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ABSTRACT

The mathematical model for predator-prey interactions discussed in this article includes
cannibalism in the predator. Cannibalism is pervasive in natural individuals which reflects
the potential to modify their functional relationship for interacting with resources. We have
considered here prey refuge, which depends on the contacts between both the species.
Predator consumes the prey according to Holling type Il functional response. Feasibility as
well as stability of the points of equilibria and the existence of Hopf bifurcation along with
its direction at interior equilibrium have been duly accomplished and in this regard suitable
graphical representation with proper discussions are executed to substantiate the system
under consideration.

Keywords: Predator-prey, Refuge, Cannibalism, Persistence, Stability, Bi-stability, Bifurca-
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1 Introduction

Due to the complexity of biological processes in both mathematics and ecology, mathemat-
ical biology is one of the most essential fields for researchers. Single-species models are
adequate to laboratory studies, but in the real world, can deliberate a telescoping of conse-
quences which instigate the population dynamics. Alfred James Lotka [cf. Lotka (1956)] and
Vito Volterra [cf. Volterra (1931)] considered two populations and analysed the model. Lotka-
Volterra’s model for prey-predator is widely considered as one of the basic population model
in the dynamical system. After them, Holling [cf. Holling (1959,1965)] has introduced some
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more realistic predator-prey model considering some type of functional responses for differ-
ent species with the phenomena of predation. Consumption rate of the prey by its predator
bears an important role in the dynamical behaviour of a prey-predator system [cf. Haque et
al. (2013); Singh and Sharma (2022)]. Except the predation, there are also some biolog-
ical factors like migration, refuge, cannibalism etc., that can change the dynamical behav-
ior of a model system. One of the most important environmental phenomena by which a
prey species protects itself from predation is refuge. Detrivorous fish and their carnivorous
fish predators coexist in the Sundarban, a mangrove area in the delta formed by the conflu-
ence of the Padma, Brahmaputra, and Meghna Rivers in the Bay of Bengal. The accumu-
lation of detritus is abundant throughout the environment. The densely flooded bushy parts
of the forest provide the detrivorous fish here with simple protection. Predators and prey co-
habit in this area in enormous densities. But note that there is also a portion of the forest
that has been deliberately reclaimed. There are fewer bushes available where the ecosys-
tem is under a bit of anthropogenic stress. Consequently, there is limited cover for prey.
As a result of the easy accessibility to their prey, the predators engage in more competi-
tion for the food [cf. Haque et al. (2014)]. Rats, for instance, can sustain a higher popula-
tion density if they have places to hide from predators like owls and cats, such as tall grass.
During the last two decades, many scholars [cf. Sih (1987); Islam and Sarwardi (2023); Naz-
mul et al. (2021); Sarwardi et al. (2013); Molla et al. (2018); Rahman et al. (2023); Zhou
et al. (2019)] extensively investigated the dynamical behaviors on the prey-predator system
incorporating prey refuge and they have showed refuge plays key role to determine some in-
teresting behaviour of the system. In the study [cf. Molla et al. (2018)] Molla et al. have
already studied the model system allowing prey refuge dependent on the contacts between
prey and predator involving the Holling type-Il functional response. They have only investi-
gated the role of the prey refuge on the dynamical behaviour of the model system but not con-
sidered cannibalism that is omnipresent in the communities. Consuming one’s own species’ or-
gans or flesh is known as cannibalism. Itis a tendency that certain species exhibit in which they in-
gest other members of their own species in an attempt to capture food [cf. Deng et al. (2019),
Walters et al. (2016), Kang et al. (2015)]. Though it is a common ecological interaction in the
animal kingdom and is prevalent in aquatic ecosystems, it has also been observed in human
beings. While cannibalism diminishes potential competition through regulating the popula-
tion, it increases the risk of pathogen transmission and decreases expected survival rate of
the whole population. Many scholars [cf. Zhang et al. (2019); Basheer et al. (2016,2018);
Chen et al. (2019); Lin et al. (2020); Lin et al. (2020)] investigated the dynamical behaviours
of the model system with cannibalism in the species. Cannibalism is common in both prey
and predator species. To the best of our knowledge, cannibalism has mostly been consid-
ered as a phenomenon in prey species. Basheer et al. [cf. Basheer et al. (2016)] investi-
gated how cannibalism in prey affects the dynamics of the Holling-Tanner type predator-prey
model. They found that cannibalism in the prey could weaken rather than stabilise the sta-
ble interior equilibrium. Lin et al. [cf. Lin et al. (2020)] analysed the Leslie-Gower predator-
prey model with a Holling type-Il response function that took cannibalism in the prey into ac-
count. They did not consider prey refuge and their study showed that cannibalism did not affect
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on the local stability property of the system. Our work is different from them in the sense that it
takes into account nonlinear prey refuge and incorporates cannibalism in predator populations.
The motivation behind our study lies in the fact that prey hides in a variety of shelters that de-
pend on their interaction with the predator species, and the predator’s capability to cannibalise
weaker predator species provides them with a second source of food [cf. Abdulghafour and
Naji (2022)].

