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Abstract: We considered predator-prey models which incorporated both an Allee effect and a new fear
factor effect together, and where the predator predated the prey with a Holling type I functional response.
We started off with a two-dimensional model where we found possible equilibria and examined their
stabilities. By using the predator mortality rate as the bifurcation parameter, the model exhibited
Hopf-bifurcation for the coexistence equilibrium. Furthermore, our numerical illustrations demonstrated
the effect of fear and the Allee effect on the population densities, and we found that the level of fear had
little impact on the long-term prey population level. The population of predators, however, declined as
the fear intensity rose, indicating that the fear effect might result in a decline in the predator population.
The dynamics of the delayed system were examined and Hopf-bifurcation was discussed. Finally, we
looked at an eco-epidemiological model that took into account the same cost of fear and the Allee
effect. In this model, the prey was afflicted with a disease. The prey was either susceptible or infected.
Numerical simulations were carried out to show that as the Allee threshold rose, the uninfected prey
and predator decreased, while the population of infected prey increased. When the Allee threshold hit a
certain value, all populations became extinct. As fear intensity increased, the population of uninfected
prey decreased, and beyond a certain level of fear, habituation prevented the uninfected prey from
changing. After a certain level of fear, the predator population went extinct and, as a result, the only
interaction left was between uninfected and infected prey which increased disease transmission, and so
the infected prey increased. Hopf-bifurcation was studied by taking the time delay as the bifurcation
parameter. We estimated the delay length to preserve stability.

Keywords: predator-prey; fear; Allee effect; eco-epidemiology; transcritical bifurcation;
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1. Introduction and motivation

Ecologists have observed the prey-predator interaction cycle with great interest. In past, they believed
that the prey population declined due to direct killing by predators. In recent years, they realized through
field studies that the mere presence of predators affects the growth of the prey population. The effect of
stress in the reduction of the prey population is more powerful than direct killing. It has been pointed out
that environmental stress affects the physiology and behavior of the prey to such an extent that it causes
delayed mammal reproduction. Fear of the presence of predators, social life, competition for food, and
similar factors are all causes that can lead to a reduction in mammal reproduction [1,2]. For small size
prey such as sparrows and bank voles, the anti-predation response influence on the prey population is
much higher [2—4].

Prey species where the physical prey size is small make coordinated feeding groups and avoid being
detected by predators. They are vulnerable to a greater range of predators and cannot defend themselves
or outrun predators. On the other hand, prey species where the physical prey size is large tend to form
a large feeding group. They can defend themselves against predators and are more likely to depend
upon group defense, group alertness, self-defense within a group, and speed to avoid being killed by a
predator. All prey of either small or large physical size respond to predation risk and take a variety of
anti-predation measures. They change habitat, practice vigilance whilst foraging, change their behavior
whilst mating, and also undergo physiological changes [5,6]. It has been observed biologically, based on
experimental studies, that mammals suppress breeding in response to strong predation pressure [4, 7-9].
This has a long-term effect on the population of prey. The nonbreeding individuals have a better chance
of avoiding predation than those who are breeding. Predation induced breeding suppression affects
the prey-predator dynamics. Individuals who do not breed experience less predation because during
pregnancy individuals are less active and can be captured more easily.

There have been quite a few previous attempts to incorporate the effect of fear of the predator into
predator-prey systems. Kumar and Dubey [10] studied a mathematical model to investigate the fear effect
and prey refuge in a predator-prey system with gestation time delay. Their analysis demonstrated that the
fear effect in the prey population induces Hopf-bifurcation. The combined effects of fear and group defense
in a fractional order prey-predator system are investigated by Das and Samanta [11]. Wang et al. [12]
examined a predator-prey model by incorporating the cost of fear of the predator on prey. Their analysis
found that a rise in fear stabilizes the system and a drop in fear leads to bistability. Wang and Zou [13]
incorporated maturity after a delay and adaptive defense in the predator-prey fear model. They found that a
higher predator population leads to robust anti-predator defense and higher predation risk implies a weak
anti-predatory defense. Mondal et al. [14] studied a predator-prey system with a fear of prey and alternative
food available for predators. According to their findings, alternative food to predators lowers the attack on
prey and thus helps in the growth of both populations. Zhang et al. [15] and Wang et al. [16] incorporated
prey refuge with fear effect. Duan et al. [17] investigated that maturation delay in a fear model leads to
Hopf-bifurcation. The fear amongst the prey can stabilize as well as destabilize the population model
as investigated by Pal et al. [18]. Pal et al. [19] observed that the fear effect induced by cooperative
hunting destabilizes the system. Das and Samanta [20] examined a stochastic model where fear is in a
prey population and an alternative food source is available for predators.

A lot of papers build on the previous work of Wang et al. [12] to introduce fear of the predator into
the predator-prey system. If N represents the total population size and P the total predator population
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size, their fear function reduced the growth rate of the prey population by a multiplicative factor

1
1 +kP’

so in their model the growth rate of the prey population is given by

rN
1+ kP’

where r represents the per capita birth rate of the prey population in the absence of the predator. This

fear function was used by many authors [21-25]. However, it has the drawback that as P becomes very

large (in other words, the predator population gets very large), the growth rate of the prey population

tends to zero. This is not ecologically true since the prey will become habituated to coexist with the

predator, and as the size of the predator population increases the growth rate will reduce, but not to zero.
Sarkar and Khajanchi [26] corrected this by introducing a fear function

a(l—mn)

”P: +
fla,n,P)=n P

where a represents level of fear and n € [0, 1] represents the minimum cost of fear. They incorrectly
state that as the level of fear, «, increases the fear function decreases. Although ecologically this should
be true, with their fear function it is mathematically not true, as the fear function increases as the level
of fear increases. We make a minor redefinition to the model of Sarkar and Khajanchi and define our
fear function to be

flay,n, P)=n+ 11+—S:P,
where «) is a parameter and s,, is the level of fear. This fear function decreases as the level of fear
increases. The fear function which we are using is more ecologically sound than the fear function of
of Wang et al. [12], because after a certain level of fear, the prey becomes habituated to live with the
predators. Thus, it reduces its reproduction to a certain extent but does not stop it completely.

The paper is structured as follows. In Section 2 we first outline the full eco-epidemiological model
that we will be studying. The model combines an Allee effect and the modified fear function. There
is a disease spreading amongst the prey, consequently there are three population classes, susceptible
prey, infected prey, and predators. We also introduce the full eco-epidemiological model with a time
delay corresponding to the delayed effect of predators consuming prey on predator reproduction. In
Section 3 we will focus on and analyze the model with no disease present so that it is a predator-prey
model with no disease amongst the prey. There is no time delay in the model discussed in this section.
Section 4 analyzes the model with no disease present and a time delay. Section 5 will return to the
full eco-epidemiological model with disease amongst the prey but without a time delay, and Section 6
analyzes this model with a time delay. This includes finding the length of the time delay to preserve the
stability. In all of these models the reproduction of the prey is reduced due to our modified fear function
as well as Allee effects. A final conclusion section summarizes and discusses the paper.
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2. Formulation of the eco-epidemiological model

In this section we will outline the full eco-epidemiological model that we will be studying. All prey
are born susceptible. The reproduction rate of the prey depends on the combined effects of fear of the
predator together with the strong Allee effect. The function g(ay,n,y) = n + % represents the cost
of fear of predators on the reproduction of prey [26]. n € [0, 1] represents the minimum cost of fear and
@) 1s a parameter for which all = $,, 1s the fear factor. In the case of a high predator population, the
prey survives under the minimum fear 7, and after a certain level of fear, the prey becomes habituated to
living with the predators.

In the full eco-epidemiological model, we will study a predator-prey model where the prey is infected
with some disease. We divide the total prey population into two classes called susceptible prey and
infected prey. Let u;(t;),u,(#;), and v(#;) be the uninfected prey density, infected prey density, and

predator density, respectively at time #;. We will formulate the model using the following assumptions:

(a) The uninfected prey population grows logistically when there is no predator.

(b) The susceptible prey population u;(¢;) becomes infected when it comes in contact with infected
prey u,(t1). This infection follows the nonlinear incidence rate. If we assume that the incidence
rate is given by the law of mass action Bu, f(u,), then f(u,), will increase as u, increases, which is
not realistic. Lui et al. [27] investigated many reasons for taking a nonlinear incidence rate rather
than a bilinear one.

(c) The infected prey population will remain infected and will not recover.

(d) Infected prey will not be able to reproduce because it has the disease. Only uninfected prey species
have the capability to reproduce.

(e) The predator consumes infected prey more than susceptible prey because infected prey is easily
catchable. For example, wolves attack moose more successfully when they are heavily infected by
Echinococcus granulosus [28]. Hence, we assumed that the consumption rate p; of infected prey
is more than the consumption rate b; of uninfected prey.

(f) The conversion rates b; and p; represent the reproduction of predators for capturing each uninfected
and infected prey species, respectively.

(g) All the parameters used in the model are positive and u,(0) > 0, u,(0) > 0, and v(0) > 0.

We will investigate the following ecological issues through our model:

(1) The effect of predator fear on the stability of the system.
(2) The level of infected prey.

