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Effect of Anti-Predator Behaviour in a Prey-Predator System with
Strong Allee Effect in Prey Population
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Abstract. In this work a predator-prey model is proposed where prey species shows anti-predator be-
haviour to save themselves from predator’s attack. Moreover, a strong Allee effect has been introduced in
the prey population to make the model more realistic to the environment. Both generalist and specialist
predators have been taken to observe the system dynamics minutely. The predator population decreases
with increasing value of ‘rate coefficient of anti-predator behaviour” when generalist predator is considered
but in presence of the specialist predator, the predator population first increases up to a threshold value
and then decreases. It means a very small rate of anti-predation does not affect the predator’s growth very
much but if prey attacks the predator at a larger rate, then the predator population decreases. Also, the
existence of one dimensional and two-dimensional bifurcations have been observed by making different
parameters as bifurcating parameters around the steady states.

1. Introduction

The relationship between predators and their prey population has become an important topic in theo-
retical ecology and Lotka-Volterra system first developed the ground work on this topic. In this context it
is mentioned that researchers have analyzed predator-prey systems by refining the Lotka-Volterra model
to get new results [6, 15, 20, 35, 45]. Although in most of the cases, researchers assume that prey is always
consumed by the predator but real-world scenarios sometimes contradict this assumption as predators may
be harmed by their prey [23, 34]. So, anti-predator behaviour, i.e., role reversal process between prey and
predator often occur in the environment. Prey population develop some evolutionary adaptation over time
to fight back against predator and it is called anti-predator behaviour. Many animals use claws, horns,
teeth etc. to fight with the predators and this is, in fact, a kind of anti-predator behaviour. There are many
research works have already been done on this type of behaviour [5, 7, 25]. Some of the works are dealt
with the assumption that prey applies the anti-predator strategies to avoid predation only [8, 10, 14, 32]
but some literature consider that preys can even attack predators (especially juvenile predators) [3, 9, 19].
From the work of Lingle and Pellis [19], it is observed that mule deer (O. hemionus) stand against their
predator coyote (Canis latrans) at the time of being attacked or encountered and defend their conspecifics
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by attacking the predators. Ford and Reeves [9], in their experiment, observed that a group of five or six
baleen whales (Mysticeti) adopt some fight (or, defence) strategies when attacked by killer whales and these
strategies include self-defence, defence of calves by their mothers and even group defence of whales. Let
us take another biological reference where prey species indirectly reduce its predator density. In China,
alpine meadow is one of the important ecosystems as it regulates some basic ecological amenities like main-
tenance of biodiversity, purification of water, soil and vegetation generation and renewal, decomposition
of waste materials etc. But according to statistical reports, for the past few years, many alpine meadows
have been degraded which affect the ecology as well as economy [41, 43, 44]. Due to this degradation,
species diversity and vegetation cover have been reduced which causes commodity scarcity, dust storms
etc. There is a small mammal named plateau pika (Ochotona curzoniae) which is a prime species in this
alpine meadow ecosystem. It is observed that plateau pika is in high density in a degraded ecosystem and
it is considered as a pest which needs to be controlled [17, 30]. In alpine meadow ecosystem, plateau pika
feeds on the vegetation and a lot of soil is thrown out when a plateau pika digs a hole and piles up a heap.
But this heap block the growth of existing vegetation and in fact, no vegetation can grow on the mound for
a long time due to unfavourable climate. As a result, the area for growth of vegetation reduces resulting in
a reduction of vegetation [42]. But the interesting part is increased density of vegetation makes a negative
impact on plateau pika. If a plateau pika is provided with higher vegetation, they become negligent about
their predators like tibetan fox etc. and hence are caught easily [29]. That means, plateau pika is indirectly
decreased by the high volume of vegetation.

According to experimental results, anti-predator behaviour of prey species is observed in terms of either
(i) morphological changes or through changes in behaviour [18, 22, 27, 37] or (ii) attack of prey population
on their predators [3, 13, 28]. Though anti-predator behaviour is a natural phenomenon, few works have
been done on this topic [1, 12, 26]. Ives and Dobson [12] modelled a predator-prey system with anti-predator
behaviour through morphological changes (i.e., (i)) with the following equations:
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k) YT Tvax

where x(t), y(t) are respectively prey and predator densities at time t. The parameters v and € are positive
constants which denote prey’s involvement in anti-predator behaviour and efficiency of the anti-predator
behaviour respectively. So, the predation rate decreases with an increase of either or both of v and €. Their
results show that the anti-predator behaviour of prey species can increase the density of the prey population
and reduce the probability of occurrence of damped oscillations. Again for the second case (i.e., (ii)), adult
prey is often invulnerable to their predators and they can even kill the juveniles predators.

W.C. Allee, in 1931, observed a relationship between the density and average fitness of the individuals in
a population which is defined as Allee effect [2, 4]. Under Allee effect, per capita growth rate of a population
increases and reaches to a maximum value which lies below of the carrying capacity. So, for low population
density, the growth rate first increases until it reaches a maximum and then starts to decrease. Allee effect
mainly occurs due to different reasons such as the lower probability of successful mating, difficulties in
finding mates, predator avoidance because of environmental condition, cooperative defence etc. Two types
of Allee effect can be observed depending on depletion of per capita growth at low population density:
strong Allee effect [16, 38, 40] and weak Allee effect [31, 39]. For the case of strong Allee effect, per capita
growth rate of a population becomes negative at low population density, i.e., the species extinct below of a
threshold value. But for weak Allee effect, there is no such threshold below which the population extinct
and here per capita growth rate is low at low population density. The growth rate of plants, as well as
animals, often affect by Allee effect. Confused flour beetles (Tribolium confusum) is one of the most injurious
insect pests for grain products which is used to demonstrate the Allee effect first. Also, pollinators got
attracted towards the small dispersed patches in fig trees (Fiscus sp.) which affect pollination [4]. Moreover,
different types of Allee effects have been seen in African wild dogs (Lycaon pictus), kakapo birds (Strigops
habroptilus) etc.

There are some published works in the literature where anti-predator behaviour is considered in prey
population. Tang and Xiao, in 2015, have proposed a prey-predator model with anti-predator behaviour
where the adult prey can attack exposed predators [36]. They have concluded that the anti-predator
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behaviour of the prey population resists the aggression of a predator species. Again, Sun et. al. in their
work have considered a predator-prey system where anti-predator behaviour of prey species occurs only
when the prey population exceeds a threshold value [33]. They have concluded that higher anti-predator
rate induces persistence of the prey population and also the coexistence depends on the anti-predator
behaviour. A higher value of anti-predator behaviour rate coefficient helps to coexist both the prey and
predator populations and also damps the predator-prey oscillations. Till now, there is no work has been
done on anti-predator behaviour of prey population in presence of Allee effect. So, we, in this work, have
modelled a prey-predator system where prey species shows anti-predator behaviour to avoid a high rate
of attack of the predator in presence of strong Allee effect. Also, not only the specialist predator but also
generalist predator is considered in a separate model to analyse the results of how anti-predator behaviour
affect the growth of the predator population in both cases.

