Nonlinear Dyn (2021) 106:2761-2780
https://doi.org/10.1007/s11071-021-06903-4

®

Check for
updates

ORIGINAL PAPER

Rich dynamics in a stochastic predator-prey model with
protection zone for the prey and multiplicative noise applied

on both species

Mustapha Belabbas - Abdelghani Ouahab -
Fethi Souna

Received: 1 April 2021 / Accepted: 10 September 2021 / Published online: 22 September 2021
© The Author(s), under exclusive licence to Springer Nature B.V. 2021

Abstract In this manuscript, a new approach of a
stochastic predator-prey interaction with protection
zone for the prey is developed and studied. The consid-
ered mathematical model consists of a system of two
stochastic differential equations, SDEs, describing the
interaction between the prey and predator populations
where the prey exhibits a social behavior called also
by “herd behavior.” First, according to the theory of
the SDEs, some properties of the solution are obtained,
including: the existence and uniqueness of the global
positive solution and the stochastic boundedness of the
solutions. Then, the sufficient conditions for the persis-
tence in the mean and the extinction of the species are
established, where the extinction criteria are discussed
in two different cases, namely, the firstcase is the sur-
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vival of the prey population, while the predator popu-
lation goes extinct; the second case is the extinction of
all prey and predator populations. Next, by construct-
ing a suitable stochastic Lyapunov function and under
certain parametric restrictions, it has been proved that
the system has a unique stationary distribution which
is ergodic. Finally, some numerical simulations based
on the Milstein’s higher-order scheme are performed
to illustrate the theoretical predictions.
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1 Introduction

In natural ecosystems, the dynamic interaction between
the predator and the prey has long been and will con-
tinue to be one of the most attractive field in mathemat-
ics due to its existence and importance in mathematical
ecology. The preservation of the balance in an ecosys-
tem is necessary for the ecologists. It depends on differ-
ent relationships between organisms in nature, which
can be divided into several forms such as competition,
symbiosis, predator-prey interactions and so on. One
of the first models describing the interaction between
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species was developed in the 1920s, independently by
the American Alfred Lotka [31] (1880-1949) and the
Italian Vito Volterra [44] (1860-1940), and is known
as Lotka—Volterra or predator-prey model. Through-
out the last century, several researchers are interested
in the mathematical ecology area [1,2,39,40,42,43].
They have proposed and studied several ecological phe-
nomena between species through models of ordinary or
partial differential equations which describe the inter-
actions between these species in nature. The results of
these studies can determine and predict the behavior of
the living beings in nature which provides enough time
to ecologists to give an appropriate control strategy that
yields to avoid extinction of the living beings.

In terms of mathematical modeling, the global
dynamics of predator-prey systems can be affected by
many factors such as death rate, birth rate, time delay
and so on. One crucial component to describe the rela-
tionship between the prey and predator populations
is the predator-prey interaction (also called functional
response). This latter one can be classified into many
different types such as Holling I-IV types, Hassell-
Varley type, Crowley—Martin type, and Beddington—
DeAngelis type and so on. In savanna forests, most
domestic species live in huge groups permanently and
establish stable social relationships, such as elephants,
zebras, buffaloes, bees, deers and others. This behav-
ior gives them various advantages, where the weakest
preys will be inserted in the interior of the herd and the
strongest ones take the position in the exterior corri-
dor of the herd. This strategy may reduce the predation
rate thanks to the protection zone formed by the prey. In
addition, it increases the vigilance for the prey against
the predator, which causes confusion for the predator
and distracts the predator from his target. Furthermore,
the social behavior improves the method of locating
food, and also it contributes to the process of promot-
ing feeding to different herds through the exchange of
information regarding the location of food or how to get
it. The first mathematical approach of the social behav-
ior has been offered by Venturino et al. [1], where they
have supposed that the interaction between the prey
population and the predator population is done only
on the outermost of the herd formed by the prey. It
is equivalent to say that the number of the captured
prey by a successful predator attack will be propor-
tional to the density which is on the boundary of the
herd. This latter leads to a new functional response in
terms of square root of the prey density. Later, Braza
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[2] takes in the account the average time for the preda-
tor to process the hunted prey, where he investigate
with a new interaction functional with a square root by
using an approximation of a classical Holling II func-
tional response. The phenomenon of the herds for the
animals tempted many researchers, which enriched the
environmental and ecological field. We refer the read-
ers to papers [3,4,39-43,47].

Besides, the prey herd’s shape changes from one
species to another depending on the physiological and
sociological characteristics that control the behaviors
of living beings. However, the way at which the ani-
mals interact with their environment, the number of
their individuals as well as their individual efficiency,
all of these factors and more will determine how the
prey form their herd. The concept of herd shape for
animals was modeled and introduced for the first time
by Venturino et al. [43], where they generalized the
interaction between the prey and the predator in both
cases 2D and 3D of herd’s forms with a new functional
response in terms of a new parameter which models
the shape of the herd. For better explanation, we con-
sider the following deterministic model that has been
introduced in [43]

d u(t)
—u(t) = pu(t) <1 — —) —u®*(Hv(t),
av(t) = —nu(t) + edu®(t)v(t),

where u(¢) and v(t) stand for prey and predator den-
sity at time ¢, respectively. p is the intrinsic growth rate.
k is the environment carrying capacity for the prey. n
represents the natural mortality rate for the predators.
§ stands for the predation rate of the prey population. e
is the conversion rate of the prey density to a predator
density, and 0 < o < 1 represents the rate of the prey
herd’s shape. For the biological relevance of the param-
eter o, we consider a simple example for the case of
2D herd shape. We assume that the prey form a group
in R? with some regular shape such as the circles or the
squares, and we find that the number of the captured
preys by the predator will be proportional to the square
root of the prey population density (i.e., « = 1/2).
We consider of course the interaction between the two
species that affects mainly the prey individuals which
are in the boundary of the herd. Clearly, the regular
forms do not only exist in the case of 2D, however, in
the case of 3D such as birds or sardines, where the
prey forms a regular form (cube, sphere andso on).
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Fig. 1 Impact of the prey herd’s shape rate o on the quantity of
the captured prey by one predator for different values of « where
§=05, =1

Then, the consumed prey by a predator will be pro-
portional to u?/3, Obviously, for « = 1, model (1.1)
turns into the classical predator-prey model of Lotka
and Volterra [31,44]. In these last years, model (1.1)
is widely studied by several researchers. In [47], the
authors obtained the global dynamics of model (1.1).
They discussed the singularity near the original equilib-
rium point. Further, the dynamical behavior of model
(1.1) has been investigated in the presence of spatial
diffusion in [14]. More recently, the author in [13] has
proposed a new approach of system (1.1) with Holling
II functional response as follows

o
Loty = putny (1- @> SRR GLOS
dt k 1+ §tpu®(t) (1.2)
eSu“(t)v(r)
1+ Stpu(t)’
We mention that the parameters of model (1.1) remain
the same for model (1.2) and the new parameter #; rep-
resents the time spent by predator in handling with the
prey (please see [2, 13]). The main interest in [13] is to
study the impact of the herd shape rate o on the global
dynamics of model (1.2) with the presence of the time
delay. In addition, the author has proved that the time
delay plays an important role on the stability of the
equilibria which gives a rich dynamics such as Hopf
bifurcation and transcritical bifurcation (Fig. 1).