Using the above assumptions, we will formulate a mathematical model as below:

du, ( up + Mz) l-n Brujus

— =ru |l - u — 0 + - —aupv,

dh : (u D\7 1+ 50,V c1 + Ouy I

du, Brujuy

an _ _ g1ttsy — phitta, 2.1)
d, 1 + Oty 81UV — Uy

dv b +

— = byuyv UV — myv,

dn, 1U] Piur 1

where u; represents the susceptible prey population, u, represents the infected prey population, v
represents the infected predator population, k is the carrying capacity in the absence of infected prey, 6,
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is the Allee threshold, i represents the minimum cost of fear, a; is a parameter for which al] = S, 1s the
fear factor, 5, represents the the disease transmission coefficient, c; is the half saturation constant, ¢ is
the predator preference rate of u,, and a; represents the predation rate between susceptible prey and
predator. g; represents the predation rate between infected prey and predator, y; is the total per capita
death rate of infected prey which includes both natural death and disease induced additional mortality,
b is the consumption rate of uninfected prey, p, represents the consumption rate of infected prey, and
m, represents the predator per capita natural mortality rate.
We additionally assume that

(h) l/tl(O) + uz(O) < k.

Note that if there are no infected prey, then u,(¢), the total size of the susceptible prey population, will
always be less than the carrying capacity. So, as normally the disease will be introduced by only a
few infected prey, it makes sense to assume that u,(0) + u,(0) < k, which ensures that u;(¢) + u,(t) < k
for all time.

We consider in our study the following fear function to measure the cost of fear:

a(l-n) 1-7 1-7
P) = + — = + = + —
gla,n, P) (n oy ) (n ey n T+5.8)

where Cl—y = s, is the nondimensional form of the fear factor. Figure 1 demonstrates that the fear function
decreases as the level of fear s, increases. Also, as the predator population increases, the fear function
declines. Because the fear factor multiplies with prey growth rate in model (3.1), the growth of the prey
population will be low when the value of the fear function is low, that is, when the predator population
is high.
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Figure 1. Significance of s,, P, and fear function.
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parameter for which é = 5, is the fear factor. So, model (2.1) in nondimensional form becomes:

To make the model simple, we non-dimensionalize model (2.1) by taking x = %,y = 2,z =
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dx -7 Bxy
—=x(1-x- -6 - — axz,
dt M ==y )(77 i I+ saz) ¢+ 0y e

dy _ PBxy

= - — uy, (2.2)
dt ¢+ 0y EYZ—HY

dz
i bxz + pyz — mz.

In Eq (2.2), axz is the total rate at which susceptible prey are consumed by predators, and bxz is the
total rate at which predators increase due to the consumption of susceptible prey. So a is the per capita
rate at which a single predator attacks and consumes each susceptible prey, and b is the additional per
capita rate at which each predator reproduces due to this consumption. As predators are typically much
larger than prey, one predator consuming one prey is unlikely to give the predator sufficient energy to
reproduce an entire predator. Therefore, b < a, and similarly p < g. Another way to see this is that
the conversion rate of prey into predators will always be less than the rate at which predators attack
prey because some of the intake energy gained by eating prey will go to waste since it will not all be
converted into predator growth. Similar assumptions were made in [29] and [30].

We also introduce a time delay to make the model (2.1) more realistic. There is a time delay 7
between predators consuming susceptible or infected prey and the susceptible or infected prey which
has been consumed being converted into predators through reproduction. The population of predators
will grow with interactions with uninfected prey and infected prey which take place at time 7 — 7. Hence,
the population dynamics for the interaction of uninfected prey, infected prey, and predators can be
described by the following system of differential equations:

du, U +u2) 1-n Buiu,
_ = 1 — - 9 - - s
dt rih ( k ( D\n+ 1+s,v c + Ouy v
duy  Bujuy
_ _ _ 2.3)

dt a+ ouy gi2v = 2,

dv

o= bui(t — T)v(t — 1) + pux(t — T)v(t — T) — mv.

All the variables and parameters have the same meaning as given in (2.1). After non-dimensionalizing
model (2.3) as we did in model (2.1), we get:

dx -7y Bxy

(1 = x— 0 _ _

dt (1= x = y)(x )(77 * 1+ saz) ¢+ 6y az

dy  PBxy

ay _ _ — oy, 2.4)
dt ¢+ 0oy EYCT Y

dz

= = bx(t — 1)z(t — ) + py(t — T)z(t — T) — mz.

We now proceed to analyze this model in four cases: the model with no disease present and no time
delay, then the model with no disease present and a time delay, next the full eco-epidemiological model
but with no time delay, and finally the full eco-epidemiological model with a time delay.
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3. The model with no disease present and no time delay

In this section we focus on the model with no disease present and no time delay. Putting y = 0 in
Eq (2.2), we obtain

@:x(l—x)(x—e)(n+ 1= )—axz,

dt 1+ 502
dz
— = bxz — mz.
ar - T
For the model with no disease present, we make the further transformations to simplify the model N = x,
P=az,a =% T =12 ry=2 andd = 2. Then, these equations become
dN 1 ‘(-
N _Lina—mv—afn+ C9=D) _ypl,
dlr o + P
P 3.1
— = NP -dP.
dT

these are the equations which we shall work with in the remainder of this section. For notational
simplicity, we write  for o’ and ¢ for T'.

3.1. Boundedness

Theorem 1. All the solutions (N(t), P(t)) of the system (3.1) with initial conditions N(0) > 0, P(0) >0
are bounded for all t > 0.

Proof. We definew = N + %P. The derivative of w along with (3.1) is

dw_dN 1dP

@ dr
1 1-n
= — 1- N-0 —-dP|.
o [N( NX )(77"‘ 1+saP) d ]

For any positive constant s, we have

W o oow = [N(I—N)(N—H)(n+ L=n )—dP

S
— + sN + —P,
dt ) 1+ s5,P

ro

Srl[N(l—N)(N—Q)(n+(l—n)—dP]+sN+—P,
0

S
ro
o+1 , (0 d s
< N —-|—=-sIN—-|——-——|P.
ro 1o rp 1o
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Here, N < 1, and if s = min (%,d), then

Let % = L. Then, the above differential inequality can be expressed in the form
d
d_v: +sw < L.
Using the theory of differential inequality for w(¢), we obtain
L —st —st
O0<wV,P) < —(1 =€) +wpe ™™,
s

where wy = w(Ny, Py). We can deduce that for t — o0, 0 <w <

@ |~

For any € > 0, define

1 L
A= {(P,N)eRi;N+—Ps —+e}.
ro S

This shows that the solution of the system represented by (3.1) is bounded, i.e., for every trajectory of
(3.1), there is a time #, such that (N(#), P(t)) € A for all ¢ > #,. Hence, the theorem is proved. O

3.2. Equilibrium points of the system

It can be verified that model (3.1) has four possible equilibria:
(1) The extinction equilibrium E, = (0, 0).
(2) The axial equilibrium E4 = (6, 0).
(3) The axial equilibrium E; = (1, 0).
(4) The coexistence equilibrium E* = (N*, P*), where N* = d and P* is a nonnegative root of the
quadratic equation: P*?>+ 0 P*+0 = 0. Define o, = a—n(1 —d)(d—6) and 0, = —a(1 —d)(d - 6).

By Descartes’ rule of signs, the quadratic equation has a unique nonnegative root if § < d < 1, as
shown in Figure 2.
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) 0.2 0.4 0.8 0.8 1 1.2 1.4
N

Figure 2. Mutual position of the nullclines for the prey-predator system for the parameter
valuesro =1, =0.2,6 = 0.2, and d = 0.64.

3.3. Stability analysis

The stability matrix (J) for system (3.1) is

S S
P N-d

)[(1 —2N)YN-6)+N(1-N)] - L and §, = -1 [N(l — N)(N — )&= 4 N].

(a+P)?

where S| = (

(1) Ey is locally asymptotically stable because the characteristic roots are —% <0and -d <0.

(2) The characteristic roots for Eg are %0_9) and 6 — d, %0_0) > (0 because 0 < 6 < 1 from system (3.1).
Thus, Ej is unstable.

(3) E; is stable if d > 1 because the characteristic roots are — (1 9 <0and1-d.

(4) The stability matrix for the coexistence equilibrium E* = (N P =(d,P)is:

J* = ( ( )[ 2d% + (0 + 1)d] —%[d(] —d)d - 9)((3(:;7))2) +d]).
P 0

The corresponding characteristic equation is 4> + A1 + B = 0, where A = —+ (n + 1 = ) [-2d° +

@+ 1)d] and B = f - [d(1 — d)(d — 6)( (Z(:P,f’)l)+d]. The Routh-Hurwitz crlterla for the second order
system 1is given by A >(0and B > 0.

A=-L1 (77 + 1+¥ L )[ 2d* + (0 + 1)d] > 0if d > &L and because (N*, P*) exists for § < d < 1,
B = [d(l —d)(d - 0)( (Z(:P:g)z)+d]> 0. Therefore, (N*,P*) is locally asymptotically stable if
d> 9” , 1.e., twice the death rate of predator is one unit higher than the Allee threshold value as
shown in Figures 3 and 4.
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Figure 3. The coexistence equilibrium point is unstable if d < ==, = 1,
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0.1, =0.2,and d = 0.58. N(0) = 0.8, and P(0) = 0.2.
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Figure 4. The coexistence equilibrium point is stable if d > ==, = 1, =0.2,7=0.1,0 =
0.2,and d = 0.67. N(0) = 0.8, and P(0) = 0.2.
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Bifurcation analysis

20 40 60 80 100 120 140 160 180 200
t

6+1

We observed a transcritical bifurcation and a Hopf-bifurcation that occurs around the equilibrium
points when the parameter passes through some critical values.

