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1. Introduction

Population dynamics, as an important branch of biomathematics, describes the changing process
of population quantities under various interactions within biological systems, and has long attracted
extensive attention from scholars at home and abroad.

In ecosystems, the interaction between predators and prey is a core process that maintains the
structure and functional stability of communities [1-3], and its dynamical behavior has long been
a research focus in theoretical ecology and mathematical ecology [4-6]. Moreover, according to
the needs of production and daily life [7-9], through reasonable and effective control of certain
interspecific interactions, better protection and utilization of biological resources can be achieved [10-
12].

Classic predator-prey models have successfully characterized basic dynamics such as coexistence
and extinction of the two populations by introducing parameters like functional response functions
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and environmental carrying capacity. However, with the deepening of research, more real ecological

mechanisms have been proven to significantly alter the dynamical characteristics of the system [1,2].
With the rapid development of ecology, to make models more in line with actual situations,

researchers have proposed predator-prey models with functional response functions, as follows:

dx X

— =rx(1 — =) - f(x)y,

g; K (1.1)
E =ef(x)y — dy,

where x(7) represents the population density of prey, y(¢) represents the population density of predators,
and 7 is the evolution time (the same below). The absorption efficiency of predators for food is a
function f(x), called the functional response function, which indicates the number of prey captured
by predators per unit time.

In population dynamics, the functional response of predators to prey density describes the
characteristics of the number of prey captured by each predator per unit time as a function of prey
density. It reflects the absorption of food by predators. In 1959, Holling proposed several basic
functional response functions [13],

Holling Type I: f(x) = cx,

Holling Type IT: f(x) = =, (1.2)
Holling Type III: f(x) = a;fi T

which are applicable to lower organisms, invertebrates, and higher vertebrates,respectively [14-16].

Biological control is a sustainable alternative to chemical pesticides [17-19]. To improve predator
effectiveness, additional food sources are often supplemented [20-22]. A general model with additional
food is given as follows:

% - x(l - g) — fn.E )y,
d
d—f =g(x, & a)y — oy,

where f(x, &, @) is the functional response function of predators, which depends on the pest (prey) x

and explicitly on ¢ and « that describe the provision of additional food. Meanwhile, g(x, ¢, @) is the

numerical response function of predators. ¢ represents the natural mortality rate of predators.
Srinivasu and Prasad studied the following model from 2007 to 2011 [18-20]:

dx X X

a”(l‘;)‘my’
dy _ Bx+9
dt 1+aé+x

2

and proved that pests and diseases can be eradicated when & > #. Additionally, by using £ to control
the provision of additional food, it is possible to choose whether to retain the introduced predators in
the ecosystem.
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Srinivasu, Vamsi, and Ananth [21] studied a predator-prey model with Holling-III-type functional
response, and the dynamic behavior after introducing additional food is expressed as follows:

dx X x?
— =X - -y,
dr

dy _ Al +&)

dr 1+ aé?+
In this model, pests and diseases can also be eradicated.

Furthermore, Srinivasu, Vamsi, and Aditya [17] studied how to maintain living systems by
supplementing additional food in the presence of inhibitory effects, with the model as follows:

dx _ 1_5)_ x
dt —x( v] (1 +aé)(wx*+ 1)+xy’
dy _ ,8(x+§(wx2+1))

dt (1+aé)(wx®+1)+x

y = 0y.

However, excessive additional food may cause uncontrolled predator growth and induce
intraspecific competition [23-25], which can be utilized to prevent species invasion [26-28].
Bazykin [6] established a model for intraspecific competition:

dx 5 bxy
— =—ax—ex —

dr 1 +Ax’
dy dxy )
— = —cy + —-h
i YT rrax

where % is the maximum consumption rate of predators, % is the population density at which the

consumption of predators is half of the maximum value, c is the natural mortality rate of predators, and
5—7’ is the energy conversion efficiency of predators.

Lu, Huang, et al. completed rigorous theoretical proofs for various complex dynamic behaviors of
the Bazykin model, such as Bogdanov-Takens bifurcation, codimension 2 degenerate Hopf bifurcation,
and codimension 3 focus-type degenerate Bogdanov-Takens bifurcation [16]. Accordingly, they
classified the long-term dynamics of the model using the threshold ¢, of the natural mortality rate
c of predators.

In 2023, Parshad et al. [29] proved that in the absence of intraspecific competition, additional food
will lead to the uncontrolled infinite expansion of predator quantities. Therefore, simply introducing
additional food as a pest management strategy is flawed. Based on the work of Srinivasu et al. [18-20],
they proposed another model with Holling-II-type functional response function and additional
food provision, where additional food induces intraspecific competition among predators, and no
competition occurs without additional food. The intraspecific competition of predators is represented

by céy*:
de _ (j_X)\__*x
dr y 1+a§+xy’
dy  Bx+$)
— = = 2y §y— &y

dt 1+aé+x
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Numerical simulations of this model revealed bifurcations such as Saddle-Node Transcritical
(SNTC) and Cusp-Pitchfork Transcritical (CPTC) [30-32], suggesting that controlling additional food
allows for effective predator management.

Anti-predator behavior also impacts system dynamics [2,8]. Freedman and Wolkowicz [9] proposed
a group defense model,

dx

a = xg(-x’ K) _yp(x)’
dy o

ol y(=s + q(x)),

x(0) > 0,y(0) >0,

where x(¢) and y(#) represent the densities of prey and predators, respectively. The functions g, p, and
g are continuously differentiable, and s and K are positive constants.

In 1990, Mischaikow and Wolkowicz proposed a method to study predation systems involving group
defense using connection matrices based on the above model [10].

Combining previous research results [9-11], Tang and Xiao proposed the following anti-predation
model considering the functional response function [8]:

dx X Bxy
dt = rx( K) a+ x2’
by _ By

i Moy @7

Here, all parameters are positive constants. r is the intrinsic growth rate of prey, k is the carrying
capacity of the environment, S is the capture rate of predators, u is the energy conversion efficiency of
predators, d is the natural mortality rate of the predator population, and 7 is the anti-predator behavior
of prey against the predator population. Note that the anti-predator behavior in this model does not
directly benefit the prey population but reduces the growth of the predator population because prey do
not feed on predators [12].

Therefore, based on the model with additional food and predator competition proposed by
Parshad et al. [1],

dx X
Zoxl1=Z2)=-

0 X( y) f(x, & a)y,
d

d—i =g(x, & @)y — 9y,

this paper further introduces the anti-predator behavior of prey to construct a new dynamical model:

dx X X

a”(l‘;)‘m%
dy _ Bu+d
dt 1+aé+x

(1.3)

y — 6y — Axy — cé&y’.

Among the parameters, the newly introduced A represents the anti-predator behavior of prey against
the predator population. é is the quality of the additional food provided to the predator, and ¢ is the

quantity of additional food provided to the predator. vy is the carrying capacity of the pest. We simplify
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the model through transformations: let x = yu and y = é, then the original system is transformed into:
D=yl —u) -
dr Boyurd) cé(1+aé+yu)’ 5
dv _ Yyu+s)v A
a m-)’AHV-&V—V .

Denote R = R(a) = % €(0,1),K = % and A = yA; the system becomes:

du el ) —
{ gt _ Z((uimvu) yeru)® 2 (1.4)
L
Tl UT—cSv—Auv—v .