The complexity of any model can be manipulated by appropriate choice of functional responses. In
our work, we have shown that the inclusion of some relevant biological arguments has made the model
system more realistic. Firstly, both the generalist and specialist predator have been considered here. There
are only a few species exist in the environment which are considered as specialist predators. Moreover, a
prey-predator interaction with generalist predator can show more biologically relevant properties as the
extinction of predator does not fully depend on the extinction of prey and predator can survive without
consuming this particular prey. So, the main purpose of this literature is to model a prey-predator interaction
with anti-predator behaviour in presence of strong Allee effect to observe its impact on the dynamics. This
paper is organized as follows: Section 2 contains the mathematical models for both generalist and specialist
predator. Section 3 shows that all the populations are positive and bounded. Extinction criterion for the
populations have been stated in section 4 and equilibria with their existence for both models are described
in section 5. Section 6 proves that some of the equilibrium points are locally asymptotically stable under
some parametric restrictions. Conditions for the occurrence of local bifurcation around the equilibria are
discussed in section 7. Figures in section 8 support the analytical findings. The work has ended up with a
brief discussion about the system dynamics.

2. Mathematical Model: Basic Equations

An ecological system in terms of mathematical equations mainly provide the proper insight of the

system and it becomes easier to find the dynamics of the model with time. Our main purpose of this study
is to model the prey-predator interaction where prey population exhibits anti-predator behaviour. In this
study, we have highlighted the complex and rich dynamics induced by the prey dependent anti-predator
behaviour.
The system is a two species food chain model consists of a prey population (X) and a predator population
(Y). It is assumed that when there is no predator present in the system, prey population grows according
to logistic law with intrinsic growth rate r; and carrying capacity K;. The parameter Ky represents the Allee
threshold of prey population in absence of predator with the condition 0 < Ky << Kj. The parameter M
represents the predation rate coefficient of predator on prey species and as the hunting procedure is not
instantaneous, let Tj, be the average handling time of predator for each prey. So, the predation between
prey and predator follows Holling type-II functional response. First the predator is suggested to be a
generalist one where the alternative food supply is available. It is quite obvious as predators can often
prefer a different number of prey for consumption. In the absence of this prey species, it is assumed that
the predator grows logistically with intrinsic growth rate r, and carrying capacity K. If the predator is
assumed to be specialist one, then the predator live depending on only one particular prey species. In that
case, let, c be the biomass conversion rate. The parameter 1; denotes the rate of anti-predator behaviour
of prey species to the predator population. It is observed that such behaviour does not benefit the prey
population directly but only reduces the growth of the predator population [3].
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So, for generalist predator, considering all these assumptions, we get the system as:

ax(1) _ 1X(1 _ ﬁ)(i _ 1)_ _MXY o) >0,

4T Ki1/\Kp 1+ TyMX’ @.1)
A _ Y(l - 1) XY, Y(0) > 0. .
ar U TK)T!
Using the scaling x=2 T L and t=171 “Kl T, system (2.1) becomes
Y 1P - L = x0) >0,
dt 1+ax 2.2)
dy(t) ‘
7 =1yl —y)—nxy, yo=y(0)>0,
wherep = 22, m = M?KU a=TMKy, r= :Zﬁ’ n= m—KO.
And, when the predator is specialist one, the model becomes:
ax(T) _ ( X )( X ) MXY
—r XU\ Y A KO >0 23
dy(T) = cMXY ‘
T - 1+ TMX - DY -mXY, Y(0)>0.
Using the scaling x=2 I L and t=171 1K1 T, we get system (2.3) as
O -0 -p - 2L =x0) >0,
dt 1+ax (2.4)
dy(t)  cmixy p — 4(0) > 0 ’
it  1tax 7MWY=V ’

where p = Ié—‘l’, my = MKO ,a=T,MK;, d= ZIIE‘;, n= m °. Here all model parameters r1, Ko, K1, 72, M, ¢, D, T,
K3, n are positive constants

3. Positivity and Boundedness

This section shows that the variables of system (2.2) and (2.4) remain positive and bounded for all time.

Theorem 3.1. Solutions of systems (2.2) and (2.4) starting in R3 are positive for all time.

Proof. Right hand sides of systems (2.2) and (2.4) are continuous and locally Lipschitzian on C (space of
continuous functions) and hence solutions (x(t), y(t)) of (2.2) as well as (2.4) exist and are unique on the
interval [0, T), where 0 < 7 < +o0 [11]. From the first equation of (2.2), we get

dx(t) _ mxy
TR S A g
. ) t my(s)
ie., x(t) = xpexp [j; {(1 —x(s))(x(s) —p) — m} ds]

> 0, for xg > 0.

First equation of system (2.4) is same as of system (2.2) and so x(t) > 0 holds for the later one too. Again
from the second equation of (2.2):

¢
y(t) = yoexp (fo‘ {r(1 = y(s)) — nx(s)} ds) >0, for yo > 0.
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Similarly, from the second equation of (2.4), we get

t
y(t) = yoexp (f { amx(s) _ nx(s)} ds) > 0, for yo > 0.
0

1+ ax(s)
|
Theorem 3.2. Solutions of system (2.2) starting in R remain uniformly bounded for all time.

Proof. CaseI: Letxy < 1. Claim: x(t) < 1.
Suppose, it in not true. Then, 3 t; and f, such that x(t;) = 1 and x(t) > 1, Yt € (1, ;). Here ‘3’ stands for

the words “there exists’, ‘¥ stands for ‘for all’ and ‘€’ stands for ‘belongs to’. So, from the first equation of
(22) Vte (tl, i’z),

x(t) = xp exp (j; o (x(s), y(s)) ds)

where, ¢(x(s), y(5)) = (1 = X(s))(x(s) = P) — Trary

t t
So, x(t) = x;(0) exp [[f(j)(x(s), y(s)) ds] + [f o(x(s), y(s)) ds”
0 h

= x(t) exp [f(b(x(S), y(s)) ds]
51

t
= exp [ f P(x(s), y(s)) ds]
131

As, 0 <p<1,itgives, ¢(x,y) <0

So, x(t) < 1, which is a contradiction.

Case II: Let xg > 1; our claim is: limsup,_,  x(t) < 1.
If it is not true, then x(t) > 1V > 0;i.e. ¢(x,y) <O0.

t
So, x(t) = xpexp ( f P(x(s), y(s)) ds) < xp.
0

From the first equation of (2.2):

dx

I <(x = p)x(1 —x), where x = li¥n inf x(t)

= limsupx(f) < 1.
t—00

Moreover from the 2" equation of (2.2) we have

dy
2 = -y -y <ry(l-y)

= limsup y(t) < 1.
t—o0

Hence, the solutions of system (2.2) will enter into region:

Q1 ={(x,y): 0 < x(t) < 1,0 < y(f) < 1}.
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Theorem 3.3. Solutions of system (2.4) starting in R remain uniformly bounded for all time.

Proof. 1% equation of system (2.4) is: ‘Zl—’t‘ =x(1-x)(x—p)— Tig
Proceeding as Theorem 3.2, we have lim sup x(t) < 1.
t—o0

Consider p = (p%l) 4 Ny 1)22(p+1)2+12.
Let W = Ax(t) + By(t), where A = % and B=1.

20%(p-437) ¢

dw dx dy d
So, T _AE +BE =A[x(1-x)(x—p)+x] - Ax - ~y -y

<A[x(1-x)(x—p)+x] - Ax - gy
Let H = x(1 — x)(x — p) + x. Then G attains its maximum value at x = p and Hx = %.

So, L%v <1-1W, wheret = min{A,d}.

1
Then, W(t) < p + W(xo, yo) exp(—1t)
= lim W(¢) < l
t—oco T
Therefore, all solutions of system (2.4 enter into the region:

Qz={(x,y):0§x(t)§1;O§W(t)s%+e,e>0}.