3.4.1. Transcritical bifurcation

According to Sotomayor’s theorem [31], we investigate the transcritical bifurcation for the system (3.1)
taking d = d as the bifurcation parameter. If the following conditions are satisfied:

1) w! fu(E1, do) = 0,

2) wH(Dfu(E1, do).v) # 0,

3) wID*f(Ey, dy)(v,v) # 0,

then the system (3.1) experiences a transcritical bifurcation at the equilibrium point E; = (1, 0) as the
parameter d passes through the bifurcation value d = dy = 1, where f; denotes the vector of partial

Mathematical Biosciences and Engineering
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derivatives of the components of f with respect to the scalar d and D f represents the matrix of partial

derivatives of the components of f with respect to the components of X = (N, P). Here,
ofi  oh 8 fi 0 fi 8 fi 0 fi
2 — | aNoN  oNoP  GBON  GRoP
Df(X) = (ﬁfz 6fz)’ DfX) =35 @5 @n @ |
ON  opP ONON  ONOP  OPON  9POP

v is an eigenvector of A = Df(E;, d,) corresponding to the eigenvalue 1, = 0 and w is an eigenvector of
AT corresponding to the eigenvalue A, = 0.

Theorem 2. The system (3.1) undergoes a transcritical bifurcation at the positive equilibrium E; = (1,0),
as the parameter d passes through the bifurcation value d = dy = 1.

Proof. The linearized system around the equilibrium point E is:

_4-o 1
J(E‘):( 0 1_r0d)'

_d-9 1
So J(E,dy) = 0 nl.
o J(Ey,do) ( 0 0 )
Let us define v = (v, v,)" and w = (wy, w,)T to be the right and left eigenvectors of 1, = 0. Now solving
J(E1,dy)v = 0 implies that v =(7=,v2), and by solving JI(E, dy)w = 0, we get w = (0, w,) where vy, w
are any nonzero real numbers. Now system (3.1) can be rewritten as in the following vector form:

X = f(X),
where X = (N, P) and f(X) = (% [NO = NN =) (n+ 775) - NP])

NP —dP

Taking the derivative of f(X) with respect to d, we get f,;(X) = (_OP), then fig, 4,)(X) = (8) Hence
w! fi£,.40(X) = 0. Next, taking the derivative of f;(X) with respect to X = (N, P)", we get

0 0 0 0
Dfi(X) = (0 _1) 50 that D fz, a0)(X) = ( _1).
We have w (D fig, 4,)(X).v) = —wpu, # 0. Furthermore,

> _(O1 O O3 O4
Df(X)‘(o 1o o)

1
where 0 = r—o(n+ T P)[ 2(N-6)+2(1 -N)-2N],
_l{ ad-n B o B I
O = ro( (@t P)Z)[(l N)(N -6)-N(N —-6)+N(1 -N)] o
R ) B o B I
Q05 = . ((a+ P)z)[(l N)YN —6) = N(N - 0) + N(1 - N)] o’

_2(ad-n)
Qs = o ((a/+P)3

) [N(I = N)(N - 0)].
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Hence,

121 -0-2) S -L = q1-gn-2L 0
DzﬁEl,do)(X):(ro( (0 ) ) roa( 1) ro roa( (1 ) 70 0),

D fig, a0y (X) (v, v) =

b

(—%(2 — vy + (m2(1 - 0) = Dy, - [=4(~(1 - 0)) - %]vzvl)

roa roa
U1V + Vg

where (v, v) is a tensor product of (vy, v2)7, so W D?fg, 4.(X)(v, v) = (v1vy + vav)wy = 2u oW, # 0.
Therefore, according to Sotomayor’s theorem [31] for local bifurcation, system (3.1) has a transcritical
bifurcation at steady-state E; when the parameter d passes through the bifurcation value dy = 1.

O
3.4.2. Hopf-bifurcation

Theorem 3. Any system of the form

N = f(N, P;d),

P = g(N, P;d), 2

that has an equilibrium_(N*,P*) for tfze parameter d whose linearization has eigenvalues A,, =
v(d) £ iB(d) such that y(d) = 0, B(d) = B > 0 and satisfying the following condition:

a)
Al TV

experiences Andronov-Hopf bifurcation.

Proof. From the previous analysis, we know that the two equilibrium points (0, 0) and (1, 0) have no
complex eigenvalues. Therefore, we use the coexistence fixed point (N*, P*) to check if the conditions
stated in the above theorem apply to the model.

The possibility of the Hopf-bifurcation at E* = (N*, P*) has been analyzed by taking d as a bifurcation
parameter and keeping the rest of the parameters as constants. To begin, we investigate the linearization
condition, which is

(3.3)

. [% (n+ 225 (=242 + @+ D] —L]d(1 - dyd - o)(252) + d]) |
P 0

The eigenvalues of (3.3) in terms of the trace and determinant are given by
trd + Ntr2J — 4 detJ
2 9
1 -7 2
trJ =—|n+ T [—2d” + (0 + 1)d].

o + s, P*

12 =
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Let y(d) = % For the condition of the theorem to be satisfied, we try to find a value d = d such that
y(d) =0
0+1

_ 1 1= _
v(d) = o (77 + 1—77) [—2d2 + (6 + l)a’] 0, which implies that d= —
ro

+ 5,P*
Thus, there exists a value d = d at which y(d) = 0, or similarly the real part of the eigenvalues is 0.
)[ 2d% + (0 + 1)d].

a(l —n)dP
(o + P)*dd’

Next, we consider ‘Z&‘? . We have y(d) = E (

dyd) _ 1 1-n T
d(d) 2r0('7+1+ P*)( 4d+ O+ 1)+ 5 [2d L6+ D]

b (3.4)

) d:d_2_1”0(77+1+ QP*)( ©@+1)#0.

Therefore, the condition ‘27(%) _ # 0 1s satisfied.

Now we show that the complex part of the eigenvalues exist at d = d and they are not zero. Let
iB(d) = ii—w. We know that at d, 1rJ = y(a) = 0, which implies that #7*J = 0. Therefore

iB(d) = +i~/det J().

detJ(d) = Z [d(1 - d)(d - 0) (Z25%) + d| > 0 as E* only exists if < d < 1.

(@+P*)?

Next, we find detJ(d):

detJ(d) = £ |d(1 - d)(d - 0) (22) + d| > 0. Therefore at d = d, f(d) > 0.
Hence, the conditions for the existence of the Hopf-bifurcation are satisfied. O

0 0.2 0.4 0.8 0.8 1 1.2 1.4 1.6 1.8 2z

Figure 5. The Hopf-bifurcation (HB) at the coexistence equilibrium E* and the transcritical
bifurcation (BP) at E;. The parameters are rp = 1, = 0.2, =0.1,and § = 0.2. N(0) =
and P(0) = 0.1 (the red color shows that the equilibrium is stable while the black color shows
that the equilibrium is unstable, and the green color shows the periodic solution).
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We run the bifurcation diagram using XPPAUT software and using the parameter d as the bifurcation
parameter. Figure 5 shows the Hopf-bifurcation at the coexistence equilibrium E* when d = “9 and the
transcritical bifurcation at the equilibrium E; when d = 1.

3.5. Effect of cost of fear s, and the Allee threshold effect 0

It is clear from Figure 6 that as the level of fear s, increases, the initial short-term decrease of the
prey population becomes larger. However, after a long period of time, the level of fear has no effect on
the long-term level of the prey population as the prey become habituated to the presence of the predator.
However, as the level of fear increases, the long-term level of the predator population decreases.

1

_____ s, =001
e s =02/ & e s =02
0.9 i i )
N b s =1 o2 |me—— s“:l
T M s=10 || . e s, =10
081 i
b i a s =60 s =60
| s =100
0.7

Prey

0.6

05 fi}

0.4

i
i
H
i

i ! s =100
Vi ia o ]
‘I 'S.Yh?aw*.-—“-- KN S —
Fc
i
' 4

4
¥

It
4

0.3
0

. . . . . . . . .
50 100 150 200 250 300 350 400 450 500
time

Predator

0.25

0
0

1 1 1 1
50 100 150 200

. . . . .
250 300 350 400 450 500
time

Figure 6. The effect of the fear parameter on the prey population and predator population.
The parameters are ro = 1,7 =0.1,0 = 0.2, and d = 0.67. N(0) = 0.8, and P(0) = 0.2.

The existence of the coexistence equilibrium point E* = (N*, P*) implies that 6 < d < 1. If the Allee
threshold 6 is small, the coexistence equilibrium is stable when it exists and the Allee effect has no
impact on the long-term prey density, as shown in Figure 7. Moreover, for small values of the Allee
threshold, the long-term level of the predator population decreases. However, as the Allee threshold

increases further, both the long-term predator and long-term prey populations go extinct.