Let n = —; the simplified model studied in this paper is as follows:

1
yeg

dv _ Bu+K)w 5 (1.5)
S =S —ov—Au — v

{ W= u(l —u) - 2%,
In Eq (1.5), R = R(a) reflects the total amount of additional food determined by the food quality,
A represents the anti-predator behavior, y is the environmental carrying capacity, S represents the
conversion efficiency of predators, ¢ represents the natural mortality rate of predators, and é represents
the quality of extra feed, while & represents the quantity of extra food. The introduction of extra
food will induce intraspecific competition among predators, and the coefficient c is introduced into the
model to describe the impact of intraspecific competition on the system. Assume that 8 — da > 0 and
£> g5
To better reflect ecological realism, it is important to further clarify the underlying mechanisms of
the two key factors considered in this study. On the one hand, additional food supply, although widely
used to enhance predator survival and improve biological control efficiency, may lead to unintended
consequences when provided excessively. In particular, surplus food can promote rapid predator
population growth, which in turn intensifies intraspecific competition due to limited environmental
resources such as space and territory. This density-dependent competition can significantly regulate
predator dynamics and prevent unbounded population growth, thereby playing a crucial role in
maintaining ecosystem balance. On the other hand, anti-predator behavior represents an important
adaptive strategy of prey species in response to predation risk. Such behaviors—including vigilance,
refuge use, and group defense—effectively reduce predation success. From a modeling perspective,
anti-predator behavior does not directly increase prey reproduction but instead suppresses predator
growth by reducing predation efficiency, thereby altering the interaction strength between species. The
incorporation of this mechanism provides a more realistic description of predator—prey interactions.
In this paper, we focus on the qualitative analysis and complex dynamics of system (1.5). Compared
with existing studies, this paper develops a predator—prey model that simultaneously incorporates
additional food-induced intraspecific competition and anti-predator behavior, thereby providing a more
comprehensive ecological framework. Such a combination naturally arises in many real ecological
systems, particularly in biological control practices where supplementary food is introduced to sustain
predator populations, while prey species simultaneously evolve or exhibit anti-predator behaviors
in response to increased predation pressure. Within this framework, we examine the existence
and stability of equilibria and identify the conditions under which species coexistence or extinction
may occur. Furthermore, a detailed bifurcation analysis is carried out, through which a variety
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of complex dynamical behaviors—including transcritical, saddle-node, Hopf, and Bogdanov-Takens
bifurcations—are revealed with the aid of center manifold and normal form theories. Numerical
simulations are then performed to illustrate the emergence of rich dynamics such as limit cycles and
homoclinic orbits. Overall, the results highlight the combined effects of food supplementation and
behavioral defense, offering new insights that are relevant to both theoretical ecology and practical
biological control.

The paper is organized as follows: We first analyze the existence and stability of both boundary
and coexistence equilibria. Subsequently, we investigate the bifurcation phenomena, deriving the
normal forms and stability conditions for the Transcritical, Saddle-node, Hopf, and Bogdanov-Takens
bifurcations. Finally, numerical simulations are presented to illustrate the theoretical conclusions and
discuss their biological implications.

2. Existence and stability of equilibria

The equilibrium of system (1.5) is determined by the following equations:

u(l —u—- 1;7_") =0,
{ V(e —5+iAu—v) =0. 2.1)

Obviously, from Eq (2.1), system (1.5) must have boundary equilibrium E, = (0,0) and E; = (1,0).

2.1. Existence of coexistence equilibria

To analyze the existence of the coexistence equilibrium (u*,v*) of system (1.5), consider the
following equations:

l-u--L=0
u+R ’
Bu+kK) _ (2.2)
{ﬁ—é—A”—V—O’
which are equivalent to
n_(Bu+K)
1 —u- -0—-Au|=0 1).
" u+R( u+R 0~ Au uc @D

To analyze the solutions of (2.2), let
Gw)=w-Du+R?*+ nB(u + K) — n(Au + 6)(u + R) = 0.
=u’+ (2R —nA - D’ +|R* = 2R + (B - 6 — AR)|u + (nBK - noR - R?). (2.3)

= Lt3 + a2u2 + au + agp,

where
ay = nBK — néR — R?,

a, =R*—2R+n(B -6 - AR),
a,=2R-nA -1,
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and consider the first derivative of G(u),
G'(u) := g(u) = 3u* + 2aou + ay, 2.4)

and the second derivative
G"(u) := g'(u) = 6u + 2a,. (2.5)

It should be noted that g’(x) = 6u + 2a, is monotonically increasing for u > 0.
First, we consider the case when a, > 0.

Theorem 2.1. Under the condition a, > 0, if a; > 0, system (1.5) has at most one coexistence
equilibrium. Specifically, if ay < 0 and G(1) > 0, the system has a unique coexistence equilibrium
(uc, ve). In other cases, the system has no coexistence equilibrium. The geometric interpretation of this

result is illustrated in Figure 1.

Proof. When a, > 0, g’(u) > 0 holds true for all « in (0, 1), g’(¥) > 0 is monotonically increasing in
(0, 1).

Given a; > 0, we have g(u) > g(0) = a; > 0, and G(u) is monotonically increasing in (0, 1).

If ag > 0, then G(u) > 0, and there are no zero points in (0, 1). At this point, system (1.5) does not
have a coexistence equilibrium.

If ay < 0and G(1) <0, thatis, 1 +a, +a; + ag < 0, then G(u) < 0 holds true for all (0, 1), and there
are no zero points. At this point, the system (1.5) does not have a coexistence equilibrium.

If ap < 0and G(1) > O, thatis, 1 + a; + a; + ap > 0, then G(u) has a unique zero point u. in (0, 1),

that is, there exists a coexistence equilibrium (i, v.). O
g(w) G(w)
g(u)
G(1)>0
dg = 0 ( )
u
0 1
a ag <0 G(1) <0
U ag <0
0 1
(a) When a; > 0, the image of g(u) (b) The image of G(u)

Figure 1. The existence of the coexistence equilibrium point of the system under the
condition a, > 0.

Theorem 2.2. If a; > 0 and a; < 0, the existence of coexistence equilibrium of system (1.5) is as
follows:

(1) When g(1) =3+ 2a, +a; <0, ifag > 0 and G(1) < 0, system (1.5) has a unique coexistence
equilibrium. The corresponding graphical illustration is shown in Figure 2.
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(2) When g(1) = 3+2a,+a, > 0, there exists u. satisfying the equation g(u) = 3u® +2a,u+a; = 0:

—2a, + ﬂ/451% - 12a;

6

€ (0,1).

u. =

This case is further demonstrated in Figure 3.
a) If ap < 0 and G(1) > O, the system has a unique coexistence equilibrium (u., v.).
b) If ap > 0 and G(u.) < 0, the system has two coexistence equilibria (u.,v.) and (uz, v>).

c) Ifagp > 0 and G(u.) = 0, the system has a unique coexistence equilibrium (u., v.).

Proof. Whena; <0, g(0) =a; <0.
(1) When g(1) = 3 + 2a, + a; < 0, there is g(u) < 01in (0, 1), and G(u) is monotonically decreasing in
(0, 1).

If ay < 0, there is G(u) < 01in (0, 1), G(u) has a unique zero points in (0, 1). In this case, system (1.5)
has no coexistence equilibrium.

If ag > 0and G(1) > 0, thatis, 1 + a, + a; + ap > 0, then there is G(x) > 0 in (0, 1), and G(u) has
no zero points in (0, 1). In this case, system (1.5) has no coexistence equilibrium.

If ap > 0 and G(1) < 0, then G(u) has one coexistence equilibrium u, in (0, 1), and system (1.5) has
a unique coexistence equilibrium (u,, v.).

(2) When g(1) = 3 + 2a, + a; > 0, g(u) has a unique zero point u. in (0, 1). For (0,u.), g(u) < 0
and G(u) 1s monotonically decreasing. For (u., 1), g(u) > 0 and G(u) is monotonically increasing. u, is
determined by the root of g(u) = 3u? + 2a,u + ay:

—2a, + ,/461% —12a,

6

€ (0,1).

U, =

If ap < 0, when G(1) < 0, the system has no coexistence equilibrium; when G(1) > 0, G(u) has a
unique positive root u,. in (u., 1), so the system has a unique coexistence equilibrium (u,, v.).

