S )dt By, (4.2)
2
According to Theorem 4.1, it is easy to see that

2
2
i In y(z) > ky(ra —fo = 5) S

0 as.
t—o00 t b2

(i) Applying It6’s formula to Eq. (4.2), one can get that

b 2
dlny = rg—iy— f> - % dt — % dB,.
ky  T+wyy  2(1+wyy)? 1+ wyy
Similarly, this yields
Iny(t b b
lim ny()5r2_2 ?‘f2+ 2 <0 as.
t—00 t szz k2W2
The proof is completed. d

5 A sufficient condition for stationary distribution
In this section, we prove the existence of stationary distribution of the prey and predator
populations. The stationary solution means that it is a stationary Markov process which
shows that the prey and predator can be persistent and will not die out in the population.
For this purpose, we find the stationary distribution for solutions of system (1.2), which
in turn imply the stability in stochastic sense. Before proving the main theorem related
to the stationary distribution, we state a useful lemma from [30] which will be useful to
prove the theorem.

Let X(¢) be a homogeneous Markov process defined in the / dimensional Euclidean
space, denoted by E; and described by the following system of stochastic differential equa-
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tions:
k
dX(t) = b(X)dt + Yy g(X)dBi(0). (5.1)
s=1

Definition 5.1 ([15, 34]) Denote by P, the corresponding probability distribution of an
initial distribution y, which describes the initial state of model (5.1) at ¢ = 0. Suppose that
the distribution of X(¢) with initial distribution y converges in some sense to a distribution

7 =, (a priori ¥ may depend on the initial distribution y), i.e.,
tlim p, {X(t) € F} =7 (F)
for all measurable F, then we say that model (5.1) has a stationary distribution 7 (-).

The diffusion matrix is defined by [30],

k
AW) = (a5(x),  az(x) =) g@)gi(x).
s=1

We assume that there exists a bounded domain U C E; with regular boundary I', bearing
the following properties:
(P1) In the domain U and some neighborhood thereof, the smallest eigenvalue of the
diffusion matrix A(x) is bounded away from zero.
(Py) Ifx € E;\ U, the mean time t at which a path emerging from x reaches the set U is

finite, and sup, i ExT < oo for every compact subset K C Ej.

Lemma 5.1 If assumptions (P1) and (Py) above hold, then the Markov process X(t) has a
stationary distribution w(-). Let f(-) be a function integrable with respect to the measure
u(-). Then

T
Px{TlLH;o%/(; f(X(t))dt:/Elf(x)/L(dx)} =1 forallx<€E,.

To validate (P;), it is sufficient to prove that L is uniformly elliptical in U, where LV =

b(X)Vx + %, i.e., there is a positive number G such that

l
3 a4yl = GIEP forallxe € € R.

ij=1

To validate (P,), it is enough to show that there exist some neighborhood U and a non-

negative C2-function V such that, for any x € E; \ U, LV (x) is negative.

Theorem 5.1 Assumef, <r) —o? - %,fz < ry —a}. Then, for any initial value (xo, o) €
R?, there exists a unique stationary distribution u(-) for system (1.2), and it has ergodic

property.
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Proof We have known that for any initial value (x(0), y(0)) € R?, there is a unique solution
(x(2),y(t)) € R?. Define a C>-function V : R> — R, as

1 1
V=—+—+Inx+Iny+x+ (ks +x)y.
Xy

By Itd’s formula one may calculate the operator LV

1 b 2
LV=-——|rn-amx-— 1xy2_ S - %1
x x2+my> l+wx  (1+wx)?
i by h o5
y 2 ky+x  1+wyy (1+wyy)?
b 2
+ |\ —ax— 1%y — fl — %i
x2+my? l+wx  2(1 +wx)?
byy f o3
+ |- - -
kp+x  1+wy  2(1+wyy)?