1
h
1 0=0
e N 0=01
X bt 9=02|
08 jii '11 ————— 9=03
I ‘,',‘\'- u [T 0=04
b I\r”‘ﬂl‘ av A o
A v il
0.6 g,"” v _ i¥idp A
..;".' J 2 "'-’-'ﬁu‘. 4
> H v T [N AN Y
Soski B i'v'"-‘?"'“.""'\ A A A A A
& M g L,'!.l‘ll-l‘.,"‘,“l\,\,\/,,/\’ N
1 HETR YA
04k YRR
v oy
0.3 Y
0.2F
01
ol . . . . . . . . 0.05 . . . . . . . . .
0 50 100 150 200 250 300 350 400 450 500 0 50 100 150 200 250 300 350 400 450 500

time

time

Figure 7. The effect of Allee threshold effect on the prey population and predator population.
The parameters are ryp = 1, = 0.2,7 = 0.1, and d = 0.67. N(0) = 0.8, and P(0) = 0.2.
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4. Model with no disease and a time delay

Next, we consider the model with no disease present and a time delay. Putting y = 0 in Eq (2.4) and
transforming as in Eq (3.1), we get:

dN _ 1 3 _ ald =m) _
E_FO[N(I N)(N 9>(’7+ a+P) NP}’ (4.1)
dP |

— =Nt~ DP(t 1)~ dP.

At equilibrium N = d. Let N = N + u and P = P + v where u and v are very small perturbations. Then
substituting into the second equation of (4.1), we deduce that

dv

i [N + u(t — 7)][P + v(t — 7)] = d[P + v],

=(NP—-dP)—dv+Nv(t—71) +13u(t—‘r).
Let v = Be' and u = Ae'. Substituting into the equations and dividing by e,

A[Pe™"] + B[-d + Ne ™™ = 1] = 0.

1 1- NP
Now, f(N,P):—(n+ i )[NZ—N3—N9+N29]——,
o 1+ s,P o
of 1 1-7¢ ) P
- = — 2N -3N"-0+2N0] - — =1L, )
ON (n+l+saP)[ M ] 70 say
of 1 a(l - 1)
— =——|N({1-N)N -6 +N|=M, .
oP ro [ ( X )(a/ + P)? Sy
The stability matrix i L-4 M here N = d. Th T nding characteristi
e stability ma Xsl_De‘” —d+ﬁde‘“—/l’wee = d. € Correspo g characteristic

equation is:
A +aid—a,—de™(A+b) =0,
PM 4.2)

where a; =d — L,a, = Ld and b, = 7—L.

Let A = 0 + ip. Substituting into the characteristic equation and expanding,

ol — /o2 + 2iop + a0 + ia1p — a; = de " [cos(tp) — i sin(tp)][(o + by) + ip].

Equating real and imaginary parts,

Mathematical Biosciences and Engineering Volume 21, Issue 10, 7211-7252.
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o’ —p2 +a10—ay =de " [(0 + by) cos(tp) + p sin(tp)],
200 + aip = de” " [—(o + by) sin(tp) + p cos(tp)].

Att =1, 0(1) =0,

pTz + a, = =d[b; cos(tip]) + p; sin(tip)],
a,p) = d[-b; sin(tip]) + p; cos(tip)].

Squaring and adding the two parts of (4.4), we obtain
ot + pi(al + 2a, — d*) + a5 — d*b? = 0.
Let ¢ = p}?, then (4.5) reduces to
0(&) = & + &dd +2a, - &) + &2 — &*b} = 0.

If pi? = £ is the last positive single root of (4.6), then
— =20} +aj +2a, —d* > 0.
dE le-p2 P T ap T ey

*

Using (4.4), after removing sin(7]p7) terms, we get

| cos! [Piz(bl —ap) +bia;
—d(b* + p}?)

4.3)

(4.4)

4.5)

(4.6)

(4.7)

(4.8)

Using the analytic version of the implicit function theorem [32] to establish Hopf-bifurcation at 7 = 77,

we need to show that

do
— 0.
dt =7} *

Differentiate (4.3) with respect to 7 for p(7]) = p] and o(7]) = 0, and we get

dO- . P £k
o [ ai + dt(b; cos(tip))+p] sin(tip])) —d cos(tipy) ]

d * ¥ . L . * * k * k 3k
+d—i [ —2p] +db7] sin(tip]) — d sin(t|p;) — dtip] cos(tip;) |

= p] [db; sin(tip]) + dp] cos(tip})],

= pi(aip}) = aipy,
do— * * * k% * * * . k 3k
I [ 2p, —dT (b sin(T|p]) — p; cos(tp])) +d sin(t,p]) ]

dp

+— [ a) + db 7| cos(tip}) — d cos(tip]) + dt\p;sin(tip]) ]

dr

= pi [=db cos(tip)) — dp; sin(tip})],

2
= pi(p}” + a2).

4.9)

(4.10)
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Let R = a; + dtj(b, cos(tp}) + p] sin(t}p})) — d cos(T|p})
and § = -2p] + dT 1by sin(tip]) — d sin(t}p]) — dtip] cos(Tip]).

Equation (4.10) can be expressed as

dO' dp .
d +S i = a\p}’,
T 4.11)
do— dp * *2
—SE'FRCZ = p1(P; + ap).

Solving (4.11) for , we get

do Rdlm2 — Sl + )
dr R?+§2

1 Sk 3k 3k ¥ . * * Sk 3k £
= RS2 [[a; + dti(b) cos(Tip;) + p; sin(t)p])) —d cos(rlpl)]al/ol2

[-2p} — dT'b, sin(T}p}) — d sin(Tp}) — dtip} cos(Tip)]p;( + a)],

B

1 * * * * % *
- m[/%(al =710} + a2) — d cos(Tip})arp)
—pi(=20" = Tiap?) — d sin(T,p)) (P + )],
_ pil@ip] + 2010} + @) = dpy) PP} + (@t + 2, — &)
- R+ 8?2 - R*+8§? .

Using inequality (4.7), we obtain

*zdtp
do 3 P g

— = > 0.
dr =1} R?2+ 52

Figure 8 shows the Hopf-bifurcation at T = 77.
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Figure 8. Hopf bifurcation of model (4.1) with respect to 7. The parameters are ryp = 1, @ =
02,7=0.1,6 =0.2,and d = 0.67. N(0) = 0.8, and P(0) = 0.1.
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5. Eco-epidemiological model with no time delay

We now return to the full eco-epidemiological model with no time delay. Recall that the non-
dimensionalized form of this is Eq (2.2):

dx 1-7 Bxy

— =x(1-x- -0)(n+ - - axz,
dt M ==yl )(77 1+ saz) c+ 0y e
dy = Po _ 8YT— 1y

dt ¢+ 06y ’

dz bxz +
— = DX — mz.
7 7+ pyz Z

5.1. Boundedness
Propsition: The trajectory of system (2.2) is bounded.
Proof. Let s = x +y + z. Differentiating along the solution of model (2.2), we get
ds _dx  dy dz
dt dr dr dt’
= x(1 —x—y)(x—G)(ﬂ+

I 7 )—(a—b)xz—(g—p)yz—ﬂy—mz
+ 5.2

For any positive constant P, we have

d
d—j+Ps£x(x—9)+Px+Py+Pz—mZ,

since a > b and g > p.

d
d—:+PsSl+P—(m—P)z,

as u; + u, < k for all time implies that x +y < 1.
Now if m > P, then
ds
— +Ps<(1+P).
g TP p)
Let (1 + P) = M, therefore we have
ds
— +Ps< M.
7 s <

Using the theory of differential inequality for s(z), we get

M
0 < s(x,y,2) < F(l —e P+ spe7",

M

where so = (xo, Yo, Z0). It can be deduced that lin;_,..sup s < 7,

independently of the initial conditions.
]
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Corollary: If € > 0, then the region
M
D:{OSX,OSy,OSZ,x+yS Lx+y+z< F+e}

is an invariant region for model (2.2).

5.2. Positivity of Solutions

Since model (2.2) deals with animals populations, it is necessary to show that the prey and predator
population will remain positive for all time.

_ i PPN l-n\ By
x(t) = x(0)exp {j(; [(1 x—=y)(x—6) (7] + T SQZ) c+ oy az] du} ,
y(1) = y(0)exp { j;

px —gz—,u]du},
z(t) = z(0)exp {f [bx + py — m]du} .
0

c + 0y

Hence, all solutions (x(?), y(¢), z(¢)) will remain positive for all time with positive initial values, that is,
(x(0),y(0),2(0)) € R3.

Before analyzing the model (2.2), we define two threshold quantities:

(1) The infection reproduction number ry = g This is the product of the average infectious duration
i and g the number of secondary infections per unit time at the disease-free equilibrium in a prey
population with no predators. If ry < 1, disease will not invade a disease-free equilibrium in the
absence of predators. If ry > 1, disease will invade such a population.

(2) The predator reproduction number is r; = %. This is the product of the predator life expectancy
% and the rate b at which each predator reproduces in a prey population at equilibrium with no
disease present. If r; < 1, the predator cannot invade such a population, whereas if r;, > 1, the

predator will invade such a population.

5.3. Equilibrium points of the system
The possible equilibria for the system are:

(a) Ep = (0,0,0) is the trivial equilibrium and it always exists. Here, the populations of susceptible
prey, infected prey, and predator species go to extinction.

(b) The two axial equilibria, E; = (1,0,0) and Ey = (6,0, 0).