In the real-life situations, all ecological processes
are inevitably affected by environmental noise which
represents an important parameter in an ecosystem;
however, the mathematical modeling of ecological phe-
nomena by a deterministic approach gives limitations
in terms of results, which leads to difficulties in fitting
of data and predicting the future dynamics of the sys-

d
EUO) = —nu(t) +

tem precisely. Up to now, a large number of researchers
have introduced a stochastic environmental variation
using the Brownian motion into parameters in the deter-
ministic model to construct a stochastic predator-prey
models, which has been considered as a stochastic fluc-
tuations. For more details on the stochastic predator-
prey models, May [34] emphasizes out that due to con-
tinuous environmental fluctuation, the parameters in
a systems such as the birth rates, carrying capacity,
death rates and so on exhibited random fluctuations to
a great or lesser extent. Zhang et al. [49] considered
a stochastic predator-prey model with hyperbolic mor-
tality and Holling type II functional response in which
they founded sufficient conditions for the existence and
uniqueness of an ergodic stationary distribution and
derived sufficient conditions for extinction of the preda-
tor populations. Jingliang and Wang [20] have deeply
discussed the persistence, permanent and extinction
of a stochastic model of a predator-prey system with
Holling-type II functional response. Sengupta et al.
[38] examined a stochastic nonautonomous predator-
prey system with Holling-type III functional response
and predator’s intra-specific competition where they
obtained the stochastic permanence. Liu and Bai [25]
established the sufficient and necessary criteria for the
existence of optimal harvesting strategy for a stochas-
tic predator-prey model. In the literature, the kind of
stochastic predator-prey interaction was widely used,
and we refer the readers to [5,8,9,11,12,17-19,26—
30,33,45,46,48-50].

Motivated by the above-referred works and inspired
by the work in [13], we introduce a random fluctua-
tion to system (1.2). Our principal topic is to prove
that the random fluctuations can completely change the
dynamics generated by model (1.2), where in this case
the extinction of both species occurs. There are many
methods to establish the stochastic fluctuations into
dynamical systems. One of the most used approach was
adopted in [20,28,30,37]. We suppose that the intrinsic
growth rate of prey and the death rate of predator are
mainly affected by environmental noise such that

where W;(t)(i = 1,2) are the mutually indepen-
dent standard Brownian motions with W;(0) = 0. 8
and y are positive and represent the intensities of the

@ Springer



2764

M. Belabbas et al.

white noise. The stochastic predator-prey version cor-
responding to model (1.2) takes the following form
_ u(t) Su®(t)v(r)
du(t) = [pu(t) <1 — T) — m] dr + Bu(t)dW, (1),
edu® (t)v(t)

dv(®) = [7"”(') Y o)

]dz + yv(t)dWa(t).

(1.3)

For our best of knowledge, the dynamics of stochas-
tic predator-prey model (1.3) has never been studied.
The present paper is organized as follows. In Sect. 2,
some results on the stochastic differential equations
have devoted which have been used in the rest of sec-
tions. In Sect. 3, the properties of stochastic predator-
prey model (1.3) have been established including: the
global existence and uniqueness for stochastic bound-
edness of positive solution by using the 1t6’s formula
and the comparison theorem of stochastic equations.
The persistence and extinction criteria of the species
are discussed in Sect. 4, where the sufficient conditions
for extinction in two case as well as the persistence of
the species have been obtained. In Sect. 5, the existence
and uniqueness of an ergodic stationary distribution of
the positive solutions for system (1.3) have been proved
under certain parametric restrictions. Several numeri-
cal simulations are offered in Sect. 6 to support the
theoretical results. Finally, conclusions and discussions
ended this paper in Sect. 7.

2 Preliminaries

For the purpose of simplicity, it is necessary to give
some concepts and basic theory on the stochastic differ-
ential equations which are inspired from [32] and then
used in the rest of this paper. Let (2, F, {F;}s>0, P) be
a complete probability space with a filtration {F;};~0
satisfying the usual conditions (i.e., it is increasing and
right continuous, while F( contains all P—null sets).
Also we let W;(¢) be a mutually independent standard
Brownian motions defined on the complete probabil-
ity space (2, F, {F;}i>0, P) for i = 1, 2. Define the
following n-dimensional Euclidean space

R’j_:{U:(ul,...,un)eR":uj>0, I <j=<n}
and

@1:{U:(u1,...,un)eR":ujzo, 1<j<n}

Lemma 2.1 (1t6’s formula [32])

@ Springer

Consider the n-dimensional Markov process take the
following stochastic differential equation

dU(t) = f(U@))dt 4+ g(U())dW(z), for t > 1o,
2.1

where U0) = Uy € R" is the initial value and
W (t) represents the n-dimensional standard Brown-
ian motion defined on the complete probability space
Q. FAF)=0.P). f € L*RyRY, g €
L>(Ry; R™™) are measurable functions. Denote by
C?(R"; Ry) the family of all nonnegative functions
V(U(t),t) defined on R" such that they are contin-
uously twice differentiable in U. Then V(U (t),t) is
again an Itd’s process with the stochastic differential
equation given as

dV(U(@),t) =LV U(t), t)dt
+VuU@),)gU @AW (t), for t>1ty, (2.2)

where L is the differential operator of Eq. (2.1) defined
in[32] as

n
d
L=} filU,n5-
i=1 !

2

+3 3 [¢"W.ngw.n]

. 23
[ 8U,-8uj ( )

i,j=I
Then, we have
LVU@),t) = Vi(U), )+ VyU@),1) f(U)

1 T
+§trace [g O)Vyy U@, t)g(U):| )

(2.4)
where
AV (U, 1)

V[(U,t)zT, Vy (U, 1)

_ (VU D AV (U, 1) VouW.