Holling type |, commonly known as the mass action type response function, is one of the most well-
known predator-prey response functions. It takes the form ma, where m represents the con-
sumption rate and x represents the volume of prey population. If the captured prey is not han-
dled, this model behaves well. This assumption is widely considered to be too obtuse [cf.
Korpimaki and Norrdah (1991)]. In reality, predators frequently feel full, which causes their pre-
dation rate to decline in the presence of abundant food supplies. It is obvious that a linear func-
tion cannot depict this trait. When the populations are not very large, the Holling type | re-
sponse function is generally mathematically convenient. To better understand and to make
more realistic of the consumption rate, the Holling type Il functional response ;%< is used in
our model system. It is a hyperbola with horizontal asymptote, that deliberates the maximum
predation rate. Based on Molla et al. [Molla et al. (2018)] and Deng et al. [Deng et al. (2019)]
we have proposed our model system and our present model is a modification of Molla et al.
[Molla et al. (2018)] through the incorporation of cannibalism in predator.

In the investigation, we have set up our remaining works as follows: In Section 2, we have
proposed the basic assumptions and then construct the model equations. This Section also
includes boundedness of the model system. The Section 3 deals with the existence of fea-
sible equilibrium. The stability behaviour of the system around the points of equilibrium are
performed in Section 4. Further, this Section contains the persistence of model system. Bifur-
cation analyses of the dynamical system are dealt with the Section 5. The analytical findings
are validated via numerical simultations in Section 6, and the conclusion part of the present
investigation is carried out in Section 7.

2 The basic model

This Section relates with the formulation of model system. In order to develop the system, the
following presumptions have been considered:

(i) A logistic type growth function of prey species,
(i) Holling type Il functional response,

(iii) Nonlinear prey refuge is considered because, in some natural system, prey refuge may
be impacted by both the volume of predators and prey, and

(iv) Amount of cannibalism in predator population.
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Let any time ¢ > 0, = and y be the number of prey and predator population (per unit area)
respectively. Based on the above assumptions, we formulate the following system:

dr N m(z — 0zy)y
il x(a — bx) o1t (2 —6zy) (2.1)
dy em(z — Ozy)y cy?

= yler —B) +

dt
where ¢; < ¢, a and b denote the intrinsic growth rate and intra-specific competition of the prey
population respectively, a; is the half saturation constant, 3 is the death rate of the predator,
e is the conversion efficiency of ingested prey into new predators, m denotes the per capita
consumption rate, @ is the coefficient of prey refuge. Assuming the amount of prey refuge
Ozy [cf. Molla et al. (2018), Haque and Sarwardi (2018)], predators get recourse to the re-
maining prey species (z — 6zy). The cannibalism of predators is termed by =© +d, in which ¢
signifies the cannibalism rate, ¢; is the birth rate caused by cannibalism in predators and d is
the half-saturation constant of cannibalism. It is assumed that 0<f<1, and 0 < (1 — fy) < 1
throughout the manuscript. We take only those values of 6 such as (1 —6y) > 0, i.e., y < §
which assures the acceptable range of refuge, i.e., 0 < (1 — 0y) < 1. Here the parameters
a, b, c1, m, 0, a1, B, e, ¢, d of the proposed system are all positive. We investigate the sys-
tem (2.1) inthe region ' = {(z,y) € R2: 2 > 0, y > 0}. The aim of this paper is to uncover the
dynamical behaviors of the predator-prey model (2.1) and discuss the effects of cannibalism
on the system.

a1+ (z —Ozy)  y+d

2.1 Boundedness of the system

Boundedness assures the consistency of a biological system. Using standard precise argu-
ments, one can easily find that the solution of the system(2.1) always exists and is positive.

Theorem 2.1. In the system (2.1), both the prey and predator population are bounded from
the above.

Proof. The first equation of the system (2.1) gives

dx mz(l — 0y)y

a
b)) P T OYY —bx) = ba(= —
o = z(a — bx) ot 2= 0y) <z(a — bx) = bx(

b

therefore, by the simple standard arguments we have, lim; ., ;. sup x(t)<%.
Also second equation of the system (2.1) assures that

x),

emay(l — 0y) cy?

a+x(1—0y) y+d
2

<cy +emy — d

+

cy?

<(c1 +em)y — -
B cy(d(cl +em)

pi . —Y),
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(c1+em)d
-

hence, by a standard arguments we get, lim;_, ;o sup y(t)<
Hence the system is dissipative. Now there exists a T > 0 such that for all ¢ > T, we
have xz(t) < ¢+ ¢ =: My and y(t) < % + e =: My, where ¢ is a very small positive
number. O

3 Existence and local stability analyses of the points of equilibria:

We are keen to investigate the dynamical behaviour of the system in the first quadrant, Ry x
Ry = {(z,y) € R?: 2 >0,y > 0}. A system is at equilibrium when neither the population level
is changing, i.e., the derivatives i and ¢ are simultaneously zero. The non-negative equilibrium
points of the system (2.1) are as follows:

(i) The trivial equilibrium point Ey(0,0).

(i) Predator free equilibrium point £y (%,0), which is uncondionally feasible.

d(c1—p)
’ Bte—ci

(iii) Prey free equilibrium point E»(0 ), Which is feasible if 5 < ¢; < 8+ c.

(iv) Interior equilibrium point Es(z2,y2), where y, is a positive root of
=5 )
> Bz =0, (3.1)
=0

where B; (i=0 to 5) are given in Appendix 1. Due to complication of finding all the five
real feasible roots, we only find out the sufficient condition of exactly one positive real
root, say n and it is discussed in Appendix 2 and z- is a positive root of the following
quadratic equation

b(1 — Oyz)2? + (a1b — a(l — Oyz))z + my2(1 — Oyz) — aay = 0, (3.2)

The equation (3.2) has atleast one positive real root if my2(1 — 0y,) < aa;.