O

4. Extinction Scenarios

Theorems in this section provide the criterion for which prey and predator extinct from the system in
long run.
Let us denote the following notations: x = limsupx(t); y = limsupy(t). Similarly, x = li¥n inf x(t);
t—o0 -

t—oo

y= lqu inf y(t).

4.1. Considering Generalist predator:

Here we use the facts thatx <land y < 1.
First two theorems give the extinction criterion of prey species and the last one provide the criterion for
predator extinction.

Theorem 4.1. Ifx <p, then tlim x=0.

Proof. Chooseest. 0<e<p—Xx, thendT>0s.t.x(t) <x+¢, Vt>T.
fort>T:

d
d_’tf = x[(l —x)(x-p) - 1n:yax]
<x(1-x)(x—-p)

<x(x+e-p)

=—ux [where,u=(@p-x-¢)>0]

Hence, tlimx =0. O



S. Saha, G. P. Samanta / Filomat 35:14 (2021), 4837-4870 4843

Remark 4.2. So, it is concluded that only the Allee effect can wash out the prey population. If prey species stay below
the Allee threshold, then they can not live in the system and goes extinct with time.

Theorem 4.3. Ifmy > (p + 2)(1 + a), then tlim x=0.

Proof. Choose e such thatforO<e<1—-p, 3T;>0,s.t. x(t)<1l+e€ Vt>T;.
. (p+2)(1+a)
Also, be definition, for 0 < e; <y — Y

For YVt > max{Ty, T»} :

, AT, >0,st. ylt) >y—e, V> T).

dx 3 o my
E_x[(l M =p) 1+ax]
m(y — €1)
Sx[(l+p)(1+e)—p—ﬁ
m(y — €1)
S—X[{T—(P"'Z)]
3 m (p+2)(1+a)
—‘(m)[%‘el‘T]x

p+2)(1+a) .
m

0

m
=—y(1+a)x, where u =y —e -

= —-Ux, [where U=u (1&”)]

Hence, tlimx =0. O

—00

Remark 4.4. If the predator starts to consume prey population with a higher rate, then the prey biomass decreases
gradually with time. This leads to the declination and ultimately extinction of prey population from the system with
time.

Theorem 4.5. If nx > r, then tlim y(t) =0.

Proof. Choose € such that for 0 <e < x — %, AT>0,st x(t)>x—¢, Vt>T.
For YVt > T, we have

dy 3
— ==y -y
<{r-nx-e)ly

ol
n

= —uny, [wherey =x—-€- % >0
Hence, tlim y=0. O

Remark 4.6. If the anti-predation rate exceeds the growth rate of the predator and hunts juvenile predator frequently,
then the predator population goes extinct from the system as time goes.
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4.2. Considering Specialist predator:

Here we use the facts that x < 1 and iy < M (as the solutions are bounded).
First two theorems give the extinction criterion of prey species and the last two provide the criterion for
predator extinction.

Theorem 4.7. Ifx < p, then tlim x=0.
Theorem 4.8. If my > (p + 2)(1 + a), then tlim x=0.

Proofs of the above stated theorems are same as the proofs of Theorem 4.1 and Theorem 4.3.

Theorem 4.9. If2cmy < d, then lim y(t) = 0.

t—oo

Proof. Choose e such thatforO<e<1, 3T>0,s.t. x(t)<1l+e Vt>T.
ForVt > T, we have

dy_ cmyx cmyx
E_{1+ax_d_nx}ys{l +ax_d}y

<[emi(l+e€)—dly
<[2cmy —d]y
= —uy, [where u =d—2cm; > 0]

Hence, tlim y=0. 0O

Remark 4.10. If the mortality rate of predator exceeds its growth rate after consumption of prey, then the predator
population goes extinct from the system with time.

Theorem 4.11. If nx > cmy, then tlim y(t) =0.

Proof. Choose € such that for0 <e < x — %, AT>0,st x(t)>x—¢, Vi>T.
ForVt > T, we have

dy [ cmx
E_{1+ax_d_nx}y
< fem = n(x - e)ly
—-nfx-e- 2]y
a n
= —uny, [whereyzg—e—% >0

Hence, tlim y=0. O

Remark 4.12. If the anti-predation rate of predator grows higher than the biomass conversion rate, then predator
species cannot sustain in the system in the long run.
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5. Equilibrium Points

The proposed system (2.2) has the following equilibrium points:

1. Trivial Equilibrium Point: E((0, 0).
2. Axial Equilibrium Points: (i) E1(p,0), (ii) E2(1,0) and (iii) E3(0, 1).

3. Interior Equilibrium Point E*(x*, y*) where y* = # and x* is the positive root of the equation:

G(x) = Cix® + Cox®> + Cax + C4 = 0, (5.1)

where, C; =ar > 0,
Cy=r{l-a(l +p)},
Cy=r@ap—-p—-1)—mn,
Ci=r(p+m)>0

For E*, y* exists only when nx* < r.
Equation (5.1) has no real roots if 1 —a(1 + p) > 0 and r(ap — p — 1) > mn hold. Also, equation (5.1) has either
no real roots or two real roots if
@1l-al+p)<O0andr(@p—p-1) <mn;
(b)l1-a(l+p)>0andriap—p—1) <mn;
(©)1-a(l+p)<O0andr(@p—p—-1) > mn.

Further system (2.4) has the following equilibrium points:

1. Trivial Equilibrium Point: E((0, 0).

2. Axial Equilibrium Points: (i) E1(p,0), (ii) E2(1,0).

3. Interior Equilibrium Point E*(x*, y*) where y* = %(1 +ax*)(1 — x*)(x* — p) and x” is the positive root of
the equation:

Gi(x) = Kix®> + Kox + K3 = 0, (5.2)

where, Ky =an >0,
Ky =n+ad-cm,
K3=d>0

Equation (5.2) has no real roots if n+ad > c¢m;y. Also, it has either no real roots or two real roots if n+ad < cny
holds. Specifically, we get two interior equilibrium points (x}, y;) for i = 1,2 if n+ad < cm; holds along with
K3 > 4K;K3. Moreover when (1 + ad — cmy)* = 4adn), two interior equilibrium points coincide each other
resulting in a single interior equilibrium point E*(x*, y*).

6. Local Stability Analysis

Local stability conditions of the equilibrium points can be determined by the eigenvalues of corresponding
Jacobian matrices. According to the Routh-Hurwitz criterion, an equilibrium point is locally asymptotically
stable (LAS) if the Jacobian matrix of the corresponding equilibrium point has all eigenvalues with negative
real parts and unstable if one eigenvalue becomes positive. Now, we analyse the Jacobian matrix for each
of the equilibrium point for both systems (2.2) and (2.4) one by one to study whether an equilibrium point
is stable.
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6.1. Generalist predator
Now, the Jacobian matrix of system (2.2) is given by

_ | 411 a2
]_( a1 A )
where a1 = (1 - x)(x —p) —xQx—p—1) - J—ayx)Z; app = —f2; ay = —ny; ay =r(1 - 2y) — nx.
- 0
For Eo = (0,0) : Jlg, = ( op . )
So, A1 = =p < 0and A, =r > 0. So, we have the following theorem:

Theorem 6.1. Ey is always a saddle point.

pl-p) -1
0 r—pn )’
So, A1 = p(1 —p) > 0and A, = r — pn. So, we have the following theorem:

ForE1 = (p,0): Jlg, = (
Theorem 6.2. E; is saddle point when r < pn and unstable when r > p.