- aUl EER AR AR aUn 9 UU 9

B <82V(U, t))

A;U; ),

Definition 2.2 [15] The transition probability func-
tion P(v, y,t, N)) is said to be time-homogeneous
(and the corresponding Markov process is called time-
homogeneous) if the function P(v, y, +v, N) is inde-
pendent of the variable v, where 0 < v <t¢, y € R"
and N € B with B is the o-algebra of Borel sets in
R".
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Putting

k
dZ(t) = f(Z(), t)dt + Z g;(Z(Z‘), l‘)de(l‘)dW(l‘),
c=1
(2.5)

where Z(t) is a regular time-homogeneous Markov
process in R”.

The diffusion matrix associated with the process
Z(t) is given as

k
A(2) = (bi j(2)). bij(2) = Y glgl. (2.6)
c=1

52X (@)

3.1 Existence and uniqueness of the global positive
solution

Since u(t) and v(¢) denote the population densities of
the prey and the predator, respectively, then, we are
only interested in the positive solutions. Thus, we have
the following theorem.

Theorem 3.1 For each initial values (u(0), v(0)) €
Ri, there exists a unique positive local solution
(u(t), v(t)) of system (1.3) for all t € [0; t.) almost
surely (a.s.), and the solution remains in Ri_ with prob-
ability 1 where t, is the explosion time.

Proof Putting

X(@) =Inu(), Y@) =Inv(r),

then from the Itd’s formula [32], system (1.3) can
be written as

2 X(1)
dX (1) = [X(t) <p . %) — Wey(l)] dr + BAW, (1),

e5e?X ™)

[y _ 7P _ese?X®
dY(t) - [ ne 2 + l+é‘[heozX(t)

]dt FydWa (1),

3.1

Lemma 2.3 [15] We said that the Markov process Z (t)
has a unique ergodic stationary distribution x(.) if
there is a bounded domain E C R" with regular bound-
ary I' and the following properties hold:

(Py) : There exists a positive number ¢ such that

> bij(REE]

ij=1
> CIg]%, z € E, £ e R".

(P2) : There is a nonnegative C 2—ﬁmction denoted
by V such that LV is negative for any R, \ E.

3 Properties of the solution

In this section, according to the best result in [18], we
prove that model (1.3) is well-posed in the sense that
for any pair of positive initial value (#(0), v(0)), sys-
tem (1.3) has a unique global solution which remains
positive and bounded. By using the Lyapunov analysis
method [6-8,26], we show that the solution is global.
Next, we analyze the boundedness of the state variables
u and v.

with the initial values X (0) = Inu#(0), Y (0) = In v(0).
It is easy to see that the right-hand side of the above
system satisfies the local Lipschitz condition; then, for
any given initial values X (0) > 0, Y (0) > O there is a
unique maximal local solution (X (¢), Y (¢)) for all t €
[0; T.) where 7, is the explosion time of the solution.
Now, using the 1t6’s formula [32], we obtain u(t) =
eX® and v(r) = ¥ ® as the positive local solution of
system (1.3) with the initial value #(0) > 0, v(0) > 0.
The proof is completed. O

Now, we focus on proving the global existence of
the solution for our proposed model (1.3). For this task,
we only need to prove that 7, goes to the infinity (i.e.,
T, = 00); then, we have the following theorem

Theorem 3.2 For each (u(0),v(0)) € RZ, there
exists a unique positive global solution (u(t), v(t)) of
system (1.3) for all t > 0 almost surely (a.s.), and the
solution remains in Rﬁ_ with probability 1.

Proof Let m( be a sufficiently large nonnegative inte-
ger number, such that #(0) and v(0) lie inside in the

interval [—, mo]. For any integer m > mg, we can
m

0
define the following stopping times as [32]

T, = inf {t € [0; ) :u(t) ¢ (%m) or

@ Springer
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1
v(t) ¢ (;’ m)} : (3.2)

Obviously, 7, increases when m —> o0. Set 7o =

lim t,, with 7o, < 7, a.s.. Next, we only need to
m——+00

prove that to, = 00, then 7, = oo for which we obtain
(u(t),v()) € R%r a.s. for all + > 0. If this statement is
not verified, then there exist 7 > O and € € (0, 1) such
that

P(teo <T) > €. 3.3)

Consequently, there is an integer m; > mg such that

P(t,, <T) >e€, forall m>mj. (3.4)
Now, let
1
Vu,v)=u—1—Inu+ —(v—1—1nv) 3.5)
e

be a C? function. It is not difficult to prove that
V(u,v) > Oforall (u, v) € Ri. This statement comes
from the following inequality

u—1—Inu>0, Yu > 0. (3.6)
Using the It6’s formula [32] yields
dV(u,v) = LV (u,v)dt + B(u — 1)dWi(¢)

+yé(v — 1dWa(1), (3.7)

from the definition of the operator L given in Sect. 2,
a straightforward calculation gives

P 5 P du®*v
LV =pu—"u*—p+"-u+ —
o T T T S st
é
ul=2(1 + 8tpu®) e e
Su®v n Su®
14 §tju® 1+ Stpu®
1 2 1 2
+2ﬁ +o.r5
k+1 o
L PEED e, W
k k 1+ §tpu®
n 1, 1 5
+e +2ﬂ +2ey ’
pk+1) p oo 1
< g —
=T TR
n 1o 1 5
+g +2ﬁ +ZeV )
2
_pk+D) +l
- 4k th
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1 1
+1 4B 2
e 2

2e
S M1
where
plk+1)2
I
MER+
pk+1) P o
—u——uy,
k k

and M is a positive constant. Then we have
dV(u,v) < Mdt + B(u — 1)dWq(¢)
+y (v — 1DHdWa(2). (3.8)
Now, integrating both sides of the above inequality
from O to 7, A T and take the expectation on both
sides leads to
EV(u(tu AT), V(tm AT))
= V(u(0),v(0) + ME(ty A T), (3.9)
which gives
EV@u(tnm AT), V(tm AT)) =V (u(0), v(0)) + MT,
(3.10)
where t,, AT = min{z,,, T}. Taking @, = {7, < T}
form > mj and from (3.4) we obtain P(£2,,) > €. Note
that for any w € €2,, there exists u(t,, w) or v(T;,, )

equals either m or % Hence V (u(t,,, ), v(ty, o)) is
no less than

1 1
min{m—l—lnm, ——l—ln—}.
m m

(3.11)

Therefore
Vu(tm, o), v(ty, o))