+x<r1—a1x— bixy h >+(k2 +x)y(rz— bay f—2>

x2+my? 1+wwx ky+x  1+woy

bixy f )

x2+my>  1+wx

+xy<r1—a1x—

_f _g2_ b 2
r—h-oj 2m+a ;"2—f2—02+bz

= 1
x y ko
2 2 2
+ 11+ 1y —a1x” + rix — by —a1x”y + (r1 + ra)xy + rakay

b
r-fi-of- N —fh-02 awx* by
<- S _axX %Y e
x y 2 2

In fact, according to the proof of Eq. (2.3), there exists C5 > 0 such that

a1 x> byy?

2 by
——— X —— —ax Yyt ar+ — + 11+ 1y + (11 + ra)xy + rakyy < Cs.
2 2 /(2

To confirm the condition (P;) of Lemma 5.1, we consider the bounded open subset
Ue, = {(x,9) € R2Jer <x < i,ez <y< é}, where 0 < ¢; <1 (i = 1,2) is a sufficiently small

number. In the set I,[f1 , = R% \ Ue, ,, let us choose sufficiently small ¢; (i = 1,2) such that

b
) rl_ﬁ_alz_zj% a [ro—fo-0} by
€1 <min , 5 €9 < Mmin , .
1+ C5 2(1 + C5) C5 +1 2(C5 + 1)

For convenience, we divide U g ) into four domains

Uy ={xy) eR20<x<e}, U ={(xy) eR0<y <€},

1
U3={(x,y)€Rf‘xz 6—}, U4:{(x,y)€R3

1

< < — >
€ X ] .
1= — y

Clearly, US,, = Uy U U, U Us U Uy. Next, we will prove LV < -1 for any (x,y) € US

€1,2°
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Case 1. On domain U, we get

—f —g2_ b 2
n fl 0] 2Jm I”z—fz—O‘Z a)x bz_)/

LV < S A
x y 2 2
2 by
rn—-jh1-0y -5/~
_hmeiam
€1
<-1.
Case 2. On domain U,, one can see that
rl_fl_o-lz_szlW rn—f-0f ax* by’
LV <- - B A
x y 2 2
ry—fo— 0
<-2 f2= 0y +GCs
€2
<-1
Case 3. On domain Us it yields
”l_fl—alz—QbTIW ra—fo—03 awx*  by?
LV <- - B A
x y 2 2
-2
ap€
<-—1 4G
<-1
Case 4. On domain U}, one can get that
”l_fl—alz—QbTIW ro—fo—03 awx* by’
LV <- - B Y
x y 2 2
b -2
<22 ¢
2
<-1.
Consequently,

LV(x,y) <-1 forV(x,y) e U

€12’

that is, the condition (P,) holds.

On the other hand, we take U; to be a neighborhood of U, , with u, c R%. There is

1,2

M’ = min { 012x2 022)/2 }>O
et | (L +wix)? (1 +wyy)?

such that

0_2 2
g+ jjzy);%zM/nsn

2 o2x?
Z a;j(x,y)&:& = !

ij=1

1+ wix)?
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for all (x,y) € U, & = (&1,&) € R?, which means that the condition (P;) of Lemma 5.1 is
satisfied. Therefore, according to Lemma 5.1, we know that the system is ergodic and pos-
itive recurrent. And system (1.2) has a unique stationary distribution w(-). The conclusion

is confirmed. O

6 The existence of periodic solution of non-autonomous system
In what follows, we first recall a basic definition and introduce a lemma which gives criteria

for the existence of a periodic Markov process (see Khasminskii [30]).

Definition 6.1 ([30]) A stochastic process &(¢) = &£(t,w) (—00 < £ < +00) is said to be T-
periodic if for every finite sequence of numbers ¢;,%,...,t,, the joint distribution of ran-
dom variables & (¢, + ), & (¢, +h), ..., E(t, + k) isindependent of 1, where 1 = kT (k = 1,2,...).