For Ey = (1,0) : Jle, =( i) r_ﬁ )

So, the eigenvalues are A; = —(1 —p) <Oand A, =7 —1.

Theorem 6.3. E; is stable point when r < 1 and saddle when r > 1.

For E3 = (0,1) : JIg, =( —(Tr:;-}?) —Or )’

Here, the eigenvalues are A; = —(m + p) < 0 and A, = —r < 0. So, we have the following theorem:

Theorem 6.4. Ej is always a stable equilibrium point.

Now, for E*(x", y*) : Jlg- = ( a1 ap ),

ay1 A
max*y* *
where ay; = ﬁ -X'2x" =p-1), ap = —%, ay = -nYy', an = -ry".
Characteristic equation for E*(x*, y*) will be
A2+ PiA+P, =0, 6.1)
where P1 = —(ﬂn + {122) and Pz = a114dp2 — A12471.

By Routh-Hurwitz criterion all the roots of equation (6.1) have negative real parts if P; > 0 and P, > 0. Now
P, > 0 when a1 < 0. Hence, we have the following theorem:

Theorem 6.5. E*(x*, y*) will be LAS by Routh-Hurwitz criterion if a1 < 0, i.e., max'y* < x*(2x* —p — 1)(1 + ax*).
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6.2. Specialist predator
Now, the Jacobian matrix of system (2.4) is given by
_ | 911 a2
J= ( a1 A )
wherea; = (1-x)(x—p)—x(2x—p-1) -

myx cmy
T o A=
1+ax’

ap =

cmyx
> —NY; axn = —d—nx.

_my . _fmy
(1 + ax)?’ (1 + ax) 1+ax

- 0
For Eo = (0,0) : Jlg, =( 0” L )
So, A1 = —p < 0and A, = —d < 0. So, we have the following theorem:

Theorem 6.6. E, is always a stable point.

p(1—p) -
FOI‘ E = , 0 : | = cmy ap .
=00 [ 0 mp-d-np

cmyp

So, A1 =p(1—-p)>0and A, = Tvap d — np. So, we have the following theorem:

Theorem 6.7. E; is saddle point when cmip < (d + np)(1 + ap) and unstable when cmyp > (d + np)(1 + ap).

~(1-p) -
For E; = (1,0) : JIg, = 0 P %_13_77 ,
. Ccmy
So, the eigenvalues are A} = —(1 —p) <Oand A, = Tea d—n.

Theorem 6.8. E, is stable point when cmy < (d + n)(1 + a) and saddle when cmy > (d + n)(1 + a).

* * * a a
Now, for E*(x*, y) : ]IE»=( a; ﬂ;i ),

myax*y’ oy myx* cnm .
h =— 7y —-p-1 = gy = - =0.
where a1 Tt ar ) X(2x' =p-1), an T @ {(1 T ax) rz}y , a0 =0
Characteristic equation for E*(x*, y*) will be
AP +QA+Q =0, (6.2)

where Q1 = —a1 and Q2 = —d12071.
By Routh-Hurwitz criterion all the roots of equation (6.2) have negative real parts if Q; > 0 and Q, > 0.
Now Q; > 0whenay; <0Oand Qp > 0= cmy > (1 + ax*)?. Hence, we have the following theorem:

Theorem 6.9. E*(x*,y*) will be LAS by Routh-Hurwitz criterion if myax"y* < x*(2x* — p — 1)(1 + ax*)? along with
cmy > (1 + ax*)?.
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7. Bifurcation Analysis

Change of stability around the equilibria have been discussed in this section. We have used Sotomayor’s
Theorem [24] and the Hopf Bifurcation Theorem [21] to observe the bifurcation analysis of both system (2.2)
and system (2.4). In order to apply Sotomayor’s Theorem, the Jacobian matrix at the bifurcating equilibrium
point contains one zero eigenvalue.

- T - T : T
LetV = (v1,v2)" and W = (w1, w;)" be the eigenvectors of Teq. point) and || (eq. point

int)

respectively corresponding

to zero eigenvalue of the equilibrium point.
Let F = (F;,F,)" and H = (Hy, H,)" where

mx
Fi=x(1-0)(x—p) =~ 7
Fy =ry(l-y) —nxy; may

1
Hi=x(1-0@-p) =7,
Hy= 2 g
27 T v ax y=my.

Theorem 7.1. System (2.2) undergoes a transcritical bifurcation with respect to the bifurcation parameter 1 around
E>(1,0)ifn=r.

Proof.
-1 —m
re=( 75" )

Let, nirc,] be the value of i such that J|g, has a simple zero eigenvalue at 1 = ¢,
So,atn =1ty :

n&=(p51 ‘fﬁ)

Here, A1 =p-1<0.
After some calculations: V = (m, (p — 1)(1 +a))T and W = (0, 1)".
So, O = W!.Fy(Ez, irey) = —xyle, = 0,
Q = W™ [DFy(Ea, nire,)V| = =xvale, = (1= p)(1 +a) # 0
and Qs = W' [D?F(Ez, niire,)(V, V)| = 21 = p)(1 + a)[mn + r(p — 1)(1 + a)] # 0.
By Sotomayor’s Theorem, system (2.2) undergoes a transcritical bifurcation around E; at 1 = nir¢,;. O

Theorem 7.2. System (2.2) undergoes a saddle-node bifurcation with respect to the bifurcation parameter p around
E*(x*, y*) when G(x) = 0 has a double root in the interval (p, 1).

Proof. Let xsy,) be a double root of G(x) = 0 such that p < x[g,] < 1. S0, G(X[s]) = 0 = G (x[sn,)) and
G’ (xsny)) # 0. Let pjs,) be the threshold value of p such that for p = pjgu,], X[sn, is @ double root of
G(x) = 0. The non-trivial nullclines touch each other at (X[s,], P[sny]) = E; B Let, F1(x, y) = xfi(x,y), F2(x,y) =

[sm

yfa(x, y). %{1) ] denote slope of fi(x,y) = 0 and dz(f) » denote slope of fo(x,y) = 0. Now, % =
Fom] Fon] Fon]
_ 9Fi/ox dyt?) _ _9F/ox
oFi/dy|_, 7 dx I —  JdFR/dy B
[5”1] [5711] [5!11]

o o U
(% R )-8 )
T L L )T Ak Ak [T gy a

ox dy Yix ydy 2 2
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max"y* * . .
where a11 = m, app = =iz, G = =Ny, an = -1y’
_ dfdfy dfidf] _ Ayt ) ) )
Here, Det (]IE*[WI]) = xy[ ax dy ~ dy dx] =0as = I Thus the Jacobian matrix ]IE*M] has a
[sn1] [sn1]

simple zero eigenvalue.
- T - T
Here, V = (a2, —a21)" and W = (ax, —a12)

so, () = WT'FP(E*rP[sm]) = —apx' (1 - x*))Ei | #0
5711

and Q, = WT [D2F(E*,P[sm])(V, V)] = [a22(2 f1xy02 + frax01)01 + 2a1202(017) + rUZ)]|Ef | # 0.
Sn‘]

Thus, from Sotomayor’s Theorem, system (2.2) undergoes a non-degenerate saddle-node bifurcation around
E*atp =ppn. O

e Non-occurrence of Hopf bifurcation:
Characteristic equation of E* : A2+ PiA+P,=0.
Here P1 = —(6111 + a22) and P2 = a11022 — A12421 where ap = %, ap = —1711—;;, ay = —nx*, ayy = —T’y*.
Hopf bifurcation around E* occurs when Tr(J|g-) = P; = 0 with Det(J|g-) = P> > 0. Now, P; = 0 implies
a11 = —ay and this gives P, = —agz —apay < 0. As we get Det(J|e-) as negative, hence, Hopf bifurcation
can not occur around E* for any parameter values.