Z(m—l—lnm)A(l—l—lnl>. (3.12)
m m

So, using inequality (3.2), we obtain
V(0),v(0)) + MT > E[lg,, )V u(tm, ®), v(ty, 0))]
Ze(m—l—lnm)A(l—l—lnl), 3.13)
m m
where I, represents the indicator function of €2, . Tak-
ing m — 0o, we get
oo > V(u(0),v(0)) + MT = oo, (3.14)

which gives a contradiction. Hence, we must have
Too = 00 and consequently the solution of system (1.3)
exists for all # > 0. This completes the proof of Theo-
rem 3.2. O
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3.2 Stochastic boundedness

Biological validity of a mathematical model is decided
by its boundedness. The nonexplosion property in a
population dynamical system is often not sufficient.
However, the ultimate boundedness property is more
desired. Now, we establish the theorem which gives us
almost sure eventual boundedness of the solutions. To
this end, we first give the definition of stochastic ulti-
mate boundedness which is one of the most important
topics in population dynamics

Definition 3.3 (see [23]) The solution U () = (u(z),
v(t)) of system (1.3) is said to be stochastically ulti-
mately bounded, if for all @ € (0; 1), there exists a
positive constant A = X(a), such that for each initial
value U (0) € R?, the solution U (¢) satisfying the fol-
lowing property

lim supP{|U ()| > A} < a. (3.15)
1—>0o0

Theorem 3.4 For all initial value (1(0), v(0)) € R2,
the solutions of system (1.3) are stochastically ulti-
mately bounded.

Proof Let (u(t),v(t)) be any solution of system
(1.3). From Theorem 3.2, we know that the solution
(u(t), v(t)) will remain in Rﬁ_ forallt > 0, a.s.. Now
define the two Lyapunov functions
F(u,v) =¢u?, G(u,v)=ev”, with

(u,v) € R% and p > 0. (3.16)
From the It6’s formula [32] and system (1.3), one can
obtain
d(e'uP) = e'uPdr + pe'uP~du

_ t, . p—1
B TR

s a—1
= eluPdr + petup_l |:/’ - pkl N 1-|Lfsth:°‘i| dr
1
+5p(p - De'u? g2dt + pe'uP AWy (1),

=etup{1—{—p[p—ﬂ

k
su®ly
1+ §tpu®
—1
+%52} dr -+ pe'uP BAW, (1),

with a similarly calculation, we get
eSuv i|

de'v) =ev {1+ p|—n+—"
(e'v?) ev{ pl—n 1T snuc

dt + pe'vPydWs(1).

pip—1 ,
T }

Then, we have

80{—1
LF:e’u"{1+p|:,o—ﬂ - vi|

k 1+ 8tpue
-1
+—p(p2 )ﬂz} < My,
and
LG =ev{1+p _n+—e8u°‘v
1+ Stpu®
—1
+p(p2 )yz}stet’
where
1 p+1
K\ [ THep 5"+ S p(p = DB
(2
P p+1

e\* 1 5
p[1+er+(—) +5p(p—-DB
( 1 ) th 2
My =|—

m p+1
Hence, we have
e'E[uP] — E[u?(0)] < Mje' and ¢'E[v?]

—E[v?(0)] < Mae'.
This leads to

lim supE[u?] < M| < oo,
11— 00
lim sup E[v”] < M, < oo.
11— 00
Now, for U(t) = (u(r),v(r)) € RZ, we have
|U(1)|? < 2P/?>(uP + vP) which gives
tlim sup E[|U ()|P] < M3 < o0,
—00

where M3 = 2P/2(M| + M5>).
1/p
For any a > 0, taking A(a) = (%) and apply-
ing the Chebyshev inequality yield
PIU®| > 2}
q
_ EIV@I 1
- AP(a)
Thus
lim P{|U(z)| > A}
1—>00
< M3 =a
— AP(a)
This leads to required assertion (3.15). The proof of
Theorem 3.4 is completed. O

@ Springer
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4 Discussion on the persistence and extinction
criteria

In this section, we shall discuss the case of the per-
sistence and the extinction of the two population (the
prey and the predator) for our proposed model (1.3),
where we shall try to give the sufficient conditions
which determines the extinction and the persistence of
stochastic predator-prey model (1.3). Firstly, we study
the extinction scenario in two situations, the first case
is the prey population survival where the predator pop-
ulation goes to extinction, the second case is all the
two species will die out. Before proceeding with the
analysis, we give the following definitions.

Definition 4.1 [49]

G It tlim u(t) =0, a.s., then the prey density u(z) is
—00
said to be extinctive almost surely.
(i) If tlim v(t) = 0,a.s., then the predator density
—00

v(t) is said to be extinctive almost surely.

Now, we give the fundamental lemma which will be
used in the following

Lemma 4.2 [17, 18] Define the following one-dimensional

stochastic differential equation

dU @) = pU (@) <1 ())dt—l—,BU(t)dWl(t) 4.1)
where p, k and B are positive, and W\ (t) is standard
Brownian motion. Then we have the following asser-
tions

2
o ifp < ﬁ—, then we have lim U (t) = 0.
22 1—00
o ifp> ’37 then we have
InU(t
lim nvw =0,a.s.,
t—00 t

1 kp?
lim —/ U(s)ds—k—i
2p

t—oo
Theorem 4.3 Assuming that
/32
7 5
andlet (u(t), v(t)) be a positive solution of system (1.3)

with the initial condition (u(0), v(0)) € R3.
Putting

2 00
A:—n—%%—eS/(;

@ Springer

H):p >

MOZ
—— x(u) du.
1 + dtpu® x (@)
If A <0, then we have
lim v(t) =0, a.s.,
[—00
which means that the predator density goes to extinc-
tion with probability one. In addition, the distribution
of u(t) converges weakly a.s. to the measure which has
the density

® -2+ _2
X(u)=ﬁu BT u e (0; 00),

where

BN
o= 5(%)
2p -1
-]

o
is a constant satisfying / x(w)du =1 and U is the
0
gamma function.

Proof Consider the following 1-dimensional stochas-
tic differential equation

dU (1) = pU (1) (1 _ %) dr + BU(1)dW, (1),
U(0) = u(0).
4.2)
Putting
g =pu (1= 2). B = pu, u e (0:00).
By a straightforward calculation we get:
8(s)
B2
o o
[ (5 k?) v

o p
:Flns—]("ﬁ—}—@

Therefore,

8(s)
/ sz 48
o))
= €< /32 e kﬂz .