Under the condition ay > 0, the existence of coexistence equilibria depends on the sign of G(u,).
Specifically, if G(u.) > 0, the system has no coexistence equilibrium, as G(u) has no roots in (0, 1).
Conversely, when G(u.) < 0 and G(1) > 0, G(«) admits two roots u; € (0, u.) and u, € (u,, 1), resulting
in two coexistence equilibria (1, vy) and (uy,v,). Lastly, if G(u.) = 0, a unique equilibrium (u, v.)
exists, since G(u) has a unique root at u,. O
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g(w) 6@
g(u)
G(1) <0
. N U s (1)
u
0 1
a;
(a) When g(1) < 0, the image of g(u) (b) Image of G(u)

Figure 2. The existence of the coexistence equilibrium point of the system when a, > 0,
a; <0,g(1)<0,a9>0,and G(1) < 0.

G(u
gu) )
G(u,) >0
g(1) Gue) =0
o >0 G(ug) <0
- Uc o U
0 1
u u u
0 uc 1 1 2
a]_ g <0
(a) Image of g(u) when g(1) > 0 (b) Corresponding image of G(u)

Figure 3. Existence of the coexistence equilibrium point of the system when g(1) > 0.

Next, we investigate the case when a; < —%. In this case, g’(u) < 0 holds for all u € (0, 1), and g’(u)
1s monotonically decreasing in (0, 1).

Specifically, if ay > 0 and G(1) < 0, system (1.5) has a unique coexistence equilibrium (u.,v.). In
other cases, there is no coexistence equilibria for system (1.5).

Theorem 2.3. If a, < —% and ay < 0, system (1.5) has at most one coexistence equilibrium.

Proof. When a; < 0, we have g(u) < g(0) < 0, G(u) is monotonically decreasing in (0, 1).
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If ap < 0, then G(u) < 0, there are no zero points in (0, 1). At this point, system (1.5) has no
coexistence equilibrium.

If ap > 0and G(1) > 0, thatis, 1 +a, +a; +ay > 0, then G(«) > 0 holds for all (0, 1), which implies
that there are no zero points. At this point, system (1.5) has no coexistence equilibrium.

If ap > 0 and G(1) < O, that is, 1 + a, + a; + ayp < 0, then G(u) has a unique zero point u. in (0, 1),
which means the system has a coexistence equilibrium (u,, v..). O

A summary of these results is given in Table 1.

Table 1. Existence of coexistence equilibrium of system (1.5) when a, > 0 and a; < 0.

Condition Number of coexistence equilibrium
g)y<0 a>0 G()<0 1
G(H>0 1
g)y>0 ay<0 G()<0 0
Gu)<0 2
g)y>0  a >0 Gu)=0 1
Gu,)>0 0

Theorem 2.4. If a, < —% and a, > 0, the existence of coexistence equilibrium of system (1.5) is as
Jfollows:

(D) Ifg(l) =3+2a,+a; =20, a9 <0, and G(1) > 0, then system (1.5) has a coexistence equilibrium
(Ue, Ve)-

(2) If g(1) = 3 + 2a, + a; < 0, there exists u, satisfying g(u) = 3u* + 2au + a, = 0:

—2a, + 1/441% - 12q,

. = 0,1).
u 6 €(0,1)

a) If ap > 0 and G(1) < O, the system has a unique coexistence equilibrium (u., v.).
b) If ay < 0, G(u.) > 0, and G(1) < 0, the system has two coexistence equilibria (u.,v.) and (uy, v;).
c) If ap < 0 and G(u.) = 0, the system has a unique coexistence equilibrium (u., v.).

Proof. When a; > 0, we have g(0) > 0.

(1) When g(1) = 3 + 2a, + a; > 0, we have g(u) > 01in (0, 1), and G(u) is monotonically increasing
in (0, 1).

If ap > 0, then we have G(u) > 0 in (0, 1), G(u) has no zero points in (0, 1). At this point, system
(1.5) has no coexistence equilibrium.

If ag < 0and G(1) < 0, thatis, 1 + a> + a; + ay < 0, then we have G(u) < 0 in (0, 1), and G(u) has
no zero points in (0, 1). System (1.5) has no coexistence equilibrium.

If ap < 0 and G(1) > 0, then G(u) has a coexistence equilibrium u,. in (0, 1). The system (1.5) has a
unique coexistence equilibrium (u., v,).

(2) When g(1) = 3 + 2a, + a; < 0, g(u) must have a zero point u, in (0, 1). We have g(u) > 0 in
(0, u.), and G(u) is monotonically increasing. We have g(u) < 0 in (., 1), and G(«) is monotonically
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decreasing. u. is determined by the zero point of g(u) = 3u? + 2au + a;:

—2a, + ﬂ/4(1% - 12a,

c = 0,1
u 3 € (0,1

If ap > 0, then when G(1) > 0, the system has no coexistence equilibrium. When G(1) < 0, G(u)
has a unique positive root u. in (u., 1), which means the system has a unique coexistence equilibrium
(Ues Ve).

If a9 < 0, when G(u.) < 0, system (1.5) has no coexistence equilibrium. When ay < 0 and
G(u.) > 0,1t G(1) < 0, then G(u) has a zero point u. € (0, u.), and a zero point u, € (u., 1), satisfying
g(u.) > 0 and g(uy) < 0. The system has two equilibria (u.,v.) and (u,,v,). When ay < 0 and
G(u.) = 0, G(u) has a unique zero point u,. in (0, 1). The system has a unique coexistence equilibrium
(uc, ve). When ag < 0 and G(u,) < 0, the system has no coexistence equilibrium. O

The corresponding classification is listed in Table 2.

Table 2. Existence of coexistence equilibrium of system (1.5) when a, < —% and a; > 0.

Condition Number of coexistence equilibrium
g(1)>0,ay<0 G(1)>0 1
G(1) <0 1
>
g <0.a020 5475 0
Gu.)>0and G(1) <0 2
g(1)<0,ay<0 Gu.)=0 1
G(u,) <0 0
Finally, we consider the case when —% < ay < 0. In this case, g'(u) has a zero point u,. = =3 €

(0, 1). For (0, u.), g'(u) < 0 and g(u) is monotonically decreasing; for (u.., 1), g'(u) > 0 and g(u) is
monotonically increasing. Consider g(u..), g(0) = a; and g(1) = 3 + 2a, + a;, where

2

a,
8(uee) = —? +a.

If g(u..) > O, then g(u) > 0, and G(u) is strictly increasing in (0, 1), so system (1.5) has at most
one coexistence equilibrium (ug, vo). If g(u..) = 0, then g(u) > 0, and G(u) is increasing in (0, 1) with
a stationary point u... If G(u..) = 0 simultaneously, the system has a unique coexistence equilibrium
(Uees Vee). If glue) < 0, g(0) < 0, and g(1) < 0, then g(u) < 0, and G(u) is strictly decreasing in
(0, 1), so system (1.5) has at most one coexistence equilibrium (g, vo). Similar to the model without
anti-predator behavior, the following conclusions can be obtained through the geometric analysis of
cubic functions:

Theorem 2.5. If g(u..) < 0, g(0) > 0, and g(1) > 0, then g(u) has two zero points u., < u., in (0, 1);
correspondingly, G(u) has a maximum point u., and a minimum point u.,. The equilibrium of system
(1.5) are as follows:

(1) When G(0) > 0 and G(1) < 0, the system has only one coexistence equilibrium (u.,v.), u. €
(ucl’ U, )
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(2) When G(0) < 0 and G(1) > 0,
a) If G(u,,) < 0 (or G(u.,) > 0), the system has only one coexistence equilibrium.

b) If G(u.,) > 0 and G(u.,) < 0, the system has three coexistence equilibria (u;,v;), i = 1,2,3, and
O<u,<u <uz<l.

c) If G(u,,) = O, the system has equilibria (u.,,v.,) and (us, v3) with uz € (u,, 1).
d) If G(u.,) = O, the system has equilibria (u,, v.,) and (uy,v,) with u; € (0, u,).