(c) The planar equilibrium E, = (é,O, Z) where the infected prey is extinct. This exists when
I<r;< é In this case, 7 is the unique nonnegative root of the quadratic equation

a22+(aaf—77(1—l)(l—e))z—a/(l—l)(l—Q):O. (5.1)
rgl\rq Ta) \Ta
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By Descartes’ rule of signs, Eq (5.1) has a unique nonnegative root if, and only if,

o<(-2)6-)

in whichcase 1 < r; < é.
(d) The planar equilibrium E, = (X,y,0), where x = % (c + 0y) and y is the nonnegative root of the
cubic equation

_3 R - 8 ¢8* 20 66> 2c6
V0| +—|+y ——+—2+—2——+——66
I”O ro ro I’O I”O ro ro
[ 2¢s 3¢26  2c¢05
+y —L+06+C—2— < +C——c0+ﬂ (5.2)
ro }"0 ro ro
c? 320
t|l-—+cd+—=5-—|=0.
ro rO ro

This equation can be written as y,y* + y,y* + y3y + v4 = 0, where

5 6
7= (—2 + —) >0,
I"O ro

8% 1) 1 o0\ ¢ 1 &
Vvo=|—+—||—-0|+|c+—|—+|—=-1|—,
Cry ro ro ro) roC ro roC
1 1 o) 1 o (1
e R R R
ro ro o) \To o \7o
1 1
(b
ro ro
Notethaty4<0if1<ro<$.

(e) The interior equilibrium E* = (x*, y*, 7*), where

1
X' = E[m -py'l

) 1 Blm — py”) )
= - + uoy)|.
4 2+ 0y b H(c + poy”)
Note that
Bm — uchb "
Bp+usb  p’
For this equilibrium to exist, we need
. Pm—puch
Vo< —.
Bp + pob

y* is a positive root of the equation &,y* + &y + &y? + &4y + & = 0, where &, &, &, &, and &s
are given in Appendix A.
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5.4. Stability analysis

It is simple to show that the stability matrix for the system (2.1) linearized about the equilibrium
point is

ap dapp daps
a1 axp a3 (5.3)

asz; dzp asj

1 -
where ap =\n+ 1 [(1-x=y(x—0) —x(x—6)+x(1 -x—-y)] - Py - az,
1+ Sal c+ 6}7
1 - o)
ap =—-x(x-0)|n+ n\_ B + px ,
1+ s.2) (c+6y)? c+0dy
_=x(l =x—-y)(x—0a(l —n) Py
a;s = —dax, d = )
(a +2)? c+ 0y
Bx opxy
az = —aiz— M, axz = —gy, az = bZ, as = pz,

¢+ 6y - (c + 6y)?
asz = bx+ py —m.
5.4.1. Behavior of the system around the equilibrium points Ey, E, and E,

Ey is locally asymptotically stable because all the corresponding eigenvalues are negative. The
stability matrix for equilibrium E; = (1,0, 0) is:

146 -1+6-%2  -a
J1: 0 /,t(r()—l) 0
0 0 m(rgy—1)

The eigenvalues are 4 = =1 +0(< 0), 4, = u(ro— 1) and A3 = m(r; — 1), so E; is locally asymptotically
stable if ry < 1 and r,; < 1, as shown in Figure 9.

1.2

ir 0.1

0.08
0.8

0.06 -~

—x()
¥ |7 0.04
2(t)

2(t)

0.6

X,y (), z(t)

0.02
0.4

0.2

N

0 I I I I I I
0 5 10 15 20 25 30 35 40 45 50
t

Figure 9. The equilibrium point £; = (1,0, 0) is locally asymptotically stable if ry < a and
rg < 1. The parameters are 0 = 0.2,a =2,u=1,0=1,m=2,n=0.1,a=02,b=1.5,p =
l,c=2,g=2.5,and B = 1.65. x(0) = 0.6, y(0) = 0.02, and z(0) = 0.03.
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The stability matrix for equilibrium E, = (6,0, 0) is:

o1-9 2 —af
Jo={ 0 ud(ro-1%) 0
0 0 ml(ry — é)

The eigenvalues are 1, = 6(1 — ), 1, = ué (ro - (1,) and 13 = mb (rd - %) E, is unstable since
A1 =6(1-6)>0.

5.4.2. Behavior of the system around the equilibrium point E, = (ril, 0, Z)
The stability matrix for E, is:

01 () g3
Jo=|0 L-gi-u 0],
bz pz 0
1- 1 2
where 0'1:(77+ 77_)—(1——+9),
1+ 5,2/ g Tg

1(1 1-7 B
o —r—d(r_d_e)(’7+ 1+SQZ)_C_’”d,
L0-HE-et-n

o3 = — .
(a + Z)2 rg

One eigenvalue is given by A, = C’% — g7 — 1, which is negative if

1\(1
2aB — 2acrau — cgrd{n (1 - —) (— - 9) —aa

Fal \Td
1 1
J caan1-H)(L-o) <o
ral \ra

2

S

The other eigenvalues, A; and A3, are roots of the characteristic equation given by

1- 1 2
-2
1+ 5,2/ g rg

Clearly, the roots of above equation have negative real parts if

A1+ b7

g

(a + Z)Z ry

1 - 1 2 2
(77 + 1+ SZZ) ”_d (1 T + 9) < 0, which implies that r; < 1o

Therefore, the equilibrium E, is locally asymptotically stable if
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and ry < =

x(0).y(), z(t)

Figure 10. The solution converges to the equilibrium point E, = (rl—d, 0,
are0=02,a=2,u=1,6=1,m=1,n=0.1,a=02,b=15,p=1,c

B =2.x(0)=0.6,y(0) =0.02, and z(0) = 0.03.

I
2

o
©

2aB — 2acrau — cgrd{r] (1 -

1)(1
—\||l—-0
Ya) \Fa

) - aa

X

aa/—n(l

Kl

2

.
— -0
rq

+4aa/(l - l)(l —6’)}<0,
rg rq

5. Figure 10 shows the local stability for the equilibrium point E..
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E) The parameters
=25,g=25,and

5.4.3. Behavior of the system around the equilibrium point E, = (x,y, 0).

The stability matrix for E| is:

where 1) =x(1 - 2x—-y—-0), 17, = —x(x — 0) —

given by A3 =

given by:

Here, K =7, L=1,<0, M =

The roots of the characteristic equation have negative real parts if K + N < 0 and (KN —
Figure 11 shows the solution converges to the equilibrium point

Mathematical Biosciences and Engineering

T
B
c+0y

0

Tr T3
—6Bxy =

c+dy 8Y ?

0 bx-py—-m

(f ?jz and 75 = —x(l @A _ 4% One eigenvalue is

bx — py — m. The other eigenvalues, 4; and A,, are roots of the characteristic equation

c+ 0y

>0, and N = —

(c +0y)?

22— (K+N)A+ (KN - ML) =

oBxy <0.

E, = (x,y,0).

ML) > 0.
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0.9
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Figure 11. The solution converges to the equilibrium point E, = (x,y, 0). The parameters
are0 =02,a=2,0=1Lu=1,m=1,n=0.1,a=02,b=15,c=1,g=25,p=1,and
B =1.81. x(0) = 0.6,y(0) = 0.02, and z(0) = 0.03.

5.4.4. Behavior of the system around the coexistence equilibrium point £* = (x*, y*, %)
The stability matrix at the interior attractor is given by
A B C

Jp=|D E F|, (5.4
G H 0

where A = (i + 155 ) [x'(1 - 22" =y +0)], B = —x"(x" = 0) (n + 0 ) + 222 - 22 <,

1+8,2* 14542 (c+oy*)? c+oy*
_ X=Xy —Oa(l-n) o« _ B _ gy — oyt — o
C= Ty ax* <0, D= i 0, E= R < 0, F=-gy"<0,G =bz">0,

and H = pz" > 0.

The characteristic equation associated with this stability matrix is given by
P +a+ad+as =0, (5.5)

where a; = tr[J;] = —(A+E),a, = AE-BD-FH-CG, and a3 = —det[J;] = AHF-BGF-DHC+GEC.
From the Routh-Hurwitz criteria, the equilibrium E* is locally asymptotically stable if, and only if,
a; >0, az > 0, and a,a, > a;. Figure 12 demonstrates that the solution converges to the equilibrium
point E* = (x*, y*, Z").
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Figure 12. The coexistence equilibrium point E* = (x*,y*,z"). The parameters are

6 = 02,a = 2,u =1,0 = 1,m = 105,57 = 0.1, = 02,b = 15,p = 1l,c =
1,g = 2.5, and B = 1.65 with initial condition (x(0), y(0),z(0)) = (0.68,0.02,0.03) and
E* = (0.6820835954,0.02687460697,0.03839351927).

5.5. Bifurcation analysis

When the parameters go through specific critical values, a transcritical bifurcation and a Hopf-
bifurcation occur around the equilibrium points.

5.5.1. Transcritical bifurcation

According to Sotomayor’s theorem for local bifurcation [31], if the following conditions are satisfied:
(D) w! fu(Er,mg) = 0,
(2) W (Dfu(E1, mg).v) # 0,
(3) W' D*f(E\, mo)(v,v) # 0,
where w and v are the left and right eigenvectors of f,,(E;, my), then the system (2.2) experiences a

transcritical bifurcation at the equilibrium point E; = (1,0,0), when r, = 1 (i.e m = b).

Theorem 4. If ry # c, then the system (2.2) undergoes a transcritical bifurcation at the positive
equilibrium E, = (1,0,0) when m = b.

Proof:
The linearized system around the equilibrium point E; is:

146 -1+6-%2  -a
Ji=| 0 E(ro-o) 0
0 0 m(rgy—1)
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Now, A3 = 0 atry; =1, (i.e, at my = b). So

1460 -1+6-£ —a
JE\,mp)=| O Eo—¢) 0
0 0 0

Let us define v = (v, v2,v3)" and w = (w1, wy, w3)T to be the right and left eigenvectors of A3 = 0.
Now solving J(E, mg)v = 0 implies that v = (2,0, v3), and by solving J*(E;,mg)w = 0, we get
w = (0,0, w3) where vz, w; are any nonzero real numbers.