Then, from Theorem 1.16 in [22] it follows that Eq.
(4.2) has the ergodic property and the invariant density
is given as

2p
/32

xw) = -5
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e(_%>, u € (0; 00), (4.3)

where

2,
1 kg2
o= (£ r
B2\ 20

ERR

satisfying

f x(x)dx =1,
0

with

t
l/ u(s)ds
tJo

= /Ooux(u)du, a.s. (4.4)
0

Using the comparison theorem of 1-dimensional stochas-
tic differential equation [36], we obtain

u(t) <U(@), Yt >0, a.s. 4.5)

Now, applying the It6’s formula [32] to In v(¢) for the
second equation of system (1.3) and using (4.5), then
we obtain
2 o
y edu”* (1)
dlnv@) =-n— —4+ ——
nv() < " T T s
+ydWa(1)

2
S(—n—%+

+ydWa(1).

U\
1+ 814U (1)

For both sides, integrating the above equation from 0
to ¢ and dividing by # gives
Inv(r) : In v(0) <—p

1 t
+e§—/
t Jo
U%(s) No (1)
s ’
14 8t,U%(s) t
t
ydWa(s)ds is a real-valued con-

(4.6)

where Ny (t) =

0
tinuous local martingales. According to [24], we have

lim % = 0, a.s.. Next, taking the superior limit on
1—>00

both sides of (4.6) and using Lemma 4.2 together with
(4.4), we obtain

Inv(t)

lim sup
—>00

yz
< —n—"—+ lim suped
2 t—00
1/’ U*(s)
- ——ds,
t Jo 146t,U%(s)

2 0o
S_n_%+€6/0

o

5 s x () du,

=A<0, a.s.,
which leads to the extinction of the predator species,
ie., lim v(t) =0,a.s..
11— 00

Now, for a sufficiently small €; > 0 there exists
and a set ¢, C 2 such that P(Q2¢,) > 1 — € and

Su®v
— < $u®v
1+ §tpu®
< Sequ®, fort

>tand w € Q.

From

[pu (1 - %) — 561u°’] dr
1 BudW; (1) < du < pu (1 - %) dr + BudW, (o),

we obtain that the distribution of the process u(#) con-
verges weakly to the measure with the density . The
proof is complete. O

Theorem 4.4 Assume that p < ’372 and eb < VTQ hold.
Then for any initial condition (u(0), v(0)) € Ri the
two species die out, where the solution (u(t), v(t)) of
system (1.3) will be extinct exponentially with proba-

bility one.

Proof Applying the Itd’s formula [32] to the first equa-
tion of system (1.3), implies that

2
dlnu(t) = [—’% +p (1 — %)
_5u°‘_1(t)v(t)
1+ 8tju® (1)

Integrating the above equation from 0 to # and dividing
by ¢ on both sides of (4.7), we obtain

Inu(t) — Inu(0)
— =

} dt + AW, (). (4.7)
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a—1
Wit
™ ()v(s) + B 10
1+ dtpu®(s) t
Using the strong law of large numbers for local mar-
tingales [24], we get

Wi () —0.as

(4.8)

lim

t—00 t

Taking the superior limit on both sides of equation (4.9)
gives

lim sup
1—>0o0

Inu(r 2
nu) <,o—'3—<0,a.s.,
t 2

which leads to

Iim u(t) =0, a.s.
11— 00
Application of It6’s formula [32] to In v(¢) yields
2
Y
dlnv(t) = |—n— —
nu(r) [ -
eSu®(t)
1 4 Stu®(t)
+ydWa (1), 4.9)
From tlim u(t) = 0, a.s., there exists 7o > 0 such
—00
that u(t) < € for t > Ty. Hence, we get

2

14
dlnv(t) < | ——
nv()_|: 2

n ede” ds
1+ 8tje®
+ydWa(2),

y2
< <—7 +€3> dt + ydWa ().

Integrating the above inequality from O to ¢ and dividing
by ¢ on both sides, we obtain

Inv(t) —Inv©0)  y?
t T2

Wao(t
+ed +y Zt().

(4.10)
Applying the strong law of large numbers for local mar-
tingales [24], we obtain
. Wa()
lim =

—0o0 t

0,a.s.

@ Springer

Taking the superior limit on both sides of (4.10), then
we have

. Inv(t)
lim sup
t—00 t

)/2
< -5 +ed <0, a.s.,

which gives

lim v(t) =0, a.s.

1—>00

This completes the proof of Theorem 4.4. O

Remark 4.5 (i) According to Theorem 4.3, one can
easily show that A is the critical value between
the extinction and the persistence in the mean for
the predator specie. Moreover, from Lemme 4.2, if
A < 0, we obtain

lim
11— 00

1! kp?
—/ u(s)ds:k—i,a.s..
t Jo 2p

(ii) Theorem 4.4 shows that if the white noise inten-
sities take a big values, then all both species are
die out. On the other hand, stochastic predator-prey
model (1.3) will be persistent if the white noise
disturbances are small enough. This assertion can
easily be seen from Theorems 4.3 to 4.3.

lim v(t) =0, a.s.,
—00

5 Existence of ergodic stationary distribution

In this part, according to the theory of Has minskii
[15] and using the Lyapunov function method we try to
prove that under certain sufficient conditions, stochas-
tic predator-prey model (1.3) has a unique stationary
distribution which is ergodic

Theorem 5.1 Suppose that

2 2
%+%<p—n, and p > n,

then for any initial condition (u(0), v(0)) € R2, sys-
tem (1.3) has a unique stationary distribution x(.)
which has the ergodic property.

Proof In order to prove Theorem 5.1, we only need
to verify the two assumption (Py) and (P2) in Lemma
2.3. We first begin by proving the validation of the first
condition; then, the diffusion matrix of system (1.3) is

_ B> 0
B_< 0 y2? )"
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It is not difficult to see that there exists a positive con- [2’ — ﬁuz — v "
stant b, ¢ such that 21k
+T _r—
2 (—r}——z y2>~|—pu+tv’1—gv}.
> bij(2)EE]

i,j=1

= 8+

= c§P% w,v) €D, § = (61.5) € RY,
that is to say that B is a positive definite matrix for
any compact subset of REL. Thus the assertion (Py) of

Lemma 2.3 holds. Now, focusing on proving the second
assertion in Lemma 2.3. From system (1.3), we get