The above analysis is visualized in Figure 4, and these cases are summarized in Table 3.

Table 3. Existence of coexistence equilibrium of system (1.5) when —% <ap; <0,g(u,) <0
and g(0), g(1) > 0.

Condition Number of coexistence equilibrium

G0)>0,G(1)<0 1
G(uc1) <0 (or G(un) >0) 1

G(ue) > 0and G(u) <0 3

G0)>0,G(1)>0 Gl = 0 )
G(un) =0 2

G(w)

g(u) ‘ Glugz) =0

D6 () > §, 6(uez) <0

i@(?(u, )=20

; /@GU,]) =0
/ Urz // u
0 Ueq 5 1
Uee 3 ; G(1) >0

Glug) <0

a

G(0) <0

(a) Image and zero points of g(u) when g(u.) < 0, (b) Corresponding image of G(x) when G(0) < 0 and
g(0)>0,and g(1) >0 G(1)>0

Figure 4. Existence of the coexistence equilibrium point of the system under the conditions
of Theorem 2.5.

Theorem 2.6. If g(u..) <0, g(0) > 0, and g(1) < 0, then g(u) has only one zero point u., in (0, 1):

(D) IfG0) <0, G(1) <0, and G(u.1) > 0, the system has two coexistence equilibria: (u.,v.) and
(Ltz,Vg) with 0 < U < U < Uy < 1.

) If G(0) > 0, G(1) < 0, and G(u.1) > 0O the system has one coexistence equilibrium (uy, vy),
U < u, < 1.
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B) If GO) < 0, G(1) < 0, and G(u.y) = 0, the system has only one coexistence equilibrium
(ucl ’ Vcl)~

Theorem 2.7. If g(u..) < 0, g(0) < 0, and g(1) > O, then g(u) has only one zero point u., in (0, 1),
corresponding to the minimum point u., of G(u):

(1) If G(0) > 0, and G(u.y) > 0, system (1.5) has no coexistence equilibrium.

(2) IfG(0) > 0, G(1) < 0, and G(u,,) < O the system has one coexistence equilibrium (u;, v,) with
0<u. <u,.

3) If G(0) > 0, G(1) > 0, and G(u.,) < 0, the system has two coexistence equilibria: (u.,v.) and
(up, vo) with O < u, < u,, <uy <1.

4) If G(0) > 0, G(1) > O, and G(u.,) = 0, the system has only one coexistence equilibrium
(Ueys Ve, )-

The results are further summarized in Table 4.

Table 4. Existence of coexistence equilibrium of system (1.5) when g(u..) < 0 and g(0) and
g(1) have opposite signs.

Condition Number of coexistence equilibrium
G(u,)>0 2
g(0)>0,g(1)<0and G(1) <0 G0 <0 Gu,)=0 1
GO0)>0 G(u,)>0 1
G(1)<0 G(u,)<0 1
8(0) <0, g(1) >0and G(0) >0 G(u,) <0 2
G(1)>0 G =0 1

2.2. Stability of boundary equilibrium

1 — ) — v
Let f(u,v) = ( Blu+ Kb)lv( _ 63)— A‘;“f 2 ) To facilitate the discussion on the stability of the system’s
u+R

equilibrium, the Jacobian matrix of the system is first calculated as follows:

D = g v i (2.6)
) = BRKY —Av =6 —2v— Au+ 20 | '
Its determinant and trace are given by
R K
det DF (uv) = (1 - 20— M V(s =29 — Ay + BUFK)
(u + R)? u+R 2.7)
. nBR — Kuv  Anuy ’
(u + R)? u+R’
+ K R
wDf @) = 1 —6—2u—2v - Au+ LUK 1R (2.8)

u+R (u+R)?*
Theorem 2.8. The stability of the boundary equilibria Ey, E,, and E; is as follows:
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(i) The extinction equilibrium Ey = (0,0) is always unstable.
(ii) Let 6; = %. For the predator extinction equilibrium E, = (1,0), if 6 > 0, — A, it is a stable
node; if 6 < 61 — A, it is an unstable saddle point.
(iii) Assume that the natural mortality rate of predators is sufficiently low (6 < %K — A) such that the
prey extinction equilibrium E, = (0, vy) exists, where vy = 7{( —0. Let Ry =nvy. IfR < Ry, Er isa
stable node; if R > Ry, E; is an unstable saddle point.

Proof. We analyze the local stability by computing the Jacobian matrix Df(u, v) at each equilibrium
point.

(1) For Ey = (0,0), the Jacobian matrix is
1 0
Df(0,0)—( 0 [%(_5). (2.9)

There exists an eigenvalue 4; = 1 > 0, implying that E is always unstable.
(i1) For E; = (1,0), the Jacobian matrix is given by

-1 __n_
Df(1,0) :( I ) (2.10)
1+R

The eigenvalues are 4; = —1 < 0and A, = 6; —6 —A. Thus, E; is stable if 1, <0 (i.e.,d > d; —A)
and unstable if A, > 0 (i.e., 6 < §; — A).
(ii1) For E, = (0, vyp), the Jacobian matrix is

1- 1o 0
D = - R . 2.11
10, vo) ( ﬁ(RRf)vo — A, —vp ) ( )

The eigenvalues are 4; = 1 — % and 1, = —vy. Since E; exists, we have vg > 0, so A, < 0. The
stability is determined by A;:

_ R - nvo . R - R()
- R R~
Therefore, if R < Ry, then 4; < 0, and E; is stable. If R > Ry, then 4; > 0, and E, is unstable.

A

2.3. Stability of coexistence equilibrium

To analyze the classification and stability of coexistence equilibrium, it should be noted that when
G(u) = 0 and u # 0, from Eq (2.2), we have
(1-u)u+R)
V= ——
n

Bu+ K) B (u+R)(1 —u) A
u+R n

Substituting into the expression of g(u), it can be seen that for the coexistence equilibrium (u., v.), we

have
Bn(R - K)

) =R(-1-An+R)+
gu.) = R( n+R) TR

+ (=1 —=3An + 3R)u, + 2u’.
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Next, analyze the Jacobian matrix at the coexistence equilibrium (., v.):

Df(u., ) [ =2~ G iR ]
U, Vi) = | BR-Kw. 4 Bu.+K)
I Av, —=0-2v,—Au, + v
From the equilibrium condition (2.2), we know that
Ry, R (1 —-R-2u,
1= 2u, - oy, - (1 —uy =1t )
(u. + R)? u, +R u, + R
u, +R Vs u, +R

Therefore,
u.(l = R—=2u,) (1 —u.)(u. +R) ,B(R K)

detDf (u.v,) = u,(l —u,)—Au.(1 —u,)

u, +R n (u* +R)?
K—R)—(u. + R*Qu, +2R-An -1
= (ot — l)ﬁn( ) — (u )" (Cu n—-1) 2.12)
n(u. + R)?
Cu(l —u) o) - 2Anu, + R(u. + R)
U,
n(u* +R) n(u. + R)
Furthermore, since .
el ~u.) > 0,
n(u. + R)
2A * *
nu, + R(u. + R) >0,
n(u. + R)
the following conclusion for the stability of the coexistence equilibrium can be drawn:
2Anu.+R(u.+R)

Theorem 2.9. When the coexistence equilibrium (u., v.) of system (1.5) exists, if g(u.) > —
2Anu, +R(ut,+R)
w(1-u.)

U (1—u,)
holds further, then (u.,v.) is an unstable saddle point; if g(u.) < — , the equilibrium is an

anti-saddle point.