Remark 3.1. A realistic ecosystem should not be capable of attaining equilibrium Ey when
there are no organisms present. At this stage, the equilibrium ought to be unstable. In some
circumstances, where there is no predator population, it should be feasible to observe equi-
librium around E;. The system should reach at equilibrium point E», where only the predator
population survives if the predators rely on food sources other than their focal prey. The equi-
librium point E3, where prey and predator cohabit, is quite common in natural ecosystems and
should be stable in some environments.
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Figure 1: Nullclines of the system (2.1), the parameters values are used from the Table 2 with
¢ = 4.49. The red doted point is an interior equilibrium point of the system.

4 Stability analysis of the system:

This Section discusses about the stability analysis of the system (2.1) around the various equi-
librium points. If a system’s state is initiated close to, but not exactly at a given equilibrium
point, local stability analysis can be used to establish whether or not the system will eventually
settle to that point. The qualitative behaviour of a nonlinear system in the neighbourhood of an
equilibrium point will be similar to the that of zero equilibrium of the corresponding linear sys-
tem provided the equilibrium point of the nonlinear system is hyperbolic. The Jacobian matrix
J = (a;;)2x2 of the system at equilibrium point (,y) is:

a— b — almy(l—ﬁy)‘ mzx(2a1y0—02y%z+2xyf—as —x)
_ T~ Tta(l-0)] [t (L 0y)? ,
- aiemy(1—0y) ¢ — B+ emaz(1—20y) + ema?y0(1-0y) 2cy + cy?

[ar+z(1-0y)]? arta(1=0y) " [a+z(1-0y)]7 ~ y+d " (y+d)?

4.1 Analysis of Local stability

(i) The system (2.1) is unstable around the trivial equilibrium point Ej.

(if)y The equilibrium point E; is asymptotically stable if 5>c; + 2%,

iii) The equilibrium point E,, if exists, is stable if aaKM where k>0 and k1 =
B4c—c1
1- egf;jj?. Hence E is locally asymptotically stable in the region Ay = {(c,0) € R? :

0 < 61}, where 6, = md(cl75)(/3715;(2):5'1;1(mcfmz (see Figure 2).

(iv) Letthe jacobian matrix at the coexistence equilibrium point E3(z2, y2), if exists, be (&;)2x2
i,j = 1,2; where &; are given in Appendix 3. Next we see, trJz = &1 + £22<0 for
m<% and det J3 = &1&22 — &12€21>0 in the region Ay = {(¢,0) € R% : 0 <
02}, where 0, is given in the Appendix 4.
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Proposition 4.1. The system has bistability region A3 = {(c,0) € R% : 6, < 6 < 65}. The
region is shown in Figure 2.

08 Stability Region Diagram(E2 and E3)
. T T T T

06+ + + 4+ + + 4+ F Attt ottt At

<« /A
& \ *  0<6,
0.4 + 6<6

x ¥ kK k%

*
0.2} o * /A1 T,
x ¥ Bistability *

* Region *

(oF 3

-0.2 L L I i

Figure 2: Numerical investigation of the region in ¢ — 6 parameter space of locally asymptotic
stability of E» and F5. The other parameters values are taken from the Table 2.

Theorem 4.2. The system (2.1) shows global stability behaviour around prey free equilibrium

point Es(0, (/f,ﬁ:fl)) if both the conditions ¢, <  + ¢ and aab < bT;ﬁ(ji;ﬁ )y acraibia’em | grg

satisfied simultaneously.

Proof. To prove the theorem, we will construct a suitable a Lyapunov function L, [cf. Rahman

etal. (2018)] given by Ly =+ 1(y — y1 — 1 In ), where y, = 42,

Taking the time derivative, we obtain

dL; m(z — Oxy)y 1 em(z —fry) ¢y
dt = a(a—bz) a1 + (z — Ozy) e(y (e ﬁ+a1+(x—9:ry) y+d)
—oap g2 @ —Ony)  ed
=ar — bx a1+ (@ — Ozy) . (y — )
. my1 (1 — 0y)
< I S A
<0, if a a1+(w—9xy)<0’
which provides that the system is globally asymptotically stable around prey free equilibrium
point (0, dl(;cl cﬁ>) if aa1b < b”gi(fl Clm + ‘“’““l’*“ em, O

Theorem 4.3. The system (2.1) shows global stability behaviour around E5 = (x2,y2) if the
followings sufficient conditions are satisfied:

(I) b (1 52/2)?/2 and

ii _ b (1=0y2)ys _ by _ d ba 0
(i) B* - 4AC<0’ where A = = T B = =0k O = wmmiier T wrabe e 219

_ (catem)d
H — lf.