L(~Inu) = —i (o (1 - %)

du®v B2
1+ 8tpu® 2
_ p u
= <p 5 ) tey
n su®ly 5.1)
1 + 8tpu® ’
and
L(—Inv) edu®
—Inv)=n—
(U R A
2 2
14 14
— < —. 5.2
+ 5 <n+ > (5.2)
Define
Vi(u,v) = —Inu — Inv,
then, from (5.1) and (5.2), we have
B> y?
LV, = — -_n——— - —
1 (,0 n ) B
ol 4 Su (5.3)
Pk T st ‘

Now, we denote
v
V¥u,v) =T0Vi(u,v) +v " +u+ —,
e

where 0 < t < 1 is a sufficiently small constant satis-
fying the following assertion

T+1
p—n> T(ﬂ2 +79,
with

2
max

= 2 2
(,0 —n— % — VT) (u,v)eR%

We claim that V*(u, v) is not only continuous, but also
tends to co as (u, v) approaches the boundary of Rﬁ_ and
as ||(u, v)|| — oo, where ||.|| is the Euclidean norm
of a point in Ri. Therefore, it must be lower bounded
and achieve this lower bound at a point (x(0), v(0)) in
the interior of ]R%r. Thus, we can define a nonnegative
C2-function V : Ri — R4 U {0} as

V(u,v) = IVi(u, v) + Vo (v) + Va(u, v),
where
Vo) = v, V3, v) =+ - — V*(@(0), v(0)).
e
By applying the It6’s formula [32] to V»(v) and
V3(u, v), we obtain
LV, =—to "1 (= v—i—M
2= 1 1+ 8tpu®

1
+—T( + 7:)yzv_’ <

5 =
1
—Ttv °* (—n — %yz) +t0 " (5.4)
and
Lvs = pu (1 - 5)
3=p X
—QU:—£u2+pu—zv. (5.5)
e k e
Then, according to (5.4) and (5.5), we get
B v
LV <TII{— - - = - =
= { (P n ) )
n u N Su*"y
P T 1T st
1+t
P A 2
TV ( n > y )
+rv T = %uz + pu — B (5.6)
e

To complete the prove, we need to construct a bounded
open domain E. for which the assumption p; of
Lemma 2.3 holds. Let us define the following bounded
open set

Ee={(u,v)eRi:6<u<

1 1}
—E<VU<—¢,
€ €
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where 0 < € < 1 is a sufficiently small number which
satisfies the following conditions in Ri \ Ee¢

1
2 2 T—a
n(o-n-%-%)

- , 5.7
€= 45 5.7)
e< -, (5.8)
2115
c<t(p—n-E_1) (5.9)
=5 2 2
B> y?
nle—p_2 2
(p =73
+ P i< (5.10)
ker L= Th '
B> y?
“np—n-2_Y ) 4m 5.1
(P -3 > + I (5.11)

Now, we divide the set R%r \ E¢ into four subsets
defined as

Ei:{(u,v)eRi:ufe}, E?

:{(u,v)eRi:vfe}

1
ES:{(u,v)eRi:uz—}, E*
€

:{(u,v)e]Ri:vzé}.

clearly, Ec = E! UE2 U E2? U EZ. Our objective in the
next is to prove that LV (u, v) < —1 for any (u, v) €
EL, ie{l,2,3,4}.

Case 1:1If (1, v) € E} and from u' =% < €!7% we
have
u ™% < U1 4 0?).
Then, it follows that
ﬂZ

LV(u,v) < L
u,v) < ——|[p—n—=—
s \P7T

v n B v
5) 5 e--5-5)

+81'I61_°‘] — ot~
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I+
+ sup i—ﬁuz —tv " (—n - Lyz)
(u,v)e]R%_ 2k

+pu+To T = Qv}] .
e

Since
2
M= > max
<,0— _%_VT) (u,v)eR}
() T
2, ——u" —1tv
{ 2%
1+
<—n——y2>+pu+rv ! l—ﬁv},
2 e

we obtain that

2 2
1(oa 1)

2 2
mn B> y?
<——(p—n-5 -2} <-1. 5.12
< 4<p -3 5 )= (5.12)
Hence
LV, v) <~ 2 p
)<= \P=n=7
y? p
- Zu? —sT1et "2
2 2k
I B> y?
< —— —_n—-——-—"—) < -1
From (5.7), we have
LV(u,v) <—1, Y(u,v) € E}. (5.13)

Case2:If (u,v) e E€2, we have v < €. Since

u =% < e(1 +u?),

we obtain
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P2 —r( I+z 2) u su®ly
——u"—7Tv - — y I T )
2% 2 % T T e
Ui
+ou+Tv T — =
pusT Ty ev] Case 4 : If (u,v) € E?, we have v < % Which
<_E<_ _fﬁ_ﬁ) gives
= p—n
4 2 2
2 2 LV(u,v) < n(p " P "2>
I 4 V) < — -nN—= = ==
- -2y + {‘TU?T <—77 -t J/z) FroTl o 2y2
(e Zk) “ 2 k
o g 2 o u o suly
2 -2) B )
P 2 - I+ » B v
+ sup {——u — TV (—n— ) 5-1‘[(,0_”_7_* + Iy,
wwerz U 2k 2 22
n B> v’
+,0u+rv7r’lf;v”. S—H(P—U—7—7>+H2~
According to (5.8) and (5.9), it follows that Therefore, from (5.11) and (5.12) we get
I 2 2 _ 4
LV@u.v) < -1 p_n_,B__J/_ LV (u,v) <—1, forany (u,v) € E, (5.16)
4 2 2 .
5 with
< —1, forany (u,v) € E_. (5.14) 147
_ P A 2
Case3:If(u,v)eE3,wegetu§%.Thenwe M = supz{ T ( n 2 y)
(u,v)eR
have 0
’32 yz +.L,v—r—l _ EMZ
LVu,v)<-IIlp—n—————
@, v) ('O ) 2) n n L u+ su*ly
u—-v -+ —t.
_ﬁu2+{_w r<_n_ I+ 2) P P 1 + Stpu®
2k 2 Thus, if we combine results (5.13), (5.14), (5.15)
Y R ﬁuz + pu — Qv 411 (pz and (5.16), we can deduce that for a sufficiently small
2k e k € we have
su®ly s
T o )| LV(u,v) < —1, forany (u,v) € R7 \ Ec..  (5.17)
-1 ,32 J/2 Hence, the assertion (P2) of Lemma 2.3 holds. Con-
- p=0 2 2 sequently, stochastic predator-prey model (1.3) has a
P 5 unique stationary distribution. The proof is completed.
——u” + Iy,
2k O
B v
< -II (p —n— 5~ 7) Remark 5.2 Theorem 5.1 shows that when the noises
P are small enough, then model (1.3) has a unique station-