In the case of an anti-saddle point, further judgment needs to be made by combining the trace of the
Jacobian matrix at this point:

B, +K) -2 +u(l-R-p)-BK (u.+R(1-u)

trDf (u.,v,) =2Au, +2
tDf (s, v.) . u,+R u,+R n

1

~ R+ u)
+ (=1 + R+ 2AR + 2(1 + A)u,)]}.

If tr Df (u.,v.) < 0, the coexistence equilibrium (u., v.) is asymptotically stable; if tr Df (u.,v.) >
0, it is unstable; if tr D f (u., v.) = 0, further analysis is required.

To distinguish whether the anti-saddle point is a node or a focus, the following needs to be
considered:

(=R +3Bn(K + 1) + . [-2R =, + (R + u.)’ (2.13)

A =[tr Df (u., v - 4detDf (u.v.).

When A > 0, the equilibrium is a node. When A < 0, the equilibrium is a focus.
In addition, for the case where g(u.) = —W, the equilibrium is unstable only when
tr Df (u.,v.) > 0; other cases are degenerate and difficult to analyze.
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3. Bifurcation analysis of boundary equilibria

This section analyzes the possible bifurcation phenomena of system (1.5).

3.1. Bifurcation at E, = (1,0)

Theorem 3.1. At E; = (1,0), with the natural mortality rate of predators ¢ as the bifurcation

parameter, as  changes around §; = % WK _ A, a transcritical bifurcation occurs in the system.

The specific bifurcation phenomena are asl}gllows:
In the case where § < 25 _ A E| is unstable and isolated from other equilibria.
At the bifurcation point § = % (11:15 ) _ A, E, becomes semi-stable.
Finally, the condition 6 > BUK) A renders E, a stable predator extinction equilibrium,
accompanied by the appearance of a new unstable coexistence equilibrium E..

1+R

Proof. For the predator extinction equilibrium E; = (1, 0), we have

-1 ~L
Df(1,0;5):( 0 —64+ ﬁ(]+K) A)' (3.1)

1+R

0 0 1+R
Df(1,0; ;) has eigenvalues 4; = —1 and 4, = 0. For A, = 0, there exist a left eigenvector w and a

right eigenvector v, where
w = 0, v=[")= T .
1 1%} 1

ﬁaﬂﬁo=@) Dﬁﬂﬂﬁ0=(0 0),

-1 -
ﬂmﬂﬁﬂﬂﬁo=( 1 HR}@:ﬂ“”—A

Furthermore, since
0 -1

5 T
DA (1,08 ) = | Sy ms i, |
(%}Q Vo + jxg‘yvc + %vc + 57
aAChe T
~ (—2vc - mvc + %vé‘)

BR-K) BR-K)
re Ve T TR Ve T 2

According to Sotomayor’s theorem (Cf. P330 in [33]), since the following conditions hold:
(HwTf5(1,0;61) =0
) w' [Dfs (1,0;61)v] = -

*f iadp)
Ve + graeVe t G 1

' 2 R-K R-K
@) wT (D2 (1,0,6) (v,v)) = - £ED . 2 — 0 = 2 (BEL 1) % 0.
We can know that as ¢ changes around ¢, = =8 (11:15 ) _AatE 1, a transcritical bifurcation occurs in the

,B(1+K)

system. When 6 < — A, the equilibrium E|; is unstable, and there are no other equilibrium near
E/ in the system. When §="~2 (11:15 ) — A, E; is semi-stable. When ¢ > AU (HK) — A, the system has a new
unstable internal equilibrium E,, while E; becomes stable.

O
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It can be seen that when anti-predator behavior exists in the system, the survival pressure on
predators increases significantly. Under the same mortality rate, it is more likely for predators to
go extinct while the pest population still survives.

3.2. Bifurcation at E2 =(0,vy)

When 6 < 6g = LLS system (1.5) has the equilibrium E, = (0,v(). Assuming the natural mortality
rate of predators ¢ 1s a constant, with R = R(a) as the bifurcation parameter, by controlling the
additional food input amount a to change R, it can be proved that a bifurcation phenomenon also
occurs near the equilibrium E, when R changes around Ry = nvy.

Theorem 3.2. Under the condition § < 2% by controlling the parameter a to make R change around
Ry = nvy, a saddle-node bifurcation occurs near the equilibrium E; of system (1.5).

Proof. Consider

| — o 0
D ;R) = _ R . 2
f(0,vo; R) ( ,B(RRf)vo ZAve —vo ) (3.2)
When R = Ry, we have
0 0
Df(0,vo; Ro) = ( BR-K) _ gRy  _,, ) (3.3)
1Ro n 0

The eigenvalues of Df(0, vy; Ry) are 4; = 0 and A, = vy > 0. For 4; = 0, consider its left eigenvector
w and right eigenvector v

R2

1 v 0
ol )
0 V2 1

-1

R, Ry 0
JrO,vo; Ro) = | x| Dfr(0,vo5 Ro) = Wp _ 2KiRwp A |-

2 R R
R 0

Finally

Substituting the right eigenvector v for calculation, we get:

]
o fi
D2 O, R) 09) = | Ty oms v |

(e s Bl
Thvi+ gxgi Vet gygi Ve & % Ul oo
_ (—2Vc - (12112)2"0 + WV )
s, 80

By using of Sotomayor Theorem (Cf. P330 in [33]), we verify the following conditions:
(1) w™ fz (0,vo; Ry) = Ry' > 0.

(2) wTD2f (0, vo; Ry) (v, v) = =2v* — (lz’;)z Ve + (1+R)2VL £0.
At this time, a saddle-node bifurcation occurs in the system at E, as R changes. When R > R, two
internal equilibria split from E;. O
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4. Bifurcation analysis of coexistence equilibria

4.1. The analysis of the Hopf bifurcation

As shown in Theorem 2.2 (1) and 2.9, when

ClzZO, a1<0, Clo>0,
G(1)<0, g(l)=3+2a,+a, <0,

there exists a unique coexistence equilibrium (i, vo). Moreover, if

2A7]u0 + R(up + R)

<- :
st uo(1 — ug)
A%+2ﬁw¢+K)_—ﬁ%+ud1—R—m—ﬂK_(%+RX1—%):Q
Uy + R Uy + R n

the equilibrium (u, vy) satisfies
Det J(ug, vo) > 0,

and
Tr J(ug,vp) =0

and the Jacobian matrix J(u, vo) has a pair of conjugate pure imaginary eigenvalues

1 - 2A + R(ug + R
Aip = Det J(ug, vo) = +1 \/ MO( (1g) — nuo (uo )

(o + R) R) n(uy + R)

Which means system (1.5) may undergo Hopf bifurcation on the point E* = (ug, vy).

Since
_ Buo + K) — (uo + R)(1 — up)
Ug + R n

+ Auy,

Now, to we choose the natural mortality rate of predator ¢ as the bifurcate parameter, and consider
the bifurcation parametric curve

Bug + K)  —2ug +up(l =R —p) - BK
up + R up + R

H() : -6=0.

Denote the critical value of Hopf bifurcation parameter

Blug+ K) —2u} +ug(1 -R-pB)-pBK
Lt()+R M0+R

0" =

2

and let 6 = 0" + &, where || << 1 is a pertubation of ¢*.
The Jacobian matrix J(xg, yo; €) has a pair of conjugate complex eigenvalues

A12(e) = Re A1 5(e) £1Im A »(e),
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where |
Red;,(e) = 3 TrDf (x0,y0;€),

| 4.1)
Im A, ,(e) = 3 \/4 Det Df (x0, Y03 &) — [Tr Df (xo, yo; &),
and Re 4;2(0) = 0, Im 2, 5(0) = + i yDet Df (x0,0; €)|,_,. = XoYo [U(i—ljxo 1= +8- 9]~
Now, to verify Hopf bifurcation conditions, we calculate by (4.1):
dRe A 1
(H1.) dRe 412(¢) ==>0,
de  lemo 2 (4.2)

(H2.) [Im (4,,(0))]> = Det Df (xo, yo; 0) > 0,

Therefore, it can be determined by (4.2) that system (1.5) undergoes Hopf bifurcation at the
coexistence equilibrium E* = (xy, yo) as the parameter ¢ changes around ¢*. Next, we will discuss the
first Lyapunov coefficient to determine the direction of bifurcation and the stability of the bifurcated
limit cycle.