A co-dimensional 2 bifurcation is cusp bifurcation where the critical equilibrium point has a zero eigenvalue
and the quadratic coefficient for the saddle-node bifurcation vanishes. Two branches of saddle-node bifur-
cation curve or a saddle-node bifurcation curve and one transcritical bifurcation curve meet tangentially at
the cusp bifurcation point forming a semicubic parabola.

Theorem 7.3. The interior equilibrium point E* of system (2.2) undergoes cusp bifurcation at the threshold (p,n) =
(prcpy, Micey) around E*(x*, y*) when G(x) = 0 in equation (5.1) has a triple root in Oy (which stated in Theorem 3.2).

Proof. Let x3 be a triple root of G(x) = 0, G(x3) = G'(x3) = G”(x3) = 0 and G"’(x3) # 0. Now proceeding
as Theorem 8.2, it can be shown that the Jacobian matrix at EECP] (x3,y3) (denoted by, | |Efcp]) has one zero
eigenvalue. Moreover, the quadratic normal form coefficient for the saddle-node bifurcation at Ej.p, is
given by

W [D*F(E;cpy, pice)(V, V)] = 0.

Hence system (2.2) undergoes a co-dimension two bifurcation which is known as cusp bifurcation at
(p,m) = (prery, Micey) and the point (picpy, icpy) in the p-n parametric plane is the intersection of the two
branches of saddle-node bifurcation, where they meet each other tangentially. [

Theorem 7.4. System (2.4) undergoes a transcritical bifurcation with respect to the bifurcation parameter 1 around
E>x(1,0)ifecmy = (d+n)(1 +a).

Proof.

_(r-1 75
]|E2_( 0 %_Zi_n)

1+a

Let, nrc,] be the value of i such that J|g, has a simple zero eigenvalue at 1 = 1rc,].
So, atn = nrcy -

-1 -
]|Ez:(p0 6+a )
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Here, Ay =p—-1<0.
After some calculations: V = (my, (p — 1)(1 + a))T and W = (0, 1)T.

So, Q1 = W .H,(Ez, nircy) = —xyle, =0,
Qy = W' [DH,(Ez, e,V ] = —X02|Ez =(1-p)(1+a)#0

-1

and Q3 = W [D2H(Ex, nire,)(V, V)] e T ld(1 +a)’ —acm) #0.

By Sotomayor’s Theorem, system (2.4) undergoes a transcritical bifurcation around E; at n = nir¢,;. O

Theorem 7.5. System (2.4) undergoes a saddle-node bifurcation with respect to the bifurcation parameter 1 around
E*(x*, y*) when (n + ad — cmy)? = 4adn.

Proof.
_ | 411 a2
]|E* - ( a1 0 )

where a1 =

nma. _ myx* _ cm .
m x(2x —-p- 1) {Illz——ﬁ, a21—{m—n}y.
Characteristic equation for E*(x*, y*) will be A2 — a3 A + Q2 = 0 where Q) = —a1pa1 = % { T 7 - 17}.

At 1 = 1sny;, we have (n + ad — cmy)? = 4dadn, ie., cmy = (1 + ax*)? resulting in Q, = 0. Thus the Jacobian
matrix ]IE[ | has a simple zero eigenvalue. So, at 1) = g, :
5)12

a1 ai
]|E _( O )/

where, A1 = a11 < 0 (by one of the stability condition of E*).
The calculations give: V = (412, —a11)" and W = (0, 1)T.

s0, Q1 = WL.H(E", Njsny)) = —xy|E*
SYIZ
2acmy”*
and Qp = W [D*H(E", jsu)(V, V)] = ——)201 # 0.
Thus, from Sotomayor’s Theorem, system (2.4) undergoes a non-degenerate saddle-node bifurcation around

E*atn =1, O

Hopf Bifurcation at E*(x*, y*) :

Let us consider 1 as bifurcation parameter to check the instability of the equilibrium point E*. The charac-
teristic equation of system (2.4) at E*(x*, y*) is

AP +QA+Q =0, (7.1)

mlax*y* * £
Aoy - x(2x —P—l)],

_ _mx'y om
Q2 = 2 = 1+ ax* {(1 + ax*)? 77}

where, Q1 = —a11 = —

Theorem 7.6. If E* exists with the feasibility conditions, then a simple Hopf bifurcation occurs at unique 1 = 19,
where 19 is the unique positive root of the equation: Q1(n) = 0 with Qx(no) > 0.
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Proof. For 1 = 19, the characteristic equation of system (2.4) at E*is A2 + Q = 0

which gives roots: A; = ivVQ, and Ay = —ivQa. So there exists a pair of purely imaginary eigenvalues.
Also, Qi(n) are continuous functions of 7.

So, for 1 in a neighbourhood of 7, the roots have the form:

A =pi() +ip2(n), Az = p1(n) — ip2(n); pi(k) are real fori =1, 2.
Next to check the transversality condition: %[Re(/\i(n))“n:rm #0,fori=1,2.

Put A(n) = p1(n) + ip2(n) in (7.1), we get

(p1 +ip2)® + Qu(p1 +ip2) + Q2 = 0. (7.2)
Taking derivative w.r.to k, we get

2(p1 + ip2)(p1 + ip2) + Qu(pi + ip2) + Qu(pr +ip2) + Q2 = 0.

Comparing real and imaginary parts:

S1p1 = Sap2 + 53 =0, (7.3)

Sop1 + S1p2 + 54 =0, (7.4)
where S1 = 2p; + Q1; S2 = 2p2; Sz = Q1p1 + Q2; Sa = Qipa.
From (7.3) and (7.4):

) 5254+ 5153

= 7.5

P1 §?+82 (7.5)
Now,S1 =2p1 + Q1 # 2p1; S3 = Q1p1 + Q2 # Q2; Sa = Qipa # 0.
Atn=r1p:

Case-(1): p1 = 0; p2 = VQa. .
So,51#0; S, =24Qy; S3# OQo; S4 #0
and S,54 + 5153 # 0.

Case-(2): p1 = 0; p2 = —VQa. .
So,51#0; S, = —2\/@,‘ S3#Qy; S4#0
and S,54 + 5153 # 0.

_ 5,54 + 5153
= ST+S

d
So, (E[Re(/\i(n))])

Hence the theorem. [0

In a two parametric plane a local bifurcation of co-dimension two occurs when Hopf-bifurcation curve and
saddle-node curve intersect each other and this bifurcation is called Bogdanov-Takens bifurcation.

Theorem 7.7. The interior equilibrium point E* of system (2.4) undergoes Bogdanov-Takens bifurcation at the
threshold (,m1) = (nisry, M) i Det(JlE) (s mygsr) = O @1 Tr(Jle)l 0.

NI MET)

8. Numerical Simulation

Numerical figures play an essential part in any model system because these validate the analytical
results. In this work, we have considered a prey-predator system with anti-predator behaviour in presence
of both generalist and specialist predator. Let us fix some of the parameters in Table 1.