Now, if X = (x,y, 2), system (2.2) can be rewritten in the following vector form:

X = f(X), (5.6)

x(1-x— y)(x 9)(n tIng) by —axz
where fX)= c+6y T8 THY
bxz + pyz —mz

0
Taking the derivative of f(X) with respect to m, we get f,,(E;,mg) = | 0. Hence, w! f,,(E;, mp) = 0
0

Next, taking the derivative of f,,(X) with respect to X = (x,y,z), we get

00 O
Df(Ei,mo) ={0 0 O
0 0 -1

Therefore, we have w! (Df,,(E1, my).v) = —wsvs # 0. Furthermore,

A Ay A3 Ay As Ay A, Ag Ay
D’f(X)=|A1p A An A Ay Ajis A Ay Al
Ag Ay Ay Axn Ay Ay Ay Ay Ay

where A| = (77+1+s Z)[ 2(x — 6) — 2x], Az—(n+1+s Z)[ (x—6)—x] - —(cfg})z,
Ay = {1 - x = )2 = 0) — x(x = O)] —a, Ay = (n+ 775 ) (v = 0) = x] - Fe A5 = 2o,

(a+z)?

(x=0)a(1—n) (1-m) (x=0)a(1—n)
Ao = SEEE Ay = SR =20 )= 0) -1 5]~ Ay = S
_ 2x(l-x—y)(x=B)a(l—n) _ e _
A9 - (a+z) ) A 10 — 0’ All - (C+5y)z’ A12 0 A13 (C+5y)z’ A 14 — (C+§y)3’ A15 -4, A16 - 0’

A7 =-g,Ag=0, Ajg=0, Ay =0,A3 =b, Ay =0, A3 =0, Aoy = p,Ays =b, Azys = p,As7 = 0.
So, wI D*f(E,, my)(v,v) = 2buiusws + 2purusws # 0. Therefore, according to Sotomayor’s theorem [31]
for local bifurcation, system (2.2) has a transcritical bifurcation at steady-state £, = (1,0, 0) when the

parameter ry = 1, (i.e, m = b) (Figure 13).
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m

Figure 13. Transcritical bifurcation (BP) for £, = (1,0,0) at m = b. The parameters are
0=02,a=2,u=1,6=1,n=01,a=02,b=15,p=1,c=2,g=2.5,and 8 = 1.65. The
initial condition is the value of the equilibrium point Ej.

5.5.2. Hopf-bifurcation analysis

We observe that the system shows the Hopf-bifurcation for the equilibrium point E, with respect to
the parameter # when 6 = 0.333335, (E, = (0.666667,0,0.046177)), as shown in Figure 14 by using
Matcont software for bifurcation. The blue color shows that the equilibrium is stable, while the red
color shows the unstable equilibrium.

15

0 L L L L L L L L L ,
03 031 032 033 034 035 036 037 038 039 04
0

06

0
0 100 200 300 400 500 600 700 800 900 1000 it 0 04 x(t)
t

Figure 14. The Hopf-bifurcation for E, at 6 = 0.333335. The parameters are a = 2,m =
Lu=1,6=1,n=01a=02,b=15,p=1,c =25,g = 2.5, and B = 2. The initial
condition is the value of the equilibrium point E,.

In addition, Figure 15 shows another Hopf-bifurcation for the equilibrium point E, with respect to the
parameter m when m = 0.900001, (E, = (0.600000, 0,0.062795)).
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Figure 15. The Hopf-bifurcation for E, at m = 0.900001. The parameters are 6 = 0.2,a =
2,u=16=1n=01,a =02,b=15p=1,c =25,g = 2.5, and g = 2. The initial
condition is the value of the equilibrium point E,.

Also, we observed the Hopf-bifurcation for the equilibrium point E, with respect to the parameter b
when b = 1.666664, (E, = (0.600001, 0, 0.062795)), as seen in Figure 16.

. -
0 100 200 300 400 500 600 700 800 900 1000 ¥ 0 04 x(t)
t

Figure 16. The Hopf-bifurcation for E, at b = 1.666664. The parameters are 6§ = 0.2,a =
2,u=16=1n=01La=02m=1,p=1,c = 25,¢g = 2.5 and § = 2. The initial
condition is the value of the equilibrium point E,.
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15 0.25

(0
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2(0)

0 100 200 300 400 500 600 700 800 900 1000
t

Figure 17. The Hopf-bifurcation for E, at u = 0.845893. The parameters are § = 0.2,a =
2,0=1,n=0.1,a=02,b=15,p=1,c=1,g =2.5,and B = 1.81. The initial condition is
the value of the equilibrium point E,.

15 0.2

05

0 002 004 006 008 01 012 014 016 018 0.2 0 002 004 006 008 01 012 014 016 018 0.2

0.1
" - = =
(M 005 = 06

o 1 | / | I I I I I
0 100 200 300 400 500 600 700 800 900 1000 () 0 ) x(t)
t

Figure 18. The Hopf-bifurcation for E, at 6 = 0.101810. The parameters are 6 = 0.2,a =
2,u=1,n=01,0a=02,b=15,p=1,c=1,g =2.5,and 8 = 1.81. The initial condition is
the value of the equilibrium point E,.
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Figure 17 shows the Hopf-bifurcation for the equilibrium point E, with respect to the parameter u
when p = 0.845893 (E, = (0.502786,0.075836, 0)).

Also, we found the Hopf-bifurcation for the equilibrium point E, with respect to the parameter 6
when 6 = 0.101810 (E, = (0.556617,0.073434,0)), as shown in Figure 18.

5.6. Effect of cost of fear s, and the Allee threshold effects 6

We observe from Figure 19 that the population of uninfected prey declines as fear intensity rises,
and after a certain level of fear, population of uninfected prey will not change due to habituation to
stress. Increasing the fear parameter stabilizes the system. For an intermediate value of fear, the
system becomes unstable, and after a certain level of fear, the system shows instability and the predator
population goes extinct. As a result, the infected prey and the uninfected prey interact and this increases
disease transmission, and, consequently, the infected prey increases.

Figure 20 shows the effect of the Allee threshold effect on uninfected prey, infected prey, and
predator. It is clear that when the Allee threshold increases, the population of uninfected prey and
predator decrease while the population of infected prey increases. When the Allee threshold exceeds
0.3, all populations go to extinction.
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o o o
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o
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o
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Figure 19. The effect of fear parameter on uninfected prey, infected prey, and predator. The
parameters are 6 = 0.2,a =2, u=1,0=1,m=1.05,n=0.1,b=15,p=1,c=1,g=2.5,
and 8 = 1.65. x(0) = 0.6, y(0) = 0.02, and z(0) = 0.03.
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Figure 20. The effect of the Allee threshold effect on uninfected prey, infected prey, and
predator. The parameters are « = 0.14,a =2, u=1,0 = 1,m=1.06,n=0.1,b =148, p =
2,c=1,8=2.019,and g = 1.65. x(0) = 0.6, y(0) = 0.02, and z(0) = 0.03.

6. Full eco-epidemiological model with a time delay

Recall the non-dimensionalized full eco-epidemiological model (2.4) with a time delay included:

dx -1 Bxy

(1 = x— —9 _ _

dt ML= x =y )(77 1 saz) ¢+ 0Oy s

@ = Py —8YZ— Ky

dt ¢+ 0y ’

dz

7 = bx(t — 1)z(t — 7) + py(t — T)z(t — T) — mz.

_ of _ -7 2 By
Define A== = (n+ 1+SQZ)[—(x —0x) + (1 - x=y)2x - )| - it

of -n Bxc

B=—=—x(x-6 - 0,
dy xx )(77 " 1+ s(,z) (c + 6y)? <
of a(l —1n) dg Py

C=—=—-x(1-x- -0 - 0, D=—== 0,
oy = U T AN =0Ty maxs ox c+dy
og Bxc og

== =——— —9g7— dF=—==- 0.
dy  (c+ dy)? gz~ pan 0z 8y <
Also define bx + py = m. The characteristic equation for model (2.4) is
E + P + Pié+ Po+ e (0 + Qié+ Qo) = 0, 6.1)
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where Py = (AE - BD)m,

—[((n+ 1JFSQZ)[—(X —9x)+(1—x—y)(2x—9)]—m—az
Bxc
X —_— - —_
((c+6y)2 .
1 -
+|x(x—-0)|n+ il + prc Py ]m,
1+ s,z)] (c+06y)?)\c+ 6y
P, =AFE —-Am - BD — Em,
2T v — 2 s 0-y)
= x(1-2x+0-y)|————gz—u—-m
g 1+ 5,2 Y (c + 6y)? g2 H
1 -
+ [x(x - 0)|n+ T4 pac Py __ P + gz + u|m,
1+ s,z)] (c+06y)?|c+dy (c + 6y)?
Py=-A-E+m,
=—|n+ L= [—(xZ—Hx)+(1—x—y)(2x—9)]+ Py
1+ 5,2 c + 0y
+ N grtu+
az— ——— m,
. (c + d6y)? g
Qo =-AEm + AFpz + BDm — BFbz — CDpz + CEbz,
O,=A+E)m-Cbz - Fbz,
1-n Bxc
=||n+ 1-2x+60-y)+ —— —g7—
(77 1+saz)x( * ») c+oy *° 'u]m

a(l —mn)
(@ +2)?