Step 1: Transform the equilibrium to the origin.
LetU=u—-u.,V=v—-v.,d =0,

%J = (U +u)(1 = U — uy) — 1ruViv)

(U+up)+R
}_y = BTt o) — AU + u)(V + 1) = 6(V +v1) = (V +w1)?, (4.3)
& -0

dr

Step 2: Perform Taylor expansion on the right-hand function of system (4.3).

dUu nRv. nu, nRv.

i _ _ _ _ _mtre 2
a - 2wV RV Y
7R R, MRve s
R AR Y R Y T
vV BR=Kwe o ButK) BEK-Rve .
G = A g U AU 6= v BRIV SRt ()
4 BR-K) BK-R) , BR—-Kv.
+ [ A+—(uC+R)2]UV+—(uC+R)3U V+—(uc+R)4 U’ +0®4),
e _,
dr

Step 3: Transform to normal form.
System (4.4) can be written as

v J1U+J2V+F1(U,V),
YV = U+ L,V + Fo(U, V), 4.5)
de —,
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where
Ji = Ji(ue,ve) =1 =2u, — (b:f_—v;@z’
Jr = Do(ue,ve) = —u:7:t_cR,
J3 = J3(ue, ve) = —Ave + %,
Ja = Jatte, ve) = —Atty — 6 — 2v, + %
then tr Df(u;,v.) = Jy + Jy, det Df(uc,v.) = J1Jy — JoJ5.
Let
FuU,V) = [-1+ (RTIf—ZCCP]UZ - ﬁmu % 2y - %U3 +04),
Fy(U,V) = +B((Lf+g:“w VP4 [-A+ %]w + %UW + %m +0(4).

From the branching condition § = ¢, and the equilibrium condition, we have J(u., v.) = =J4(u., v,) =
Ve, and system (4.5) is equivalent to the following system:

% =v.U+ JL,V+ Fl(U, V)»

YV = LU - v,V + Fo(U, V), (4.6)

dr

de —

dt

Consider a invertible matrix

and its inverse matrix

and make a non-degenerate linear transformation

()=}

we get
& = — et Df(uc,ve;0)Y + G'(X, Y),
}—f = \detDf(u.,v; 00X + GH(X, Y), 4.7
=0
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Let Q = detDf(uc,v.;0), where

2
G'(X,Y)=|-1 ﬂ)ﬁ)@ (_1 ﬂ)ﬁ _ MR
(%.7) ( +(uc+R)3 Q ¥ +(uc+R)3 Q+(uc+R)2
+(—1+ RV )(—2VCJ3)XY
(u. + R)? o
_ URVC J3 3 UR . V_g + nRVc . VS
(ue + R)* QV_ u.+R’ Q@ w.+R* 0VO

R J2  3pRv. JHv.

+ n . A L x 3 ]Xz
(. +RP @ (u.+R* 0OVO
2nR ved3 3nRv, J;v2

w.+R> Q@ (u.+R*' 0VO

G*(X,Y) =

]XYZ +0(4).

Ve

0

|

|

BK-RWB , ACK RS, SK-R (VOR +uc) + 3v3)ﬁxz

OR+u) ~  OPR+uy O PR + u,)?
J(K =R (2VOR +u) +32)B (K =RV (VOR +uc) +v2)B
_ XYZ _ Y
O2(R + u,)* O2(R + u.)*
—R)( VO(R+u,)-2v2
 blave-smgme)
0
(K-RWB  Ve(AR+u)+(K-RB))
-1 - Y 4).
[ T OR+uy VOR + ) + oM

Step 4: Calculate the first Lyapunov coefficient when ¢ = 0.

The first Lyapunov coefficient is

1
l(60) BT [G}(xx + Gyyy + Gixy + GYYY]

16 \/_
_GXXGXX + G;YG%/] lx=v=0,

AIMS Mathematics
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where 2 J
nRv,
G;(X|X:Y:0 = 2 (_1 + (uc + R)3) 63’
2
Gl _o|(g . R )g R V_]
heereg [( TR0 w ARP O
J3
G! - _6 nRv. —J3 ’
S PN
Gl | _ TIR V_S + URVC . Vi ]
= W+ R Q0 e+ R 0VO)
nRv. 2v.J
Girlrerao = [_1 e+ RY (_ 0 3)'
. 22K - R 6P (-K+Rw.XB 27K - R)(VOR +uc) +3v2) ¥
Oobera= o@Tuy T OERTwr OP(R + u)* ’
) 275K = Ryve (2VOR + 1) + 3v2) XB - 6(K — RW? (VO(R + u.) +v2) YB
GYY|X:Y:O - O3 2R + u,)* - O 2R + u,)*
(K -RB Ve AR+u)? + (K - R))
+21-1+ - ,
OR +u.)? VO(R + u,)?
) 6J3(—K + R)v.3
Gxxxlyoy—o = O3 2R + u)*
. 6(K = R (VOR + u.) +v2) B
GYYY|X:Y:O =" O32(R + u)* ’
) 254K = R) (VOR +uc) + 3v2) XB 2J5(K = R)ve (2VOR + u) + 3v2) YP
GXY|x:y:o == O32(R + u.)* - O¥2(R + u,)*
A (_ AND - <K—R)(«g$:;c>—2v3)ﬁ)
* 0

Theorem 4.1. If1(dy) # 0, system (1.5) will undergo a Hopf bifurcation at E*.
Moreover, if 1 (6y) < 0, there exists a stable limit cycle in the small neighborhood of E* when 6 < d;
and there exists an unstable limit cycle in the small neighborhood of E* when 6 > ¢ if [ (89) > 0.

4.2. The analysis of Bogdanov-Takens bifurcation

As shown in Theorem 2.2(1), there exists a unique non-hyperbolic equilibrium E,. = (x.,y.), if
u.(1-R-2u.)(1 —u.)(u.+R) PBR-K)

detDf (u.v.) = R - + . TR u. (1 —u,)—Au.(1 —u,)
B B Bn(K — R) — (u, + R)*Qu, + 2R — An — 1)
=u,(u,—1) .+ R? 4.9)
_u*(l —U,) () - 2Anu. + R(u. + R) 0
T+ RS nw.+R)
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11280

Moreover, if

B +K) -2ul+u(1-R-p)-pK (u. +R)(1 -u.)

tr Df (u,,v.) = 2Au, + 2

u, + R u, + R n (4.10)
1 —u. '
= 3Au. + 6 + — 2 [Bu, + 28K + 2 — u,(1 =R - B)] = 0,
the Jacobian matrix J(x.,y.) has a pair of zero eigenvalues.
Choose 8 and r as bifurcation parameters. Since
—u. (1 —u)g(u,) —2Anu, — R(u. + R) =0,
1 — Uy
3Au, + 6 + — 2 [Bu, + 28K + 2% — u,(1 =R - B)] = 0,
1—u.— . _ 0,
u, +R
«t K
Pu + K) s A —v. =0,
u,+R
We get the critical value of Bogdanov-Takens bifurcation parameters as
« + K)(1 —u,
5b:ﬁ(u ) u)—Au*—v*,
nv.
_ n 77"5 2
R, = Bu. + K) + + B(u. + 2K) + 2u;, — u.(1 — B) — u.v.g(u.)|.
1 —nu, u, — 1
Consider a pertubation € = (g1, &;) for the parameters (S, R), let
0=0,+&,R=R,+ &, (411)
and take
U=u-u,V=v=-v,
we get the pertubation system as follows:
W= (U+u)(1-U - — 52
dr ¢ ¢ R+U+uc+s1 )’ KeUtu)f 4.12)
W= (Vv (AU +u) =V = v = 6+ g — ).