Consider the integral equation

t k t
X(@) = X(t) + / b(s,X(s)) ds + Z/ cr,(s,X(s)) dé&.(s), (6.1)
r=1 Y10

to

where b(s,x), o,(s,%) (i = 1,2,...,k) (s € [to, T], x € R') are continuous functions of (s,x)

and for some constant B, the following conditions hold:

k
|b(s, %) - b(s,y)| + Z |0 (s, %),0:(s,%)| <Blx —yl,

r=1

(6.2)
k

|b(s,x)| + Z |o,(s,x)| §B(1 + |x|).

r=1

Lemma 6.1 ([30]) Suppose that the coefficients of (6.1) are T-periodic in t and satisfy con-
ditions (6.2) in every cylinder I x U, and assume further there exists a function V(t,x) € C?
which is T-periodic in t and satisfies:

(Q1) infiyr V(£,x) — o0,

(Q2) LV(t,x) < -1 outside some compact set.

Then system (6.1) has at least a T-periodic Markov process.

Theorem 6.1 If (ri(t) - f(t) — o2(¢) - 2%& >0, (r2(2) = fo(t) = 02(t)) 1 > O, then system

(1.3) has one positive T-periodic solution.

Proof By the same way as in Theorem 2.1 one can see that, for any initial (x, y) € R?, system
(1.3) has a unique global positive solution (x,y) € R?, we only need to verify the conditions
(Q1), (Q7) of Lemma 6.1.

Define a C*!-function V(x,5,£) : R> x R, — R, as follows:

@) ()
+
X1 X2

Vi(x,y,t) =

+Inx+Iny +x + (ko () + %)y,
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where
bi(2)
24/ m(t)
05(t) = ra(£) = fo(8) — 07 (8) = (r2(£) = fo(8) — 05 (2)) -

61(8) = () - fi(t) = o7 (1) -

—<r1(t)—f1(t) o705 J(i>

It is easy to show that 6;(t), 65(¢) are both T-periodic functions. Moreover,

liminf  V(x,y,t) > +00,
keoo,(x,y)eR% \Dg

where Dy = (%,k) X (%, k), which shows that (Q;) in Lemma 6.1 holds. Applying Itd’s for-

mula, we calculate

O by A o1 ()
LV = T — x <7'1(t) —dl(t)x - X2+ m(t)yZ - 1+ wl(t)x B (1 + Wl(t)x)2>
R Ly
y y U @ +rx 1wy (L+wa(0)y)?
bi(t)xy L) ot (®)
+ <r1(t) —ay(t)x - 2rmiy: l+m@x 20+ wl(t)x)2>
ba(t)y f(0) oa(t)’
’ (VZ(t) k@) +x 1+w(t)y 201+ W2(2)y)2)
by (t)xy L)
+ x<r1(t) —a(tr - :m(t))ﬂ 1+ ;’l(t)x)
by () (®)
+ (ka(2) +x)y(r2(t) - /<2(2t) +yx 1 Jrfsz(t)y>
by (t)xy Si(®)
+xy(r1(t) —ay(t)x - 22 +1m(t)y2 1+ ;/1(t)x)
61(2) b
< _e . (Vl(t) _fl(t) — glz(t) — 2\/1% - 91,(t)>

02(t)
PP S (20 -0 - 030 - 6,(0)

0(t)

+ Z—e +11() + 72 (t) — a1 ()% + m(D)x — laz(t)y2

2
+ (r1(®) + r2())xy + r2(Oka(O)y — a1 (Dxy

e (ry(2) - fi(t) - bl(t -0t (t)r e92(t)(r2(t) —f(t) =0 (t)r
x J
2

ar@t)x*  by(t)y

2 2

+ C6.