Proof. Let us consider a scalar function L, : R? — R, given by
Ly={x -2y —x3In > }+ 1{y Yo — y2 In y} Then,
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LR VRIAL
T m(1—0y)y - lc— (1—46y) oy B
=la—b a1+(w—9;vy)]( 2)+e[1 6+a1+(9€—9wy) y+d}(y ve)
b (1—0y)(1 — Oy2)y2 mhys
< —m(g " (@ +2(1 = 0y) (a1 + (1= 9y2))(l’ — 1) + —=(x — 22)(y — 1)
—m( i, = wP

(a1 + 2(1 = 0y)) (a1 + 22(1 — 0p2)) | ey + d)(y2 + d
< —[A(z — 22)* 4+ Bz — 22)(y — 12) + Cy — v2)°],

therefore, %<0’ along all the trajectories in the first quadrant except the point Es = (22, y2) if

the condition B? — 4AC<0 is satisfied. Again % = 0 at E3 = (z2,y2). Hence it follows that
L is a Lyapunov function and from Lyapunov-Lasalle’s invariance principle [cf. Hale (1989)], it
follows the result. u

4.2 Persistence

Biologically, persistence of a system means the survival of all the species, that is if all the
species are initially coexisting, then they will continue to coexist.

Theorem 4.4. The system (2.1) is persistent under the conditions: (i) c¢;>3 + ycllﬁ - and
_ d(ci—p)
- Bilch .

(#i) aay > myi (1 — Oyy), where y;

Proof. To prove the theorem, we have formed average Lyapunov function [cf. Gard and Hallam
(1979), Freedman et al. (1984)]. Let us consider a function V (z,y) = z"y*, where h, k > 0.
Now, we have

V(z,y)
V(z,y)

Sy Ry
xz Yy

E(z,y) =

B m(1 — 0y)y emax(1 — Oy) cy
=hlla—ba) = o g gy R =B i ey v d

Then,
=(0,0) = ha + k(cy — B)>0if ¢;>p, whereas,
2(4,0) = k(c1 — B+ 229)>0 if ¢;>f, and

a+aib
2(0, §62=2)) = hfa — ™ U=0] 4 ey — B— ) > 0, if aay > myn (1—0y1) and ¢ > B+ .
So the values of = at all boundary points are positive under the conditions (¢) and (ii). Thus V'
is an average Lyapunov function and hence the proof. O

5 Bifurcation analyses of system (2.1)

Bifurcation of a dynamical system may occur when parameter value of a system changes. As
a parameter crosses a critical value, the stability behaviour of the equilibrium point changes
and a bifurcation occurs. In the following, we will discuss about different types of bifurcation.
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5.1 Hopf-bifurcation for the dynamical system :

When a system exhibits Hopf-bifurcation with respect to a parameter, it signifies that the pa-
rameter has a critical value from which the stability of the system switches and a periodic
solution develops from a stable state. Hopf bifurcation assures that all populations can exist in
an oscillatory manner.

Here, we analyze the existence of Hopf-bifurcation at the interior equilibrium point Es(x2,y2)
assuming c as Hopf-bifurcation parameter. The Characteristic equation of the Jacobian matrix
at Es is of the form

24+ ST+T =0, (5.1)

where, S = —trJ; and T' = detJs. Let us write the eigenvalue of the Jacobian matrix at F5 in a
generic form as 7(c) = a(c) + ivy(c). Putting this value in the equation (5.1) and comparing the
real and imaginary parts, we get

042_fy2_~_5o[_|_T:07 20y + Sy = 0. (5.2)

If the equation (5.1) has a pair of purely imaginary eigenvalue at the critical value of ¢ = ¢,
i.e., a(c.) = 0and y(c.) # 0, then the equilibrium point losses its stability. Next, from (5.2), we
have —y2(c.) + T(cc) = 0, S(cc) = 0.

Thus we get the necessary condition for Hopf-bifurcation that S(c.) = 0 and v = v/T'(c.) and it
is found the transversality condition for Hopf-bifurcation, %2 = —%% # 0 atc=c.. This
ensures the existence of Hopf-bifurcation.

5.2 Direction of Hopf-bifurcation

From the Subsection (5.1), we have showed the conditions under which the system experi-
ences a Hopf-bifurcation near the interior equilibrium point Es(x2,y2) at the critical value of
¢ = ¢.. The following quantities are obtained from Appendix 6 by applying the centre mani-
fold theorem credited to [cf. Hassard et al. (1981)].

i 2 ‘902 \2 921

C1(0) = 2770(911920 -2 g11 ] fT) + e
___ G
2= T Re(r(0))

B2 = 2Re(C1(0)),
L = Am(C1(0)) + p2Im('(0))
2 " ’

where g;; are given in Appendix 6. Here the parameters ps, 52, 7 determine the direction of
Hopf-bifurcation, stability of bifurcating periodic solutions and the period of bifurcating solutions
respectively. The nature of Hopf-bifurcating periodic solutions at ¢ = ¢. are determined as
follows:

(i) The Hopf-bifurcation is subcritical or supercritical according as p2<0 or >0.
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(i) The periodic solutions are stable or unstable in nature if the value of 5,<0 or >0.

(iii) The period of the periodic solution decreases or increases according as the value of <0
or >0.

5.3 Analyses of other bifurcation

A bifurcation at some point occurs in a dynamical system when a parameter is smoothly varied
but the behaviour of the system in the neighbourhood of this point point suddenly changes.
Here, we have discussed whether the system possesses some other kind of bifurcation except
Hopf-bifurcation.