Step 1: Perform the Taylor expansion on the right-hand function of the translated system (4.12)
at the point (U, V) = (0, 0).
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We can get:
dU c c cVce c
PN 5 P - A O SN Ry 52 (N (R )
dt R+u.+&) R+u +ég R+u.+&)P [R+u.+¢&)
(R+é&1)n Vel ven
TV v+ U1 - — oy 2+ ——< )|+ 00),
(R +u.+ ) Rtu+e (R +u+6) )

K,
i =V, (—Auc —Vv.—6+ F___uh 82) +

dr R+u.+& R+u.+¢&
K ¢
V(—Auc—Zvc—6+ B + us —82)+
R+u.+e R+u.+¢
-K+R+ -K+R+
-+ B )y uv[-a+ B &)
(R+ u. +&)>? R+ u. +&)?
> Vc,B(K_R_Sl) 2
-Ve+ Rt +2)) U”+ 003),
g =0,
8’220.

(4.13)
Simplifying, we obtain:

dU
— = poo(&) + @)U + B(e)V + pan(e)U* + pii(e)UV + P (U, V,e),

dr 4.14)
dV 2 2 % ( .
Fri goo(€) + y(&)U + A&V + qoo(e)U” + q11(e)UV + gna(e)V™ + Q] (U, V. €),

where € = (g, &), and

Vel
= Uc I- c T 5 |
Vell Vel

=l-—+u |2+ ——m|,
a(#) R+ u. + & u( (R+Mc+81)2)

./
ple) = R+uc+81’

UeVen Vel

=_1- + ’

P(#) R+u.+£)> R+u.+¢&)?
(R+e&)n

pu(e) =

(R +u. + 81)2’

K C
400(&) = Ve | ~Aup v, = & B upB 82) |

+ +
R+u.+e R+u.+¢g
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B(—K + R + &)
=v.|-A+
V() v( (R + u, + &)?
Kp up
/1 = _A C'_2 L_6+ + - )
() " Y R+u.+e R+u.+ ¢ &2
© vB(K — R — &)
g = ,
20 (R+u,+ &)
B(—K + R+ &)
=(-A+ ,
qui(e) = ( R+t
qo(e) = —1,

0=0,+&,R=R,+ &,

and P} (U, V, &) and Q] (U, V, &) are terms of at least order three in (U, V).

Step 2: Reduction to a nonlinear oscillator.
LetX=U,Y = dd—[tj in (4.14), then system (4.14) is transformed into

X =Y,
{Y =n00(&) + n10(&)X + no1 ()Y + nag(8)X* + n11(8)XY + npy(e)Y* + Q3 (X, Y, &), (4.15)

where
noo(&) = —A(&)poo(€),
nio(e) = Be)y(e) — a(e)A(e),
poo(&)p11(&)
Ble)
ny(&) = —A(&)p2(e) + y(e)p11(&),
Poo(&)pT, (&) — a(e)pii(e)

noi(e) = ale) + A(e) —

ni(e) = 2pa(e) +

B(e) ’
_pu(e
nep(e) = B(e),
and Q; (X, Y, ) are terms of at least order three in (X, Y).
Step 3: Parameter-dependent transformation.
Since
3K 4Kx,
0O)=1+—- 0,
811(0) A, Ag *

by a parameter-dependent shift of coordinates in the X-direction X, = X + go1/g11, Y>» = Y, we arrive at

dX,

=1,
dd; (4.16)
5 = hoo(®) + hio(&)Xz + hao(€)X5 + huy(€)Xa Y2 + hon(e)Y; + O (X, Yol ).
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hOO(S) = Xc (82 - Slxc)yc

|—Aoxe + 2K (1 + x2)| (=2 + &1 = y.) (—82 R e ny)2

Ay Ao
+ 2
3K 4K x.
Aox, (1 + 3 - )
Kx. ZKX% (Sc —€1 Xc""ny) [3KX% +A0(1_2X(' +Y(')]
(—82 + X+ E1X — A Ay T]yc) (—82yc + E1XeYe — Ao
- 3K _ 4Kx ’
T+~ A
th(S) = =&Y, + E1XcYc
2 Kx.  2Kx?
2 [—onc +2K (1 + x.) ] (—82 + E1X. — Ny, (—32 + X+ 81X — L — e nyc)

3K 4K x.
onc(l + 3K _ e )

(&7 — £1Xc + 1Y) [3Kx§ + A (1 —2x, + yc)]

Ay ’
2K (1 +2)
hao(e) = | -1+ i (1% — & — 1Y)
0Xc
3K 4KXO
h =1+—- ,
11(€) A, A
1
hp(e) = —.
X0

Step 4: Time reparameterization.
Now, we introduce a new time variable T with df = (1 — np,(€)X) dt and rewrite 7 as ¢ for simplicity.
Then system (4.15) becomes
X =Y (1 -np@e)X),
Y =(1 = npa(e)X) [noo(€) + nip(e)X

+no1(8)Y + nag(€)X* + nyy (€)XY “417)
+n02(8)Y? + 05 (X, Y, 8)| .
Letting X; = X and Y; = Y (1 — ngy(€)X) transforms system (4.17) into
Wws =Y,
Wwe =Lo0(€) + L10(8)X1 + L1 (&)Y + Lo(€)X] (4.18)

+in@X Y + 03Xy, Y1, 8),
where
doo(&) = noo(e),
L10(&) = mo(€) — 2ngo(e)npz (&),
Lo1(&) = noi(e),
00(&) = nyo(e) — 2np(e)nio(e) + ”00(8)’102(8)2,

£11(e) = —np1(&)np(e) + nyi(e),
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and Qs (X4, Y1, ) are terms of at least order three in ( Xi, Y] ).
Note that

(_K+R)uc77
Rven (_A_ Rty )

(R + u,)?
Kuen un LMy v\
(R+u.)*> (R+u.)? (R+u.)® (R+u.)?

R? (Auc + v+ Kb )(1 — U — 2l )

£20(0) =

(Auc +2v.+0+

(R+u.)? (R+u.)? R+u,
u.(R + u.)?
_ uc N _ _ S _ /I | _ Vel _ Vel]
2R [ Rt ( Atte =2ve =0 = ey (R+uf>2)(1 Revuc +”C( 2+ (R+uf>2))
u.(R+u,)

Thus {0(€) < 0 when € and &, are sufficiently small. With the following coordinate changes,

Y,
X=X, Y= — ' 1= i,
P | ) o T o)t

system (4.18) can be transformed into
Wy =Y>,
wg =go(e) + F10(£) X1 + Fo1(e)Y> 4.19)
- X§ +911(e)XoYs + 0, (X5, Y2, 8),

where

Loo(e) Li0(e)
Boo(e) = —220 P(e) = — 282
wle) == @ = e

o1(e) {11(e) .
V=Co(e) NENE)

0, (X2, Y, &) are terms of at least order three in ( X5, ¥, ). With a further transformation

]
X5 = X; — 102(8), Y3 =Y,

Joi(e) = Pi(e) =

system (4.19) can be rewritten as

Wo =Y3,
Wio =moo(&) + mo1(8)Y3 — X3 (4.20)
+m1(e)X3Y3 + Q5 (X3, Y3,¢),

where |
moo(€) = Poo(e) + Zﬂ10(8)2,

1
mo1(g) = oi(e) + 51910(8)1911(8),
myi(e) = Y1(e),
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and O (X3, Y3, &) are terms of at least order three in (X3, Y3).
2+2h—a