+ [x(l —x—y)(x—6) + ax|bz + gybz,
0> = —m.

If T = 0, then E* is asymptotically stable under certain conditions. When 7 # 0, we take & = ¢ + iy
where ¢, € R. Substituting the value of £ into (6.1) and separating in terms of real and imaginary parts:

@ =3 + P> —yH) + Piu+ Py =
—e " [cosWTIQa( — Y*))+(Qit + Qo) cos(T) + sin(PT)2 0 + Q1]

2 3 (6.2)
(3L l//—l// )+2P2L¢/+Pllﬂ:
—e " [cos(WT)20uu + Q1) — sin(p1)(Q2(* — ¥*)) — (Ot + Qo)sin(YT)].
Let 7y = 7] be such that «(7]) = 0 and ¢(77) = ¢7, then (6.2) can be written as
—Pzw“'{z + Py = A, cos(¥ 1)) — By sin(y1)), 63)

—yi* + Py = =By cos(@ity) — Ay sin(Yi)),
where A; = Q2¢}? — Qo and By = Q1¢}. By squaring and adding, on simplification, it follows that

L0 + it (P3 = 2P1 = Q3) + Y2 (=2P2 Py + P1+200 05 — OF) + (P — 0) = 0. (6.4)
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Let ¢i2 = w. Also
o(w) =w* + Pzw2 +Piw+ P; =0, (6.5)
where P, = P} — Q2 P} = -2P,Py + P} + 2000, — 03, and P; = P; — 2P, — Q3. Note that
e

er(w) = 3w? + 2P5w + Pj. The two roots of the equation ¢7(w) = 0 are: w; = 3
_pE_ *2 %
wy = M. The conditions for (6.5) to have positive roots are as follows:
(a) If P} < 0, then (6.5) has at least one positive root.

(b) If P; > 0 and P§2 < 3Pj, then (6.5) has no positive root.

(¢) If P; > 0and P;Z > 3Pj, then (6.5) has a positive root if, and only if, w; > 0 and ¢(w;) < 0.

Using the above conditions, we can say that if condition (b) is satisfied then the stability of E* will not
change on increasing 7. If (6.5) has a positive root, then the stability of E* may change as T changes.
Let wy, w,, and ws be three positive roots of (6.5), then (6.4) has positive roots ¢} = Vwi, k=1,2,3.

Using (6.3), we get:
A1(Py— Poyi? — Po) + Bi(—yP + Piyr)

cos(YTy) = A% n B%
1 A\(Py = P2 = By(—y'? + P/
or T = —*{cos_l( (o — Pl )2 1(2 d 1%)))}’ (6.6)
/8 (A7 + B))
where /] is the last positive root of (6.4). To establish Hopf-bifurcation at 7 = 77, we need to show that
di
— 0. 6.7
dr T=T] * (6.7)
Differentiating (6.2) with respect to 7 and setting ¢« = 0 and ¢ = ¢/}, we get
dL * g% . s gk
ol [Ucos(tiy)) + Vsin(tiy)) + M|+
1
dlﬂ k * * 3k * e 3 * k *
el [-Vcos(tiy)) + Usin(tiy)) — N| = =Xsin(t{y]) — Ycos(tiy)),
dl’ PN . kg%
e [Vcos(Tiy}) — Usin(tiy]) + N| +
dyy (6.8)
R [Ucos(tiy}) + Vsin(tiy]) + M| = —Xcos(ty]) + Ysin(t{y)),
!
where U = Qu?7i— 00} +Q1, V = 2000~ Qi Ty, M = =397 +Py, N = 2P, X = Qo= 0o,
and Y = Q,(y})*. Finally, by solving j—;L_T* and fl—‘i’ _owe have
-1 1
du 230t + 2072(P3 = 2P - 03) + (20200 + P} — O} - 2P, Py)) ©9)
drle=ri CHEE ’ '

Mathematical Biosciences and Engineering Volume 21, Issue 10, 7211-7252.



7245

where S| = Ucos(tiy)) + Vsin(tiy]) + M, S, = Usin(t{y) — Vcos(tiy]) — N, and S% + S% > 0.
If ¢ is the last positive root of (6.4), then using (6.5),

d
ey (6.10)
W=y
«2 dp
dL l/ll dw W:l,lflkz
Hence, — =———>0.
drle=t;  S7+83

Figure 21 shows the Hopf-bifurcation of model (2.4) with respect to 7.

T=60 T=65 =70
08 089 o
4 0.7+ AMAMA
0.7 MNWMMAMM 07 Ww
Wwww
0.61 0.6J 0.6
0.5 0.5 0.5
"7 04 292044 vz 04
03 0.3 0.3
02 0.2 0.2
0.1 0.1 0.1
TR o LA . ‘
0 1000 2000 3000 0 1000 2000 3000 0 1000 2000 3000
' ‘ ‘
X 2 X z X 2
=175 =80 =85
08 0.8
0.7
v 71 MWM\/\/\/WWANW/WVWW
0.6 0_6J 0.6
05 0.5 0.5
50z 04 one 044 oyz 049
03 0.3 0.3
02 0.2 024
0.1 0.1 0.1
o OO o UGG IR TIeveesevereseeseseses
0 1000 2000 3000 0 1000 2000 3000 0 1000 2000 3000
' . .
=90 =95 =100
v AWMW/\/\WMWNW M WWM/WM/\/\/\/\/\/V\NWW 7 WMMWWW/WW/V
0.6 0_5J 0.6
0.5 0.5 0.5
vz 04 xyz 044 xyz 044
03 0.3 0.3
02 02 0.2
0.1 0.1 0.1
o }\MMMAAA‘AAMAANVWW o MN\]\M\}\_A{\A}M/\AJ\M/‘\/\/\/W 0 MAM}\MA‘_/\MMMWMJ\JW\N‘
0 1000 2000 3000 0 1000 2000 3000 0 1000 2000 3000

x z X z X

Figure 21. Hopf-bifurcation of model (2.4) with respect to 7. The parameters are § = 0.2,a =
2,u=1,0=1,m=1057n=0.1,0a=02,b=15,p=1,c=1,g =2.5,and 8 = 1.65, with
initial condition (x(0) = 0.6, y(0) = 0.02, z(0) = 0.03) .
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6.1. Maximum delay to maintain stability

Let X(1) = X + u(?), Y(t) = Y + v(r), and Z(f) = Z + w(r). Linearizing the system (2.4) at the
coexistence equilibrium E*, we get:

du 1-n By
7 [(n+ 1+SQZ)[—(.X2—9)C)+(1 —x—y)(2x—0)]— m—az]u
1-n Bxc
" —x(x—@)(n+ 1+ s(,z)_ (c+6y)2]v
1—
|-t = 3=y - 0 T - ax, (6.11)
dv _( By _px .
i (c+6y)u+((c+6y)2 8z ,u)v+( gy)w, and
cfl_v: = —mw + bzu(t — 1) + bzv(t — ) + byw(t — 7).
Taking Laplace transforms for (6.11), we obtain
sL{u} —u(0) =
- _
(n+ — sZz) |-G -0+ (1 -x-H(2x-0)| - % —aZ]L{u}
o 1-7n Bxc
+ —x(x—9)(77+ " SQZ) - (c+5§)2]L{v}
- (6.12)
=31 -3 -HE - 9)‘(”;+Z;72 —cﬁ]L{w},
By cBx - _
sL{v}-v(0) = - @L{M} + (m —gz—,u)L{v} —gyL{w},

sL{w} —w(0) = —mL{w} + bzL{u(t — 1)} + bzL{v(t — 1)} + byL{w(t — 7)}.
0

Here, L{u(t—171)}= f

T

e_s(tl+T)bt(t1)dZ1 + f €_S(II+T)M(I1)dt1 =Liem+e L {u()}.
0
Similarly, L{v(t — 1)} = Lye™" + ¢ " L{v(t)} and L{w(t — 7)} = Lze™*" + e *"L{w(t)},

where L, = [ e @v(t))dt, = [ e Ow(ndr and Ly = [ e Ww(e)dn = [ e Ow(nydr.

If L{u(®)},L{v()} and L{w(t)} have poles with positive real parts, then the inverse Laplace
transformation of L {u(?)}, L {v(¥)}, and L {w(z)} will have terms which exponentially increase with time.
Thus, E* will be locally asymptotically stable if, and only if, all poles of L{u(t)}, L{v(#)}, and L {w(?)}
have negative real parts. Using the Nyquist criterion E* will be asymptotically stable if the following

two conditions are satisfied [33, 34]: ReGiwy) = 0, (6.13)

ImG(iwg) > 0, (6.14)
where G(s) = s> + Pys? + P1s + Py + e*7(Qy5% + Q15 + Qp) = 0 and wy is the smallest positive root

of (6.13). Equating the real and imaginary parts, we get
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Pzw(z) —Py=(Qp - szé) cos(woT) + Q1w sin(wyT), (6.15)
—wy + Pywo > sin(wot)(Qo — Qawg) — Q1w cos(woT). (6.16)
To find the length of maximum delay so that stability is preserved, we write (6.15) and (6.16) as
Pow? — Py = (Qy — Qaw?) cos(wT) + Q\w sin(wt), (6.17)
—w’ + Pyw > sin(wt)(Qp — Qaw?) — Q1w cos(wr). (6.18)

Equation (6.17) and inequality (6.18) are the conditions for stability and both should be satisfied
simultaneously. We first find an upper bound w*, independent of 7, such that (6.18) is valid for
wo < w < w*. We will later use this inequality to determine a range of feasible values for 7*.