One of the eigenvalues of the Jacobian matrix J3 at E5 will be zero if and only if detJ; =
£11€22 — E91€12 = 0, which gives ¢ = ¢l*"l. The other eigenvalue is trJs = &, + &9, evaluated
at ¢ = cl*"l. Next let ¥ and T be the eigenvectors corresponding to eigenvalue 0 of the matrix
J3 and its transpose respectively. We obtain that U = (w1, @2)”, T = (h1, ho)T, where w; =

_5152% = —&g%?hl = —5251% = —% and @y, hy are any two non-zero real numbers. Now
2
YT[F.(E3, ) = — Zjﬁfi # 0 (here, F. = %) and YT[D2F(E3, c*"))(WT)] # 0. As a result,

the system exhibits a saddle-node bifurcation at ¢ = ¢/*"! around the equilibrium point s [cf.
Sotomayor (1973)].

6 Numerical Simulation

Without numerical justification, theoretical analysis can never be fulfilled. To verify the theo-
retical outcomes of the study, we carried out all numerical simulations of the derived results
in this Section. The sulfficient conditions of local stability around the equilibrium points and
the global stability around prey free equilibrium point E» and the coexistence equilibrium point
Es(z2,y2) are schematically shown in Table 1. Also the default values with respective units of
the parameters of the model system are given in Table 2. Using the parameters from the Table
2 with cannibalism rate ¢ = 4.49, we have displayed the nuliclines of the system (2.1) in Figure
1, the red doted point is the interior equilibrium points of the system. To validate the numerical
findings in Proposition 1, we take ¢ = 2.23 and 6 = 0.054 together with the other parametric
values as in the Table 2. The bistability region of F5 and E3 are showed from the Figure 2.

We observe that for the parametric values in Table 2 except « = 0.95, the condition aa; =
0.38 < m‘gﬁiﬁiﬁc‘lm = 0.3837 of local stability at the prey free equilibrium point E5 is satisfied,
whereas keeping the same parametric values if we increase c¢; to 2.65, the system shows
the global stability behaviour as the condition of global stability given by the Theorem 4.2
is satisfied. The corresponding phase diagram is shown in the Figure 3. This confirms that
the predators can survive on cannibalism apart from their focal prey. Next, taking the pa-
rameters values as in Table 2, when ¢ = 4.49 the sufficient conditions of local stability at
the co-existence equilibrium are successfully satisfied. In this respect, Figure 4 has been
depicted. And the system exhibits limit cycle oscillations when we decrease the cannibal-

ism rate to ¢, = 4.46, it means all the populations survive in oscillatory mode. Figure 5
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has been executed in this regard. Bifurcation diagrams are also displayed in the Figure 6
and this diagram indicates that the periodic oscillation can be suppressed by increasing the
cannibalism rate c¢. For finding the direction of Hopf-bifurcation, we have calculated vy =
VdetJ3 = 1.716169836. Also we evaluate from Appendix 6, g11=—1.431334556 —5.58130040251,
go2=—1.373285161 — 5.50215676257, goo=—1.562062824 + 0.6337665188%, go1=—0.0132810862 —
0.0456633036i. Then we get, C1(0)=—2.287797121 — 20.85847090:. Also we evaluate o’(0)=-
0.037389784, v/(0)=—0.006120482562, p1o=—61.18775976, Bo=—4.575594242, 75=11.96412551.
Since [2<0, the bifurcating periodic solutions emitting from E3=(1.425,2.3072) are stable in
nature. The period of the periodic solution is 11.96412551. The positive sign of 7 indicates the
increasing period of the periodic solution of the system. Also 12 <0 implies the Hopf-bifurcation
of the system occuring at ¢, = 4.46 is subcritical that is also evident from the Figure 6. Taking
0=0.029, a=11.2, b=6.5, e=0.6, a; =2.78, 1 = 2.5, d=0.1, B =0.5, ¢ = 4.05, m = 4.5,
we evaluate that % = 1.444444444 > % = 0.8831990576, A = 0.5612453864, B =
—0.9778633094e — 1, C' = 0.3131399570, and B? — 4AC = —0.6934312582 < 0. Thus the
sufficient conditions of global stability given in the Theorem 4.3 are successfully satisfied.
The global stability occurs at the point (0.04171,9.374) and the corresponding phase portrait
is shown in the Figure 7. Another important behaviour of the system (2.1) is the change the
of stability from prey free equilibrium point E5 to the coexistence equilibrium point Fs5. Taking
a=0.95 b=35 0=0.029, e=0.6, ag =04, d=0.1, 3=0.5, m =5, ¢; = 2.5, we observe
that for ¢ < ¢!l = 4.6258, the system (2.1) is stable around the prey free equilibrium point £,
but the coexistence equilibrium point E3 does not exist, whereas for ¢ > ¢!l the coexistence
equilibrium point E3 become stable and the prey free equilibrium point E2 becomes unstable.
The corresponding phase diagram is shown in the Figure 8. The effects of cannibalism on
both the species have been observed. It is seen that gradual increment of cannibalism rate di-
minishes the predator population and increases the prey population. That means cannibalism
among predator population prolong the prey population in the ecosystem (see Figure 9).

Table 1: Schematic representation(LAS-Locally Asymptotically Stable, GAS-Globally Asymp-
totically Stable, HB-Hopf Bifurcation, SNB-Saddle Node Bifurcation)

Equilibria Conditions for stability Equilibrium Nature
Ey No conditions Unstable
Ey B>e1 + LAS
Es 0 <6 LAS
Es > B+ e GAS
Es 0 < 0, LAS
Es %>‘“<1a;{h“) and B? — 4AC<0 GAS
FEs c=ce HB
FEs ¢ = clsn] SNB
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Table 2: Biological meanings, default values with respective units of the parameters. Here,

time is denoted by T" and species volume is denoted by V.