S. Saha, G. P. Samanta / Filomat 35:14 (2021), 4837-4870 4852

Parameter | p m |a| 7
Value 0171 05 |6 | 0.6

Table 1: Parametric values used in numerical simulation

Figure 1 depict the nullclines and position of equilibrium points for » = 1 and r = 0.5. In Figure (1.a),
we have taken r = 0.5 and got three axial equilibrium points E;(p,0), E»(1,0), E3(0,1) and one interior
equilibrium point E*(0.32,0.61). But in Figure (1.b), we have taken r = 1 and got two interior equilibrium
points E7(0.36,0.78) and E(0.96,0.42) along with Eq, E; and E;.

0 0.2 0.4 0.6 0.8
X X

(1.a) (1.b)

Figure 1: Position of Prey nullcline (“blue” curve) and Predator nullclines (“red” curve) of system (2.2): (14.a) r = 0.5 and (14.b) r = 1.
Parametric values have been taken from Table 1.

Figure 2 depict that for r = 1, the trajectory starting from xy = (0.9,0.45) converges to E*(0.96,0.42).
Though we get another interior point (0.36,0.78) but it acts as a saddle point. Again from the same
parametric values, if we choose a trajectory with starting point xg = (0.09, 0.45), then it tends to prey-free
equilibrium E3(0, 1) (see Figure 3).

So, itis observed that the trajectory can converge to either E3 or E* depending on the initial point. A small
perturbation in initial point can change the direction of trajectory from interior steady-state to prey-free
equilibrium. Hence an occurrence of bistability between E; and E* has been reported (see Figure 4).

Further, Figure 5 show that for r = 0.5, trajectory starting from xo = (0.9,0.045) converges to E(1,0).
Also, we get one interior point E*(0.32, 0.61) which is a saddle point. Changing the initial point slightly leads
to a trajectory converging towards E3(0,1). So, if a trajectory starts from xo = (0.9, 0.45), then it approaches
towards (0, 1). In this case also, occurrence of bistable behaviour can be observed (see Figure 6).

From the stable state of E;(1, 0), if the anti-predation rate starts to decrease, then at some threshold value
of 1 = nrrcy, Ez loses its stability and becomes unstable once 7 lies below r (intrinsic growth rate of predator
species). So, system (2.2) undergoes a transcritical bifurcation around E; at = 1] = 0.5 (see Figure 7).
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Figure 2: Stable behaviour of E* in system (2.2) for » = 1. Parametric values have been taken from Table 1.
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Figure 3: Stable behaviour of E3 in system (2.2) for r = 1. Parametric values have been taken from Table 1.

4853

Here Allee threshold (p) plays an important role to control the system dynamics. For r = 1, we
get a threshold value of p = pjs), above which there are no equilibrium points but for p < pisn, there
are two equilibrium points among which one is always stable and other one is always unstable. So, at
p = psn] = 0.583431, two equilibria coincide with each other and the system undergoes a saddle-node

bifurcation around E* (see Figure 8) with coordinate (X[sy], ¥[sn]) = (0.837197,0.497682).

Taking (p, n) as bifurcation parameters, we get a co-dimensional 2 bifurcation, named cusp bifurcation. A
cusp bifurcation occurs when two saddle-node bifurcation curves or a transcritical curve and a saddle-node
bifurcation curve meet tangentially. For = 1, m = 0.5 and a = 6, the system undergoes a cusp bifurcation
(denoted by “CP” in figure 9) with (picp}, nicpy) = (0.928560, 1) with coordinate (0.999996,0.000004). Here
which implies the bifurcation is non-degenerate (see Figure 9).

the normal form coefficient ¢ = 7.428197¢

+00
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Figure 4: Bistable behaviour between E3 and E* of system (2.2) for r = 1.. Parametric values have been taken from Table 1.
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Figure 5: Stable behaviour of E; in system (2.2) for r = 0.5. Parametric values have been taken from Table 1.
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Figure 6: Bistable behaviour between E, and E3 of system (2.2) for » = 0.5.. Parametric values have been taken from Table 1.
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Figure 7: Transcritical Bifurcation around E; for r = 0.5 in system (2.2) taking 1 as bifurcation parameter.
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Figure 8: Saddle-node Bifurcation around E* in system (2.2) for r = 1 taking p as bifurcation parameter.
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Now let us consider another set of parametric values in Table 2. Figure 10 contain the position of

Parameter | p | m |a |7
Value 0410561

Table 2: Parametric values used in numerical simulation

nullclines for different values of 7. When 1 = 0.01, there does not exist any interior equilibrium point (see
Figure (10.a)). We get only trivial and axial equilibrium points here. In the next Figure (10.b), the value of n
has been slightly increased (n = 0.05) and we get one interior equilibrium point along with trivial and axial
equilibrium points. For increasing value of 1), the predator nullcline further moves down and in the next
Figure (10.¢), i.e., when n = 0.6, we get two interior equilibrium points E] and E; along with other trivial
and axial equilibrium points Ey, E;, E; and E;. Here, increasing value of 1 results in non-occurrence of
interior point to the occurrence of two interior points.

For nn = 0.6, it is observed in Figure 11 that the trajectory starting from xy, = (0.9,0.45) approaches to

0 0.2 0.4 0.6 0.8

e
-6

o

e
-6

X x x

(10.a) (10.b) (10.¢)

Figure 10: Position of Prey nullcline (“blue” curve) and Predator nullclines (“red” curve) of system (2.2): (10.a) = 0.01; (10.b) n = 0.05
and (10.c) n = 0.6. Parametric values have been taken from Table 2.

E*(0.94,0.44). Though there exists another interior (0.57,0.66), it is a saddle point. Also, E3(0,1) is an
equilibrium point which is always stable for any parametric values. So, here also we get bistability in the
system depending on the choice of initial points. Figure 12 shows that the trajectory if starts from the basin
of attraction of E3, then ultimately converges to E3 and if any trajectory starts from the basin of attraction
of E*, then it ultimately converges to E”.
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Figure 11: Stable behaviour of E* in system (2.2) for n = 0.6. Parametric values have been taken from Table 2.
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Figure 12: Bistable behaviour between E3 and E* of system (2.2) for = 0.6.. Parametric values have been taken from Table 2.
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Now 7 plays an important role to control the system dynamics. Figure 13 depicts when 1 exceeds a
threshold value 7, there are two interior equilibrium points among which one is stable and other one
is unstable but when 7 lies below 15, there is no interior equilibrium point. So, at 1 = s, = 0.05, two
interior points coincide each other at E*(0.75,0.9625) and the system undergoes a saddle-node bifurcation
around E* at 1 = 1pen.

0.8 -

Bifurcation Threshold

Unstable Branch

0.4 —

0.3 -

0.2 L L L L L
0o 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

n

Figure 13: Saddle-node Bifurcation around E” in system (2.2) taking 7 as bifurcation parameter. Parameter values have been taken
from Table 2.

To observe the impact of anti-predator behaviour in presence of the specialist predator, let us fix some
of the parameters in Table 3.