Since | cos(wt) |< 1 and | sin(wT) |< 1, using these inequalities in (6.17),

Pyw® <[ Qo — Qow’ |+ Q1 [ w+ | Py |,

2 2 (6.19)
and so Pow” <| Qo+ 0w |+ Q1 |w+]|Pol.

So, (P = 10 W= Qi lw=(Qol+|Py])<O.

(6.20)
Let w, denote the maximum value of w satisfying (6.18),
|Q1|+\/Q%+4(IPzI—IQzI)(IQo|+|Po|) 6
wy = ; (6.21)
: 20 P21 =102
where w, > wy. From (6.18), we get
w? < (sz - %) sin(wt) + Q cos(wt) + P;. (6.22)
w

Since E* is locally asymptotically stable for 7 = 0, by assumption, the inequality (6.22) will continue to
hold for sufficiently small 7 and w = wy. Using (6.17) and (6.22), we get

P, [(sz%) sin(wt) + Qicos(wt) + Pl] — Py >(Qy— Q2W2)COS(WT) + Qywsin(wt),

P>Q

or (Qlw + - P2Q2W) sin(wt) + (P01 — Qo + szz)(l — cos(wT))

< PyP — Py + P,0; — Qo + Oow?,

w22

2

where sin(wr) < wr and 1 — cos(wr) < 2sin*(%F) < . So

P>,0Qq

—%&ﬂmMﬂHBQ—%+&WM—wMM)

P2 QO W2T2
b

2

(Qlw +

<|Qiw + — P,Qyw| wt + |P2Q; — Qo + Qaw?|

w2e2
< (| Q1 = Py0y | W+ | PyQo N7+ | Qaw? + P20 — Q|

2 9
w212
b

< (1 Q1 = P20y | Wit | P2Qo 7+ | QoW + P20 — Qo | >
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since wy < w < w,.

W22
If (| Q1 = P,Qs | Wi+ | P,Qo )T+ | Qow? + P01 — Qp | 5 < PyPy — Py + P,Q — Qp + Qw7
P>Qq . 2
then Ow, + = P, Oow, | sin(w,t) + (P20 — Qo + Qow )1 — cos(w, 1))
+

< PyP| — Py + Py0) — Qo + QoW

2 P _ 2
Let @2t — 1) 0 — P,Qy | w2+ | P2Q |= Lo, and PoPy — Po + P20y — Qg + Qow? = L.
So, Li7* + Lot < L. Suppose 7" is the positive root of L; 7% + L, = L, that is,

. -1, + 1,L§ +4L,Ls

TE oL,

Theorem 5. If0 < 7 < 7 and the Nyquist criterion to the local asymptotic stability is satisfied, then T*
estimates the maximum delay length to preserve stability.

7. Conclusions

This paper has examined prey-predator models with the Allee effects and the cost of fear in prey
reproduction, where the predator predates the prey with a Holling Type I functional response. We have
investigated the dynamic behavior of the model mathematically, including the existence and stability of
equilibria, the occurrence of Hopf-bifurcation around the coexistence equilibrium point, and the existence
of a limit cycle that emerges from Hopf-bifurcation. We have described equilibria, the stabilities of the
system, and the occurrence of Hopf-bifurcation. The coexistence equilibrium is locally asymptotically
stable if twice the death rate of the predator is one unit higher than the Allee threshold value.

We have shown that as the fear level rises, the population of prey remains unaffected because, at
N* = d, the fear level has no effect. However, when the level of fear increases, the population of
predators decreases. The existence of the coexistence equilibrium point E* = (N*, P*) implies that
0 < d < 1. Since N* = d, the Allee effect has no affect on the prey population, and the coexistence
equilibrium E* is stable when it occurs for a small Allee effect. Furthermore, we have demonstrated
that as the Allee threshold rises, the predator population rises. However, after certain values of the
Allee threshold, both populations become unstable and then go extinct. If we take the death rate of
the predator d as a bifurcation parameter, the system experiences Andronov-Hopf bifurcation. When
the parameter d passes through the bifurcation value dy = 1, our system experiences a transcritical
bifurcation at steady state E; according to Sotomayor’s theorem [31]. The dynamics of the delayed
system have been investigated and we have discussed the Hopf-bifurcation.

Finally, we have looked at an eco-epidemiological model that takes the cost of fear and the Allee
effect into account in the prey population. We have examined a predator-prey model in which the prey
is afflicted with a disease. The overall prey population is divided into two categories, susceptible prey
and infected prey. When susceptible prey comes into contact with infected prey, it becomes infected.
Infected prey is unable to procreate because it has the disease. The predator consumes both uninfected
and infected prey, but infected prey is easy to capture whilst it takes more time to catch the uninfected
prey. As a result, we have assumed that the consumption rate of infected prey is higher than that of
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uninfected prey. There are five biologically significant equilibria. We have discussed the stabilities of
these equilibria. We have performed a numerical study to examine how the Allee effect and fear effect
affect our system, and we have discovered that the population of uninfected prey and predator drops as
the Allee threshold rises, whereas the population of infected prey rises. All populations become extinct
when the Allee threshold reaches a specified value. We have demonstrated that when the fear intensity
rises, the population of uninfected prey declines, and after a certain level of fear, there is no effect on
the population of uninfected prey as the fear increases, and this is due to physiological effects when they
get acclimatised to fear. The system becomes stable for an intermediate level of fear, and after a certain
level of fear, the system exhibits instability because the predator population goes extinct, leaving only
uninfected and infected prey, which increases disease transmission and leads to an increase in infected prey.
We have found that the equilibria £, and E|, have a Hopf-bifurcation under specific parametric conditions.

To make the model (2.1) more realistic, we have incorporated a time delay and Hopf-bifurcation
occurs by taking the delay as the bifurcation parameter. Hopf-bifurcation will occur when the delay 7
passes through a series of critical values. If 0 < 7 < 7* and the Nyquist criterion to the local asymptotic
stability is true then 7" estimates the maximum delay length to preserve stability.

Hopf-bifurcation has helped us in finding the existence of a region of instability in the neighborhood
of non-zero equilibrium, where prey and predator species will persist undergoing regular fluctuation.
For the transcritical bifurcations a stable coexistence equilibrium E* combines with another equilibrium
and disappears and the positive equilibrium E; switches from instability to stability.
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Appendix A

&1 = pog(p — b)(—abdg + bénu + pnp),

& = (p = b)(b*8*ngud + bongp6 + 2bcongup + Bengp® — ab’s*g*o
— 2abcdg’p) + (2p — b)(abs’ g m — b6*ngmu) + (2b — 3p)(Bongmp)
+ bBongp” — ab’s’g’p,

& = aab’ 8% gu + 2ab’c6g%0 — ab’8*g*0 — 2ab’c5g* pd + ab*6*g*mb
—2b%congubd + b>6°ngub + 2b*congupl — b*8*ngmub + aab*Bégp
—ab’ 4P — ab’B6g? + ab® g p — 2abcsgim — 2ab’cdg’ p + ab*6*gtm
— abc*g? p? + dabcsgimp — abS* g m® — b*Bengph + b*Bongmb + b*Bongpo
— b2ctygup + 2b*c6g mp — abs’g*m* — b*Bengpl + b*Bongmo + b*Béngpl
— b2ctngup + 2b*céngmu + 2b*céngup — b>8>ngmu + bBengp*o
— 2bB6ngmpb + be*ngup® — 4bedngmup + bs>ngm*u — 2ab*Béup
+ bBogu + 2bBengmp + bengp® — bBsngm® — 2bBsngmp — 3Bengmp’
+3Bongm’p — abB’p” + b’ gp,

& = 2aab’cogu + ab’c?g*0 — 2ab’c6g*0 — ab*c* g pl + 2ab’c5g*mb
— b cPygub + 2b° congud + b>cPngupl — 2b*céngmub + aab*Begp
— aab’Sgm — 2ab’cou® — ab’Beg® — ab*Pgim — ab’ g p + 2ab*cégim
+2abc* gt mp - 2abedg*m® + b*Bengmb + b*Bengpb — b*Bongmo
+ b P ngmu + b2 cingup — 2b*céngmu — 2bBengmp + bRsngm*o
— 2bc*ngmup + 2bcdngm®y — 2ab*Beup + 2ab*Bémy + b*Begu — bBengm?
— 2bBengmp + bBongm® + 3Bengm*p — Béngm> + 2abBrmp — b*Frgm,

& = aab’Pgu — ab’ g0 + ab’ g’ mb + b3 c*00ngub — b*c*ngmub
— aab?Begm — ab>cH® + ab* P g’ m — abc® gt m? — b*Bengmb — b2 cPngmpu

+ bBengm®6 + be*ngm*u + 2ab*Bemy + bBengm?* — Bengm® — abBim?,

b
&s = (1 - Z) (ab*c*g*0m + bBengm®0 + b qngm*u — b c*ngmud

— abcg®m? — Bengm?®) + aab’ P gu — aab*Begm — ab* P + 2ab*Bemu
— abB*m?.
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