Parameter | Description Unit Value
a Intrinsic growth rate of prey T-! 11.2
b Intra-specific competition of prey v-ir-t| 35
0 Prey refuge constant vt 0.029
m Consumption rate of predator y-ir-t 5
ay Half saturation constant \% 0.4
e Conversion factor Unitless | 0.6
a1 Birth rate from predator cannibalism T 2.5
5 Death rate of the predator T-! 0.5
c Cannibalism rate vt -
d The half-saturation constant of cannibalism | V' 0.1
O0.16
o.14 |- /,, = -
o.12 - N \;\\\ i
0.1 |- \ \\\\ B
o.o8 \\\ —
\ \
o.06 |- “5\ \\ B
0.04 |- A \\ a
0.020 O.1 01‘2 0.3 O‘.4 015 O.‘6 0.7 0.8

Figure 3: Global stability behaviour of the system (2.1) around the prey free equilibrium point
(where horizontal and vertical axis denotes the prey and predator population respectively).

Here, the parameters are same as Table 2 except a = 0.95 and ¢; = 2.65.
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Figure 4: Local stability around the interior equilibrium point for the parametric value ¢ = 4.49
and the other parametric values are taken from the Table 2. (a) Phase diagram, (b) Time series

solution.
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Phase portrait of Hopf bifurcation
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Figure 5: Hopf-bifurcation around the interior equilibrium point of the model system (2.1) for

parametric value ¢ = ¢, = 4.46 and the other parametric values are the same as Table 2. (a)
Phase diagram, (b) Time series solution.
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Figure 6: Bifurcation diagram around the interior equilibrium point with respect to the bifurcating
parameter ¢, wheras, the other parameters values are taken from Table 2.
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Figure 7: Phase portrait of global stability of the system (2.1), taking the value a = 11.2, b =

6.5, 0 = 0.029, e = 0.6, a; = 2.78, ¢; = 2.5, d = 0.1, 8 = 0.5, ¢ = 4.05, m = 4.5 satisfying

b= 144 > 02020 — 08832 and A = 0.56124, B = —0.0978, C = 0.004812, B2 — 4AC =
1

—0.010803 < 0.
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Figure 8: Stability changes from Es to E3, where green doted line represents the range of ¢ for
the stability of E» and non-existence of E3, whereas red doted lines represents the range of ¢
for the stabilty of E5 and unstability of Es. Here the other parametric values are considered as
a=0.95 b=3.5,6=0.029, e=0.6, a; =04, d=0.1, 3 =0.5, m =5, ¢; = 2.5.
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Figure 9: (a) Effects of cannibalism rate(c) on prey population, (b) Effect of cannibalism rate(c)
on predator population. The other parametric values are the same as in Table 2.

Proposition 6.1. In the interval [4,5], there exists a critical value c., where a subcritical Hopf-
bifurcation occurs. For subcritical Hopf-bifurcation in the interval [4,5], the interior equilibrium
point is asymptotically stable between c. and 4.5 and for ¢ lying between 4.45 and c., a limit
cycle occurs.

7 Conclusion

This article investigates the dynamics of a prey-predator model with cannibalism in predator
population. We have observed that the cannibalism parameter ¢ bears the key role to de-
termine the nature of points of equilibrium. It is evident from the bifurcation diagram that an
unstable state of coexistence equilibrium transforms into a stable position when the cannibal-
ism rate c rises. The parameter ¢ has an important role in stability change from the equilibrium
point E5 to E5. In Molla et al. [cf. Molla et al. (2018)], prey free equilibrium does not exist but
in our system, it is to be noted that the prey-free equilibrium point exists under the condition
B < ¢1 < B+ ¢, and this equilibrium point is stable under some conditions, is also numerically
justified. This indicates that even in the absence of the prey population, the predator population
may still survive through cannibalism. For instance, we can say about salamanders that they
depend solely on cannibalism to survive during the summer. And this important results are
obtained due to modification of the study [cf. Molla et al. (2018)] by introducing cannibalism
in predator population. Deng et al. [cf. Deng et al. (2019)] did not address the existence or
direction of the Hopf bifurcation in their study. But, in our investigation, we have used proper
numerical simulation to analyse and validate the theoretical study of stability and various types
of bifurcation. The results show that the cannibalism parameter ¢ is an important factor to de-
termine the dynamical nature of the model system. Deng et al. [cf. Deng et al. (2019)] used
Holling type-I response function incorporating cannibalism in predator, whereas our article is
more updated in the sense that our model system incorporates Holling type-Il response func-
tion with the phenomenon of cannibalism in predator population. This makes our model system
much more complicated and realistic. The previous authors [cf. Zhang et al. (2019); Basheer
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et al. (2016,2018)] did not find bistability behaviour in their work, whereas our model system
possesses bistable region in ¢ — 0 space. Certainly, the dynamical nature of the population is
greatly affected by cannibalism.