Parameter | p | my |a | ¢ d
Value 01/03|2|04]0.01

Table 3: Parametric values used in numerical simulation

Figure 14 depict the position of nullclines for different values of 1 along with parametric values in
Table 3 in presence of specialist predator. For n = 0.04, we get the trivial equilibrium point Ey(0, 0), axial
equilibrium points E1(0.1,0), Ex(1,0) and two interior equilibrium points E}(0.25,0.5625) and E3(0.5,1.33)
(see Figure (14.a)). If 1} starts to decrease, then at ) = 0.03, we get one interior equilibrium point and one
of the predator nullclines shift to right in such a way that one of the interior point coincide with E»(1,0)
(see Figure (14.b)). Further for n = 0.01, we get only one interior point E*(0.11,0.51) along with trivial
equilibrium Ey and axial equilibria E;, E; (see Figure (14.c) and zoomed Figure (14.d)).
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Figure 14: Position of Prey nullcline (“blue” curve) and Predator nullclines (“red” curve) of system (2.4): (14.a) = 0.04; (14.b) n = 0.03
and (14.c)-(14.d) n = 0.01. Parametric values have been taken from Table 3.

Next we consider another set of values of the parameters in Table 4 to draw Figures 15-26.

Parameter | p | m; | a c d
Value 0.11]03]0.3]0.08 | 0.002

Table 4: Parametric values used in numerical simulation

Figure 15 shows two positions of nullclines for n = 0.006 and 1 = 0.0168 respectively. Here for the left
side figure ( = 0.006) we get only one feasible interior equilibrium point E*(0.12, 0.05) along with two axial
equilibrium points E;(0.1,0) and E,(1,0). But in Figure (15.b), we get two interior equilibria E; (0.48,0.75)
and E’(0.83,0.51) along with E; and E,. Further the calculations give that the interior points for n = 0.017
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be E7(0.58,0.79) and E;(0.67,0.76). So, it is observed that for increasing value of ), the distance between two
predator nullclines decreases and we get two interior equilibria for a certain range of 7.

0.9 1 181
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y 1
0.6 N
/_\ ]
0.4r

02r

LA ‘ ‘ ‘ 2
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X

(15.0) (15.b)

Figure 15: Position of Prey nullcline (“blue” curve) and Predator nullclines (“red” curve) of system (2.4): (15.a) n = 0.006 and (15.b)
n = 0.0168.

In presence of specialist predator, the trivial equilibrium point always acts as a stable equilibrium point
due to the strong Allee effect. Taking n = 0.006, the trajectory starting from xo = (0.5,0.5) approaches to
Ey(0,0) (see Figure 16).

1 1n
08 0.9
%06
5 0.8
& 04f
07
02t
0 0.6

0 100 200 300 400 500 600 700 800

Predator (y)
o
o

0.4
0.8
5 0.3
5 0.6
] 0.2
B 04f
o
0.2f 0.1 EO(O,O)
0 L L L L 0. L L L L L L L L
0 500 1000 1500 2000 2500 3000 3500 4000 0 01 02 03 04 05 06 07 08 09
Time (t) Prey (x)
(16.a) (16.b)

Figure 16: Stable behaviour of Ey in system (2.4) for n = 0.006.

Further, for an increasing value of 17 (n = 0.017), we get a situation where both prey and predator coexists
as a steady state. Figure 17 depict that a trajectory starting from xq = (0.55,0.76) converges to the stable
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equilibrium point E*(0.59, 0.79).
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Figure 17: Stable behaviour of E* in system (2.4) for n = 0.017.

Moreover, for 1 = 0.017 along with other parameter values stated in Table 4, a trajectory starting from
xo = (0.8,0.05) approaches to predator-free equilibrium E,(1, 0) with time (see Figure 18).
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Figure 18: Stable behaviour of E; in system (2.4) for n = 0.017.

In presence of specialist predator also, from the steady state situation of E(1, 0), if the anti-predation rate
starts to decrease, then at some threshold value of 1 = 1j7¢,], E2 loses its stability and becomes unstable once
1 lies below 17¢,]. So, system (2.4) undergoes a transcritical bifurcation around E; at 1 = 1r¢,) = 0.016462

(see Figure 19).
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Figure 19: Transcritical Bifurcation around E; in system (2.4) taking 1 as bifurcation parameter.

One of the interesting dynamics which is observed in system (2.4) is occurrence of tristability. For the
parametric values in Table 4 along with 1 = 0.017, it is observed that any trajectory can converge to either
Ey(0,0) or E»(1,0) or E*(0.59,0.79). Choice of initial point is important in this case. For example, trajectories
starting from (0.25,0.45) and (0.2, 0.2) approach to Ey and E, respectively. Again trajectories starting from
(0.55,0.76) and (0.53, 0.78) approach to E* and from (0.55, 0.6) approaches to E, (see Figure 20).
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Figure 20: Tristable behaviour between Ey, E; and E* of system (2.4) for n = 0.017.

If we look at Figure 21, it can be observed that there is a very small region where the feasible interior
equilibrium point be stable. For p = 0.1, the interior point be feasible as well as stable only when 1 €
[0.016995,0.017010]. We get a very small basin of attraction of E*. A slight perturbation in initial point can
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lead the system to converges to either Eg or E; instead of E*.
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Figure 21: In system (2.4): (21.a) Feasible region of interior point E*; (21.b) Stable region of interior point E*.

Figure 22 helps us to detect the Hopf, saddle-node and transcritical bifurcation thresholds in one figure.
This figure depicts that at njrc,) = 0.0033009739, a transcritical bifurcation occurs around E* and interior
point actually generates from this point with coordinates (0.1,0) (denoted by “BP,”). Increasing value of
7 gives unstable equilibrium point for nrc,] < 7 < M- But in gy < 1 < 1, we get stable equilibrium
point. So, at 1 = ny = 0.016991478, the system undergoes a Hopf bifurcation (denoted by “H”) and
we get a stable situation from oscillating state when 1 exceeds 1g;. In fact, oscillating behaviour around
E* is observed only when 1 € (0.0169912,0.016991478). Figure 23 show that at 7 = 0.0169914, system
(2.4) performs oscillating behaviour and a stable limit cycle occurs around the unstable equilibrium point
E*(0.576,0.789) (1 Lyapunov exponent, I; = —6.747277¢*0 < 0)). As 1 is negative, so, the Hopf bifurcation
is supercritical.

Further at 7 = 75,) = 0.017011, the system undergoes a saddle-node bifurcation around E* (denoted by
“LP”). For 1 > npsu], there does not exist any feasible interior equilibrium point but when ) lies below 75,
there are two interior points. One branch is stable for (1[xj, 1jsn)) and other branch is unstable for (1[sn), MTC,])
and Figure 24 depicts the scenario. At nrc,) = 0.016462, E* coincides with E;(1,0) and another transcritical
bifurcation occurs (denoted by “BP;”). It is described in Figure 19 also.

Itis noted that, m represents m; in Figure 25 and Figure 26. (1, m1) and (1}, p) have been taken as the bifur-
cation parameters to analyse the two-dimensional bifurcation. Bogdanov-Takens and Cusp bifurcation are
observed in various cases. “BT” represents Bogdaonov-Takens bifurcation and “BT” bifurcation occurs at the
intersection of saddle-node and Hopf curve. Taking (7, p) as bifurcation parameters, system (2.4) undergoes
BT bifurcation at (nr,}, pisr,]) = (0.017011,0.213065) with the equilibrium component (0.63,0.61) (see Fig-
ure (25.a)). Here the normal form coefficients are (a,b) = (4.153738¢7%, —1.264405¢*™). Further, another BT
bifurcation can be observed at 1-m; plane taking these two as bifurcation parameters where the bifurcation
thresholds are (n[gr,], Miery]) = (0.020107,0.345677) with the equilibrium component (0.575816, 0.684741)
(see Figure (25.b)). The normal form coefficients are (a,b) = (—5.977896e~%,1.166842¢+%0).