—— + II. ary distribution which is ergodic. The presence of the
€ fractal term “u®” in our proposed model (1.3) makes

Using (5.10) and (5.12), then we obtain the difficulties when we prove Theorem 5.1. Here we

LV (u,v) < —1, forany (u,v) € E2, (5.15) construct a new Lyapunov function and a rectangu-

lar set which do not depend on the equilibrium point

where (u*, v*) of deterministic model (1.2). The ergodic prop-

. I+t , erty in Theorem 5.1 means that the solution of stochas-

M= sup 5 {—rv <—77 T 7 ) tic predator-prey model (1.3) tends to a fixed positive

(-IeRy point in the sense of time average with probability one,
4T - 2%142 + pu — Zv which implies that system (1.3) is permanent.
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Fig. 2 Numerical simulation of deterministic system (1.2) with the parameter values p = 0.5, k =1, § =0.5, 1), =2, e =04, o =
0.8 and different value of the parameter 1. In a, we take n = 0.9. In b, we have n = 0.1 and for ¢, we put n = 0.04

6 Numerical simulations

In order to substantiate the analytical findings, we
give some numerical examples. Using the semi-implicit
Milstein’s higher-order method described in [16], then
we obtain the following discretization system as

we set p = 0.9, yielding (u*, v*) = (0.389, 4.489).
Here, we denote that (u*, v*) represents the positive
equilibrium associated with deterministic system (1.2)
such that

]At+ﬂmmJAr+%mm3—DAh

6.1)

: Suv;
“leur*pm(y—%)—rﬁmﬁ
Sucy; 2
Vig] = [—nvi + %] At + yvibi~/ At + %Ui(biz — 1Azt

where the time increments At > 0, a; and b; are
N (0, 1) independent Gaussian random variables.

In Fig. 2, we show the numerical simulation of
deterministic system (1.2) with the parameter values
p=054k=1,6=051=2,¢e=04 =08
and different value of the parameter n. For (A), we
choose n = 0.9; then, we obtain the extinction of the
predator specie. In (B), we put n = 0.1, which gives the
coexistence of all both species. Next, we fix n = 0.04;
then, the system transits to an oscillatory regime where
a limit cycle appears.

In Fig. 3, we display the graphical representation
of the impact of the intrinsic growth rate p on both
prey and predator densities equilibrium for the same
values of the fixed parameters in Fig. 2 and multival-
ues of p. In (A), we choose p = 0.09 which gives
(u*, v*) = (0.343,0.221). In (B), we take p = 0.4
implies that (u*, v*) = (0.233, 1.621). Finally, in (C)
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*_[ n }“ .
u =|————| , v
8(e —tym)

ep u* «
=—\|1——),e>tmand0 < u™ < k.
n k

Clearly, one can see the massive impact of the
parameters n and p on the dynamical behavior of deter-
ministic system (1.2), especially on the predator den-
sity equilibrium. The large value of the death rate of the
predator population 1 may result in the extinction of the
predator specie. On the other hand, as the parameter p
increases, the predator density increases with a con-
siderable values. This means that p has a positive and
significant impact on the predator density. Biologically
speaking, the increase in the number of prey individ-
uals within the herd may result a high rate of infec-
tion with various diseases, as well as conflicts between
males for mating; all of this leads to herd destabiliza-
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Fig. 3 Numerical simulation of deterministic system (1.2) with the parameter values § = 0.5, k =1, t, =2, e = 0.4,
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t
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t

a=038,n=

0.1 and multivalues of p. In a, we take p = 0.09. In b, we have p = 0.4 and for ¢, we put p = 0.9

tion, which reduces the defensive effectiveness of the
pack and thus facilitates the predator’s task during the
hunting process.

In order to verify the result obtained in Theorem 5.1,
we choose the parameter values f2/2 = 0.2, y%/2 =
0.168 and the other parameter values are pointed out in
Table 1. Then we obtain f2/2 4+ y2/2 = 0.368 <
p —n = 0.46, and according to Theorem 5.1, we
can conclude that stochastic predator-prey system (1.3)
has a unique ergodic stationary distribution x (.) and
ergodic property which means that both prey and preda-
tor are persistent a.s. This result is depicted in Fig. 4.

In Fig. 5 our aim is to examine the case of the extinc-
tion of the predator population. To this end, we take
B%/2 = 0.14 < p = 0.55 which means that the con-
dition (H) of Theorem 4.3 is satisfied. Recall that the
second condition of Theorem 4.3 is that A < 0 where

2 00
A:—n—%+e§fo

o

T onus - x (u)du.

Using the parameters given in Table 1 and a simple
integral, we obtain

o0
e3/
0

o

u
N wdu~02312.
15 onae X (0 du

Now, from Fig. 5 we have tree cases. In (A), we
choose y2 /2 = 0.223; then, we obtain immediately

Prey Density

T
L

Predator Density
R

°

o
a
8

100 150 200 250 300 350 400

Fig.4 Numerical simulation of stochastic predator-prey system
(1.3) for the parameter values p = 0.55, k =1, § =0.26, 1, =
0.71, n = 0.09, e = 0.39, « = 1/3 and the noise intensities
,62/2 = 0.2, y2/2 = 0.168. Here the initial data are u(0) =
0.1, v(0) =0.25

A = —0.001 < 0. Next, in (B) we put y2/2 = 0.322
which gives A = —0.1 < 0. In the last case (C), we
take y2/2 = 0.655, and it follows that A = —0.433 <
0. By comparing the three cases in Fig. 5, one can eas-
ily observe that the predator population goes more and
more toward extinction, while the prey population per-
sist, which means that the noise associated with the
predator population can change the properties of the
model greatly. More precisely, comparing Fig. 5a, ¢, we
can easily see that with the increase of 32 the density
of the predator population v(#) tends to the extinction,
while the prey population u(#) persist in mean.
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Fig.5 Numerical simulation of stochastic predator-prey system
(1.3) for the parameter values p = 0.55, k =1, § =0.26, 1, =
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Fig. 6 Numerical simulation of stochastic predator-prey system
(1.3) for the parameter values p = 0.55, k =1, § =0.26, 1, =
0.71, n = 0.09, e = 0.39, a = 1/3. In a, we choose 82/2 =