Our study exhibits very interesting dynamical behaviors. The study can be modified by con-
sidering other types of functional response. The system can also be refined by incorporating
some biological factors like fear effect, harvesting policy of the population and wind effect. In
the near future, we are interested to expand our work to apply these schemes.
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8 Appendices

8.1 Appendix 1

By = *ba%GdQCl + ba%edQ[j’ — aqaed®cy + amedzﬁ — aar1e’md?,
B = ba%edc + ajaedce + dzﬁQ - 2emﬁ + e2m2d? — 2ayae*md — 2ayaecyd + aaye*md*6
+ Qba%edﬁ — 201d26 + cld2 + 2c1d%em + 2a1aedf — a1a96d2ﬂ + agled?c; — 2balecld
By = 28%d — 4mfBed — 2m2e®d?0 + A4mpBd2ed — 25%d%0 + 2m>e®d — 4meid?el — ajae’m
+ dmecid + 4cld2,6’0 — ajaec + ajaefl — ba%ecl + ba%eﬂ + 2ayaeci1df — 2a1abeBd
+ 2ajae®>mdl — 4Bc1d — 26%6129 + 201d + 2¢fd — 2mced — ajabfedc — 2ccid + ajaec
+ baec,
By = m?e? — 4m2e2dl + m20%e2d® + 2 + 8mpBedd — 2mb*Bd%e — 452d6 + 02 5%d> — 2mBed
+ aaie®m — 8mecydd + 2mb?cid?e + ajabeci — ajabef + 8Bc1dl — 20%¢c,d* B + c% - 4c%d9
+ Gzc%dz + 2mecy — 28¢1 — 2mec + 26¢ — 4¢BdO + dmceedd + ? — 2¢1¢ — ayabec
+ 4eeqdb,
By = —460Bcid + 4e1c8 + 202 5%d + 4mBed + 2m20%ed — 26%9 — 4dmec16 + dmect
+ 4mb%ecid — 2mb%ced — 20%cerd + 20%¢8d — 2m>e?0 + 48c10 — 2820 — 4mb?Bed
+ 2020%(1 —2¢%0 — 4¢f0,
Bs = —2mb?fBe + 2mb2ec, + 20%Bc — 20%¢ic + 92c% + 0262 + m20%e® + 6282 — 2mbec
— 26%8¢;.

8.2 Appendix 2

Here, we are interested to get a positive root of the equation (3.1). Suppose there exist two
complex root ; and 3y, with their complex conjugate a; and gj respectively and a real root .
So the equation (3.1) has two quadratic factor with negative discriminant and let those factors
be 22+l124+my = (z—a1)(z—0a3), 22+lez+ma = (z—B1)(z— BF), where [} = —2Re(ay), o =
—2Re(Br), m1 =| ax [*;m2 =| B |*.

Hence, m1, my are all positive. Then we can write

5
Z Biz" = Bs[(2% + liz + my) (22 4 laz +ma) (2 — 1)),

=0

Then comparing the constant term of both sides we get, —mimon = g—g e, N = —F s
Then 5 will be positive if 52 <0.
8.3 Appendix 3

_ maay2(1—0y2)? mxz(a1+x2+92y.2x272a1y207212y29). _aremyz2(1—0y2) .
1 = —bwy + o122 (10 512 = OEETAE P82 = Ty (1)

_ alemex
C22 = 7y2([a1+9;z(1 201/2)]2 + (yz+d) 7)-
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8.4 Appendix 4

_ S1—vVSs
02 = 2x2y2 (22y3b+222dbys+23bd?+cdwoys —my3 —2dmy3 —d2mys2) ’ where

S| = Zny%bal + 23@32}%1) + 2cd.r§y2 + 4y2r2db + 472y2dba1 + 2cdajxays + 21: 3d%b + 2d2ba1:r2
— 2mwgyg — wgygmale — 4x2y2dm — 2x9ysdmaie — 2;c2y2d m — xod? maie,
Sy = dadydm?are + 23ysm2aie? + xid*m?ale® + 4axsysmbal — 16x5ysbaldme — 24x3y3baid’me
— da3ySmarecd — 16z5y3mayedb — 4xdysmadecd — 24xayamared®b — Sysasd*mayec
— 8a2y2d*malec — 16x5y2d>mareb — 1623ysd>maleb — 4a3yscd®mare — ded3x3yra3me
+ 1623ygm3dase + 24a3ysm>d*are — dyyxibaime — dxjysmayed + da3ysm>ale’d
+ 6a3yam>ale’d® + 16a3y3d>m2are + 4asyad®male® + dadyadim2are — Axydimayeb
— 4a3d*maleb + 16z3yamdba? + 4zoyameda’t + 24x3ysmd?ba? + Szoysd*mea?
+ 1623ysd>mba? + dzoysdimea? + 4adyodimba?.