S. Saha, G. P. Samanta / Filomat 35:14 (2021), 4837-4870 4865

o L L L L L L L L L
0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016 0.018 0.0

n

Figure 22: Bifurcations in system (2.4) taking 1 as bifurcation parameters. BP;, BP; : Transcritical bifurcations, H : Hopf bifurcation,
LP : Saddle-node bifurcation.
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Figure 23: Oscillating behaviour and occurrence of stable limit cycle in system (2.4) for n < ny;.

Except “BT” bifurcation, another two dimensional bifurcation is observed in this model which is
cusp bifurcation. Taking (n,m;) as bifurcation parameters, Figure 26 depicts that at (nicp;, Mice)) =
(0.006668, 0.140860), system (2.4) undergoes a non-degenerate cusp bifurcation with equilibrium com-
ponent (0.999876,0.001034) and the normal form coefficient is ¢ = —2.200932¢~%). Also, a “BT” point in this
figure indicates occurrence of BT bifurcation and it is elaborated in Figure (25.b).



0.7

S. Saha, G. P. Samanta / Filomat 35:14 (2021), 4837-4870

0.68

0.66

Unstable Branch

— 0.64
=
> Bifurcation
g Threshold
0.62
0.6
0.58

0.017 0.017 0.017

n

0.017 0.017

0.017

Figure 24: Saddle-node Bifurcation around E* in system (2.4) taking 1 as bifurcation parameter.

4866

0.05

n

@ BT

0.4

0.2

BT

0.0145 0.015 0.0155 0.016 0.0165 0.017 00175 0.018 0.018  0.019 0.01 0.015
n

(25.a)

n

(25.b)

0.02

0.0

Figure 25: In system (2.4), two parameter Bogdanov-Takens bifurcation diagrams: (25.a) in -p plane where BT = (1][BT1], P[BTl]) ;

(25.b) in n-my plane where BT = (’"BTZ]’ ml[BTZ])~

m Impact of anti-predator behaviour

(a) on generalist predator: Figure 27 depicts the trajectory profiles of prey (x) and predator (y) popu-
lation of system (2.2) for increasing value of 1. It is observed that the prey population increases when
starts to increase but the slope of the curve is not at all sharp. Prey population is always at a higher density
irrespective of any anti-predation rate. Now if we look at the trajectory for the predator population, then
it is found to be a monotonically decreasing curve with increasing anti-predation rate. If the prey starts to
hunt the juvenile predator or prey harm the predator at a higher rate, then ultimately the predator decrease.
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Figure 26: In system (2.4), two parameter bifurcation diagrams in 1-m; plane: Cusp bifurcation where CP = (q[cp], ml[cp]) and

Bogdanov-Takens bifurcation where BT = (TT[BTz]f ml[BTZ]) .
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Figure 27: Trajectory profiles of system (2.2) for increasing anti-predation rate (). Herep = 0.17,m =05, a=6, r = 1.

(b) on specialist predator: Figure 28 depict the trajectory profiles of prey (x) and predator (y) of system
(2.4) for increasing value of 1 in presence of specialist predator. Here also the prey population increases
with increasing 1 but the rate of increment is higher than the previous case. On the other hand, the predator
population first increases then decreases with increasing anti-predation rate. But the rate of increment,
as well as decrement, is very slow. If the prey counter-attack the predator with a very small rate, then it
does not affect the predator’s growth and the predator population increases. But if the anti-predation rate



S. Saha, G. P. Samanta / Filomat 35:14 (2021), 48374870 4868

continuously increases, then ultimately predator population starts to decrease. So, the trajectory profile of
predator population first increases then decreases for increasing anti-predation rate of prey species. When
7 starts to increase, then after crossing a range, predator starts to decrease.
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Figure 28: Trajectory profiles of system (2.4) for increasing anti-predation rate (17). Here p = 0.1,m; = 0.3, 2 = 0.3, ¢ = 0.08, d = 0.002.

9. Discussion

Anti-predator behaviour is a natural phenomenon which is observed in the prey population when they
start to fight back to save themselves from predator’s attack. In some cases prey only try to avoid the
predation while in some cases prey in fact attack and kill predator by applying different defence strategies.
So, it is quite obvious that a certain amount of prey is needed to apply the anti-predator strategy. In
this paper, a simple prey-predator model has been considered where the prey population exhibits anti-
predator behaviour. Also, a strong Allee effect in prey population ensures that a certain amount of prey
population is needed for a positive growth rate. Positivity and boundedness of the system variables of both
proposed systems ensure that the systems are biologically well-defined. The first interesting thing which is
observed that the trivial equilibrium point Ey acts always as a saddle point when the predator population
is considered to be a generalist one. But in the presence of a specialist predator, Ey becomes a stable
point for any parametric values. This is why the system with generalist predator shows bistability, i.e., for
some assumed parametric values, a trajectory converges to either prey-free equilibrium E; or coexisting
equilibrium E* depending on the choice of the initial point. It means if a trajectory starts in the basin of
attraction which contains E3, then it ultimately converges to E3 with time and if a trajectory starts in the
region of attraction containing E*, then it ultimately converges to E* as time goes. Another bistability can be
observed between predator-free equilibrium E>(1,0) and coexisting state E*. In this case also, a trajectory
converges to either E; or E* depending on the choice of the initial point. On the other hand, in the presence
of a specialist predator, a situation of tri-stability can be observed. Here, a trajectory can converge to either
Ey or E; or even to E* depending on the initial point.

Figures 20 and 21 show that the basin of attraction of E* is very small. A slight perturbation in initial point
can change the coexisting steady-state to population extinction or even predator-free state. Moreover, in
presence of generalist predator, system (2.2) cannot exhibit any oscillating behaviour for any anti-predation
rate, i.e., non-occurrence of the closed orbit is observed. But when the predator is assumed to be specialist,
7 plays a crucial role as a change in 77 can turn system (2.4) from steady-state situation to oscillation.
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The impact of anti-predator behaviour on both systems has been analysed in section 10. In the presence
of generalist predator, the predator population shows a monotonically decreasing curve while the prey
population increases gradually. The graph suggests that the predator is at highest density when there is no
anti-predation strategy is involved but it goes to extinction when the anti-predation rate exceeds its growth
rate. Now, for the specialist predator, we observe a different scenario. The trajectory of predator population
is monotonically increasing at an early stage but for comparatively higher value of anti-predation rate
coefficient, it acts like a decreasing curve. This result implies that if the prey attacks the predator with a
very small rate, then it does not affect the growth of predator species and they grow by consuming the prey
population. But, if the prey starts to harm the predator with a higher rate, then ultimately after a threshold
value of 1, predator starts to decrease.

The analytical and numerical results prove that the proposed models exhibit rich dynamics but these
can be refined further so that the models become more realistic to the environment. We may consider that
the consumption term of predator not only as prey dependent but as predator dependent function too.
Besides the consumption of food is not a process of a fraction of time; the predators take some time to
digest the consumed food. Incorporation of ‘gestation delay” will make the work more realistic. Besides,
environmental fluctuations can also be incorporated into the model with the help of white noise to study
the stochastic model. So, in future some models can be formulated considering all these facts to obtain
different interesting results.
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