According to the proof of Eq. (2.3), there exists Cg > 0 such that

a1 (t)x* (O — bz(;)yz

b
a0 4 /_269(” +r1(8) + ra(t) -
2

+(r1(t) + rz(t))xy + 1y (ko (t)y — ay ()x*y < Ce.
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Consider the bounded open subset

1 1
Dy, = (x,y)‘fl <X<—,6<Y< — ¢,
' €1 €

where 0 < ¢; < 1 is a sufficiently small number. In the set D¢ 5 = = R%\ D, ,, let us choose

sufficiently small ¢; such that

élfmin{< @A - 2\/7_01(':)> ) ( @ )l},
Ce+1 2(Cs + 1)

o] (L2000 B0t ([ Y
C6+1 2(C6+1)

For convenience, we divide DGC1 ) into four domains:

D1={(x,y)eR3|O<x§el}, D2={(x,y)eR3|0<y§eg},

1
D3={(x,y)€Rf‘xZ—}, D4={(x,y)€Rf
€

1 1}
€ SX¥< —,y=—1.
1

€1 €

Clearly, D¢ 2 = =Dy U D,y U D3 U D,. Similar to the proof of Theorem 5.1, we obtain that
LV (x,y,t) < -1 for any (x,7,£) € qu

periodic solution. The result is confirmed. O

x R,. By Lemma 6.1, periodic system (1.3) has a

7 Numerical simulations and conclusion

In this paper, we have considered the basic features of a ratio-dependent predator—prey
model with Holling III type functional response and nonlinear harvesting in presence
of white noise terms to understand the dynamics in presence of environmental driv-
ing forces. Although we are considering a predator—prey model, the survival of preda-
tor species in absence of the prey population is justified as we have assumed that the
predators have alternative food source and their growth follows the logistic growth law.
For the autonomous system, we have established the existence of positive global solu-
tion of the stochastic model. Moreover, we show that the positive solutions are stochas-
tically bounded. The sufficient conditions for stochastic permanence, stochastic persis-
tence in the mean, and extinction are established. Then, by constructing some suitable
Lyapunov function, the existence of stationary distribution for both populations is es-
tablished under certain parametric restrictions. These parametric restrictions reflect the
idea that large amplitude environmental noise can destabilize the system, and in that sit-
uation one cannot find any stationary distribution. The result shows that stationary dis-
tribution does not rely on the existence and the stability of the positive equilibrium in
the deterministic system. There is a periodic phenomenon in a non-autonomous peri-
odic system: when (r1(£) = fi() = 07(8) = 5295)7 > 0, {ra(£) = fo(8) = 03(8))7 > O hold,
it follows from Theorem 6.1 that there ex1sts at least one T-periodic solution, which

means that the two species of prey and predator will coexist and exhibit periodicity in
the long run. Obtained analytical results are verified with supportive numerical simula-

tions.
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Figure 1 The leftis density function diagrams of system (1.2); the right is the solutions of stochastic system
(1.2) and its corresponding deterministic system (1.1) with initial value (x(0),y(0)) = (4.5,9). The parameters are
taken as Eq. (7.1) and oy =0.02, 0, =0.02, f; =0.06, f, = 0.06

For numerical simulations of the stochastic model (1.2), we choose the parameters as

1
ry = 05, a) = 0.1, hl = 0.1, m = 4, w1 =—, ry = 05,
6
1 (7.1)
b2 =0.5, k2 =5, and Wy = g

Then we take account of the white noise and the catchability coefficient which have
effects on the prey and predator populations. The numerical scheme obtained through
Milstein’s method applied to the stochastic model under consideration is given by

bixy; ; i
Kig1 =X +x;[r1 — a1x; — ng;yylz - 1+J:l],1x 1:7;/’;;; VALE + 13:1; 5 (£ — 1)At,
bayi f owi /A o3y
Yier =i + yilra - Tpin; W ~ Trway; Atn; + 2(1+12/vzy 2 (m -1)Ag,
where §; and n; (i = 1,2,...,n) are independent Gaussian random variables which follow
N(0,1) [35].