InFig. 6, we examine numerically the result obtained
in Theorem 4.4. For the first case (A) in Fig. 6, we
choose f%2/2 = 0.54 and y?/2 = 0.09, then p =
0.55 > B%/2 = 0.54 and 8 = 0.10 > y2/2 = 0.09.
Next, in (B) we choose 2/2 = 0.551 and y?2/2 =
0.11, and we obtain p = 0.55 < B2/2 = 0.551 and
ed = 0.10 < y2/2 = 0.11. In the last case (C), we
take 82/2 = 0.81 and y2/2 = 0.52; then, we have p =
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80

100 120 140 160 180 200

t

t

0.54, y?/2 =0.09. In b, we take 8%/2 = 0.551, y2/2 =0.11
and for the last case ¢, we put 82/2 = 0.81, y2/2 = 0.52. Here
the initial value u(0) = 0.2, v(0) = 0.25

0.55 < B?/2 =0.81 and e8 = 0.10 < y2/2 = 0.52.
Other values of the system parameters can be seen from
Table 1. For the two last cases, we can easily see that
the conditions of Theorem 4.4 hold, which explains the
extinction of both populations # and v (please see Fig.
6b, ¢). In other words, if the noise intensities ,32 and y2
increase, the prey and the predator populations die out
exponentially with probability one.
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E;:;l?nl th]gi:itrsn?ji?gi?g;ers Parameters Description Values Source

Figs. 4,5, 6and 7 P The intrinsic growth rate of the prey 0.55 [2,13]
k The carrying capacity for the prey 1 [2,13]
8 The search efficiency of the predator for the prey 0.26 [2,13]
th The average handling time for the prey by the predator 0.71 [2,13]
n The death rate of the predator in the absence of prey 0.09 [2,13]
e The biomass conversion or consumption 0.39 [2,13]
o The prey herd’s shape rate 1/3 [2,13]
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Fig. 7 Impact of the herd shape rate « on the numerical
ergodic stationary distribution associated with system (1.3) for
the parameter values p = 0.55, k = 1, § = 026, 1, =

Figure 7 represents the impact of the prey herd’s
shape rate « on the ergodic stationary distribution asso-
ciated with stochastic predator-prey model (1.3). We
choose 82/2 = 0.3 and y2/2 = 0.2; then, we obtain
B%/2+y?%/2 = 0.4 < p—n = 0.46. The other param-
eter values are given in detail in Table 1.

7 Discussion

In order to understand the dynamics induced by envi-
ronmental driving forces, we explain the effect of the
environmental noises on the predator-prey interaction
in the presence of social behavior for the prey and
multiplicative noise. A new approach of a stochastic
predator-prey model is obtained. In the great savanna,
many living beings gather to together in huge herds.

| |
100 150 200 250 300 350 400 450 500

=)

50 100 150 200 250 300 350 400 450 500

0.71, . =0.09, e = 0.39, 2 = 0.3, y? = 0.2 and different
values of the parameter o

This provides a protection zone and a useful strategy
for defending against predators. On the other hand, as
it has been mentioned in introduction section, the prey
population can form several shape of herd, and this kind
of phenomena has been modeled in [43] and widely
studied in the literature. Consequently, a new func-
tional response has been introduced into the interface
which are modeled by using a new parameter « repre-
senting the prey’s herd shape rate. Further, the real-life
situations are often subject to environmental noises.
This gives the necessary and the importance of study-
ing the environmental fluctuations impact on the pop-
ulation systems in ecology. In this work, we consider
predator-prey model (1.2) of [13] subject to environ-
mental noises. Our aim is to study how the intensities
of environmental noises affect stochastic predator-prey
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model (1.3) by revealing the relationships between the
coefficients of the population model and the intensi-
ties of environmental noise. From the stochastic model
analysis, a rich properties have been deduced. First,
the existence of the global positive solution as well
as the stochastic uniform boundedness of the solution
has been successfully confirmed by using conventional
methods. Next, the sufficient conditions for the extinc-
tion and persistence of the predator and the prey popu-
lations have been established where the extinction cri-
teria are discussed in two cases: the first case is the prey
population survival where the predator population die
out; the second case is both the prey and predator pop-
ulations extinction. Moreover, by constructing a suit-
able stochastic Lyapunov function, it has been proved
that stochastic predator-prey model (1.3) has a unique
stationary distribution which is ergodic. Theorem 5.1
shows that the stationary distribution exists if the white
noise is small. But the large-amplitude environmen-
tal fluctuations may destabilize the stochastic system
and consequently no stationary distribution can exist.
Mathematically speaking, the ergodic stationary dis-
tribution can be considered as a stability of system in
weak sense that appears as a solution fluctuating near
the positive equilibrium of corresponding determinis-
tic system (1.2). From an biological point of view, this
means that both prey and predator populations coexist
in the long run, which leads to said that the system is
permanent.

By comparing the stochastic predator-prey system
with corresponding deterministic system (1.2) which
has been studied in [13], two interesting facts have been
revealed, and the first one is the high environmental
noise intensity could drive two species to extinct. In
our model, this can be seen in two different cases; the
first case is the prey population persist, while the preda-
tor extinct. This situation is graphically represented in
Fig. 5. The second case is both the two species die out
(please see Fig. 6). Here, it has been remarked that A
which defined in Theorem 4.3 is the crucial parameter
for the persistence in the mean and extinction of model
(1.3). The second fact is that the term of herd behavior
cannot avoid the extinction of the prey population when
the nature presents significant environmental fluctua-
tions although the prey herd’s shape has a significant
impact on the solution of stochastic system (1.3) (please
see Fig. 7). In deterministic model (1.2), the situation
of the extinction of both species is absolutely impos-
sible Fig. 2). Consequently, we can conclude that the

@ Springer

survival of living beings is related to the environmental
fluctuations more than the nature of their behaviors.
Finally, we would like to mention that some mean-
ingful problems deserve further investigation. For one
side, one can propose some more realistic models, such
as considering the effects of the prey herd aggressive-
ness on the predator population, nonlocal prey com-
petition or the harvesting on the populations and so
on. On the other side, it is interesting to introduce
the telegraph noise in our model, such as continuous-
time Markov chain. The motivation for investigating
this is that the living beings suffer from unexpected
environmental changes such as global warming, tem-
perature increase, humidity, precipitation changes and
so on. It has been confirmed that animals have specific
responses to climate changes. All living beings respond
to climate change either through migration or adapta-
tion. But they extinct if they do not reach one of the two
options. So, it is interesting to study the impact of all
these factors on the predator-prey interaction in order
to improve the condition of living beings and avoid the
extinction of species to keep the ecosystem balanced.
In the next works, we will try to consider more realistic
situations in terms of mathematical modeling.
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