8.5 Appendix 5

For the eigenvector u = (uy,u2)”, corresponding to an eigenvalue of the matrix .J3, we define

the following operator:
92 Fy 2+

DQF(I,G)(% u) = Bdaj;z u? 24

8F2

9% F
dw uluz + dydquul + 81/21 u3
al 21U + 6ymu2u1 + u2

8.6 Appendix 6

The following formulas are used to calculate the expressions for g11, go2, 921 and goo:

We express the dynamical system (2.1) as dd—)f = F(X), where X = (z,y) and F = (I, I3).
By taking ¢ = ¢, + o, so that ¢ = 0 is the Hopf-bifurcation value for the system (2.1). Let us
consider z; = x — w9, 29 = y — yo t0 translate the equilibrium point to the origin. Applying Taylor
series expansion to the system (2.1), the system is developed as follows:

le Omn
m_.n
=&z + ez + Z 1T

In!
m+n>2
dza = Brmn
_ m,.n
at = 52121 + 52222 + Z m'n'I1 zy. (81)
m—+n>2
am+sz 67n+nF

Where, m,n > 0 and amn = Grgny |53 Bmn = Guggne |2, @nd &;; are given in Appendix 3. In
order to identify the characteristics of the Hopf-bifurcating periodic solution, we now take into
account the comparable system for additional analysis. The eigenvector X for eigenvalue a+ivy

. 1 o
is\ = { o iy } , where o = 15822 and v = 1\ /4(€12601 + &11€22) — (€11 + €22)2,

—&12 12

1
let M = (Re(r), —Im(7)) = [ T 07 ] and( i > =Mt < “ ) then we get the
w29 zZ

2
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following system in terms of w1, w- as follows:

dw

dftl = aw; — ywz + ¢(wy, ws; 0),

dw

TtQ yy1 + ays + U(wi, wo; 6). (8.2)

Where,

2
1 1 . 1
+ §a12w1¢2(w1,w2) + 60630101g + 60403¢3(w1,w2) + h.o.t,

1 1 1
p(wi, wo; 0) = iazowf + anwig(wr, we) + = aged? (wi, ws) + 50421w%¢(w1,w2)

U (wy, we; 6) = 5;2[ Bagw? + Briwid(wr, wa) + 502¢5 (wi,wg) + ﬁ12w1¢ (w1, wy)

+ 5521711%(25(1111, wa) + éﬂsow% + 6503¢53(w17 wa)]

&1+ ol 1 1
+ &%[50420117% + anwig(wr, we) + §a02¢2(w17w2) + §aglwf¢(w1,w2)
1 1 1
+ §a12w1¢2(w1,w2) + 604301115’ + 6a03¢3(w17w2)] + h.o.t,

and ¢(w1,ws) = %jawl — 5—102, where h.o.t stands for higher order terms. As the given
system satisfy all the conditions of Hopf-bifurcation at Es(x2,y2), then we have o« = 0, v =

Y0 = VdetJs3 and the system (8.2) reduces to

dw

7; = —Yow2 + ¢0(w17 w2, 0)7

d

% = Ywi + \IJO(U)M w23 9) (83)

Where,
1 2 1 2
¢o(wi, w; 0) = 502007 + anwygo(wr, wa) + 501024250(101,102)

1 1 1 1
+ 5042110%(150(101, wa) + §a12w1¢(2)(w17 wa) + éa:sowzf' + 6a03¢g(w17 wa) + h.o.t,

Vo (wy,wo; ) = — 32[ Boowi + Briwido(wr, wa) + 5o2¢0(w1,w2)+ 612w1¢0(w1,wg)

+ */3211111(150(’&017 wa) + *530101 + %/3’03%(101,102)]

*511 1 1
+ ?[204201111 + anwido(wr, we) + 20402650(11117 wa) + 20421w1¢0(w17w2)
1 1 . 1 .
+ 5&12101(/5(%(“)17 wa) + ga?,ow‘f + 6003458(1017 w2)] + h.o.t,

where, ¢ (w1, wa) = i + Cwa,n = —§L, ¢ = —22.

Next, we find the values of g11, go2, g12 and go1 at ¢ = ¢, and (w1, w2) = (0,0) in the following:
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1,0%¢0  0%¢g . 0%y 02T
g = Z[Ow% Ow? +il ow? M ows3 )

: [ago + 2nant + (7% + ¢Haos + i(*%(ﬁm +2nB11 + (1% + () Boz)

4
- %1(020 + 2non1 + (0° + ¢%)aoz))],

1.0% %9 %o oL JRo i 0 5 %o )

g0z = Z[ ow? B Ow3 9w, 0ws ow? B Ows Ow 0wy
1
= 1[0420 + 2na1; + (n* = ¢*)aoz + 24%)2(511 + 1B02) + 2(%(@11 + nagz)
+ i(*%(ﬁm + 2081 + (0* — (%) Bo2) — %(O@o + 2nan1 + (0% — agg) + 2¢(a11 + nage))],
1.0%pg 0o 0%, 02T, 0%, 02T
920 = 7155 — o5 +2 Tl — o5 - ]
40wy  Ows w1 0wy ows ows Owi0ws

1
= 1[0420 + 2naq1 + (n* = *ags — QC%(BM +nfo2) — 24“%(%1 + nogz)
+ i(—%(ﬁm + 20811 + (? — (Hang) — %(020 + 2naa1 + (0% — Pagz) — 2¢(a11 + nage))],
O S Tl TRl TR (i TR T
g21 = 8 8w% 8w18w§ 8w%8w2 awg 8wif Gwlawg 8w%8w2 6w§

= l[0430 + 3nasr + (3n* + ¢Haaa + 12 (n + oz — C%(ﬁm +2nBr2 + (* + ¢*)Bos)

8
- C%(am +2nais + (1 + ¢Hags) + i(*%(ﬁ:&o +3nB21 + (30% + %) Bi2 + n*(n + ) Bos)
- C%(Oéao + 3naa1 + (30° + ¢*)aa2) + 12 (n + (aos) — C(az1 + 2nonz + (n° + (%)ags))).
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