We start our numerical simulation with environmental forcing intensities o; = 0.02,
o, = 0.02, catchability coefficient f; = 0.06, f, = 0.06 and starting from the initial point
(4.5,9). It is easy to verify that all conditions in Theorems 3.1, 4.1, and 5.1 hold, and SDE
model (1.2) is stochastic permanence, persistence in the mean and existence of station-
ary distribution. Results of one simulation run are reported in Fig. 1. We observe that,
after some initial transients, the population densities fluctuate around the deterministic
steady-state values 4.55 and 9.08, respectively. The stationary distribution of the prey and
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Figure 2 The leftis density function diagrams of system (1.2); the right is the solutions of stochastic system
(1.2) and its corresponding deterministic system (1.1) with initial value (x(0),y(0)) = (4.5,9). The parameters are
taken asEq. (7.1)and oy =0, =02, =£ =0.06

Stochastic Stochastic
— — — Deterministic 8 — — — Deterministic| {

y(t)

100 150 200 250 300 100 150 200 250 300
time time

Figure 3 Numerical simulation for system (1.1) and (1.2) with initial value (x(0), y(0)) = (4.5,9). The parameters
are taken as Eq. (7.1) and o7 = 0, = 0.2, fi = f, = 0.6 shows that both prey and predator populations go to
extinction

predator population is also provided in Fig. 1. From stationary distribution of two popula-
tions, it is clear that they are distributed normally around the mean values 4.55 and 9.08,
respectively.

Next we increase strengths of environmental forcing to o; = 0.2, o3 = 0.2, and the catcha-
bility coefficient does not change. It is easy to verify that parameter values chosen above are
consistent with the conditions required for Theorems 3.1, 4.1, and 5.1. We know that there
is a unique stationary distribution and again we observe that the population distribution
fluctuates around the deterministic steady-state value, but the amplitude of fluctuation is
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more compared to the earlier case. This fluctuation is also reflected at the stationary dis-
tribution as the prey population is distributed within (2,7) and the predator population
within the range (6,12) (see Fig. 2). From Figs. 1 and 2, we conclude that, as the noise
intensity decreases, the variability of the stochastic model decreases and approaches the
deterministic model dynamics.

If we choose 07 = 0.2, 03 = 0.2, f; = 0.6, and f, = 0.6, then the second condition of The-
orem 4.2 will be satisfied. As a result, the prey as well as the predator population go to
extinction (see Fig. 3). It tell us that overharvesting will lead to the depletion of the popu-
lation.

For numerical simulations of the stochastic model (1.3), we choose the parameters as
follows:

r1 = 0.5 +0.002 sin(), a; = 0.1 + 0.002 sin(t), b1 =0.1 +0.002sin(z),

1
m =4+ 0.002 sin(t), wy = g +0.002 sin(t), ry = 0.5 + 0.002 sin(z),

1
by = 0.5 + 0.002 sin(z), ko =5+ 0.002sin(t), Wo = g + 0.002 sin(¢),

f1 =0.06 + 0.002sin(z), f>=0.06 +0.002sin(¢),

and the initial values are taken as (4.5,9). Then we use different values of o1, o3 in order to
understand the role of the noise strength on the resulting dynamics for system (1.3). We
start our numerical simulation with two different noise intensities:

(i) o1 = 0, 03 = 0; (ii) o7 = 0.001 + 0.0001 sin(z), o = 0.001 + 0.0001 sin(z). It is easy to ver-
ify that all conditions in Theorems 4.1 and 6.1 hold, and SDE model (1.3) is stochastically
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persistent in the mean and has a periodic solution. Results of one simulation run are re-
ported in Figs. 4 and 5. One can see that, for any positive initial value, the solution of the
deterministic system will enter the periodic orbit after a period of time, and the solution
of the stochastic system is fluctuating in a small neighborhood of the periodic orbit when
the noise intensity is small.

Results of simulations run reveal that the forcing intensity of fluctuating environment

and catchability play a crucial role behind the survival of prey and predator species.
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