From m,(0) = "

of variables

# 0, we have m;(¢) # 0 when &, and &, are small. Employing the change

1

1,
my(€)

x=m(e)’Xs, y=-mnE’Ys, 1 =-

we obtain the universal unfolding of system (4.20),

xX=y,
{ ¥ = wi(e) + &)y + X7 + xy + Qi(x, y, &),
where
p1 = —moo(&)my1(g)*,
M2 = —moi(&)my1(€),

and Q¢(x,y, ) are terms of at least order three in (x, y).

a(ﬂl?ﬂZ)

# 0.
3(81,82)

e1=62=0

Therefore, from the Bogdanov-Takens bifurcation theorem [33, 34], system (4.14) undergoes a
Bogdanov-Takens bifurcation of codimension two when the parameters £, and &, vary in a small
neighborhood of (0,0). The local representations of the bifurcation curves in a small neighborhood
of (0, 0) are as follows:

(i) The saddle-node bifurcation curve SN = {(g1, &) : u; (€1,&) = 0,4z (€1, &) # 0} ;

(i1) the Hopf-bifurcation curve H = {(81,82) sy (&1,8) < 0,0y (81,8) = — /-1 (81,82)};
(iii) the homoclinic curve HL = {(81, &) (e1,8) <0,uy (g1,8) = —% V-t (&1, 82)}.

5. Numerical investigations and biological implications

For the simulations, we have used PhasePlane app in MATLAB. Among the parameters, A
represents the anti-predator behavior of prey against the predator population, é is the quality of the
additional food provided to the predator, £ is the quantity of additional food provided to the predator,
v is the carrying capacity of the pest, and c is the natural mortality rate of predators.

5.1. Hopf bifurcation

Fix A = 0.001, K = 15, ¢ = 0.45 in the model (1.3); we first set 8 = 0.9, ¢ = 0.0702, @ = 0.5. As
shown in Figure 5, for 6 = 0.315, the unique coexistence equilibrium E; is a stable focus, indicating a
stable coexistence state.

Increasing 6 to 0.31552 destabilizes E; and generates a stable limit cycle, corresponding to a
supercritical Hopf bifurcation.

The system is pushed away from an unstable equilibrium, but then pulled toward a stable limit
cycle. At this point, the sizes of populations will exhibit sustained and periodic fluctuations. In this
case, coexistence is possible, but it is dynamic and oscillatory rather than static.
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The stable limit cycle represents the cyclic variation of population size along a closed orbit. This
implies that lower zooplankton mortality drives periodic population oscillations.

Phase portrait Time series
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Figure 5. ¢ = 0.315, there exists a unique stable focus, where the phytoplankton and
zooplankton can coexist stably for a long time.
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Figure 6. 6 = 0.31552, a stable limit cycle means that the population oscillates periodically
and steadily.

In the case of 5 = 0.9, ¢ = 0.0702, @ = 0.5, there exists a unique coexistence equilibrium E;. If
0 = 0.31552, E; is an unstable focus. The low mortality rate of planktonic animals makes it difficult
for the environment to support the population. Under such conditions, as shown in Figure 6, the
coexistence equilibrium is unstable, and any state near the equilibrium will tend toward extinction over
time.

This equilibrium is almost impossible to observe in reality. It is a state of “blade edge”. Any small
environmental fluctuations, random events, or subtle differences in initial conditions can cause the
system to deviate from coexistence.

When ¢ increases to 0.31552, then the focus E; changes to unstable, and there is a stable limit cycle
in its neighborhood. System (1.5) will undergo a supercritical Hopf bifurcation.
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The stable limit cycle implies the existence of a critical population size threshold. If the population
size remains below the threshold (within the loop), coexistence is possible. If the population size
exceeds this threshold (outside the ring) for some reason, it may lead to catastrophic ecological
consequences, such as population collapse or species extinction.

The emergence of limit cycle demonstrates the natural laws of population fluctuations. The limit
cycle represents the periodic oscillation of a population, and a stable limit cycle represents the ability
of an ecosystem to maintain long-term oscillatory equilibrium. If the limit cycle (periodic orbit) is
unstable, small disturbances may cause the population to collapse or shift to other states (such as
extinction).

From a biological perspective, the occurrence of Hopf bifurcation indicates the transition of the
system from a stable equilibrium to sustained oscillatory dynamics. This phenomenon corresponds
to periodic fluctuations in predator and prey populations, which are widely observed in natural
ecosystems. In the context of the present model, such oscillations may arise when the intensity
of additional food supply or the strength of anti-predator behavior crosses a critical threshold. For
instance, excessive additional food may initially promote predator growth, but the resulting increase in
intraspecific competition can destabilize the system, leading to persistent population cycles. Similarly,
strong anti-predator behavior reduces predation efficiency, introducing a time-delay-like effect that can
also induce oscillations.

These results suggest that both food supplementation and behavioral defense, while beneficial in
isolation, may generate unintended dynamic consequences when their effects exceed certain levels.

5.2. Bogdanov-Takens bifurcation

Keep A = 0.001, K = 15, ¢ = 0.45, then choose 8 = 0.45, and ¢ = 0.069358. Let the bifurcation
parameters ¢ and « vary within a small neighborhood of their critical values. The bifurcation curves
H, HL, and SN obtained from the above calculations are codimension-1 bifurcation curves, and divide
the small neighborhood of (0, 0) in the (i, 1,)-plane into four sections. We will focus on the different
topological phase portraits in the area I-II in Figure 7.

Bifurcation Curves in (U1, u2) plane

1 —— Hopf Bifurcation (H): uy = — /=1

——- Homoclinic (HL): iz = = 3/=i

== Saddle-node (SN): y; =0

159
101

0.54 I

vV

~2.0 15 1.0 0.5 0.0 05 10 15 2.0
Ha

Figure 7. The Bogdanov-Takens bifurcation diagram.
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As shown in Figure 8, when the parameter 6 = 0.2701, the equilibrium is a stable focus. When ¢
decreases to 0.27008 in Figure 9, the focus changes from stable to unstable, and a stable limit cycle
emerges around it. The parameters will change from the area III to II in Figure 7.

Phase portrait

4.4

65

1000

" L L . . ,
‘1000 800 600 400 200 0 200 400 600 800 1000
t

Figure 9. 6 = 0.27008, the focus changes from stable to unstable, and a stable limit cycle
emerges around it.

When @ = 0.212 and 6 = 0.27009 in Figure 10, the parameters satisfy the condition of the curve
HL in Figure 7. The system exhibits a homoclinic loop, as shown in the next figure, where the stable
manifold and unstable manifold of a saddle point intersect.
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Phase portrait
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Figure 10. @ = 0.212 and ¢ = 0.27009; the system exhibits a homoclinic orbit.

As ¢ decreases from 0.27009 to 0.27007 in Figure 11, the homoclinic orbit breaks, and an unstable
focus is generated, as shown in the figure. The parameters change from the curve HL to the area I in
Figure 7.

4 £ - 54 L L L L L L L L )
54 55 57 58 59 1000 -800 600 400 200 0 200 400 600 800 1000
¢

Figure 11. o« = 0.212 and 6 = 0.27007; the homoclinic orbit breaks, giving rise to an
unstable focus F.

As a increases from 0.212 to 0.213, the parameters change from the curve HL to the area III in
Figure 7. The homoclinic loop breaks, giving rise to a stable focus, as illustrated in Figure 12.

The Bogdanov-Takens bifurcation represents a higher-order degenerate bifurcation, indicating the
presence of multiple coexisting dynamical behaviors in a small parameter region. Ecologically, this
implies that the system is at a critical tipping point, where slight variations in environmental or
biological parameters may lead to qualitatively different outcomes.

In predator-prey systems, such a bifurcation may correspond to transitions among stable
coexistence, population oscillations, and even extinction scenarios. In particular, changes in additional
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food input or the intensity of anti-predator behavior may shift the system across this critical threshold,
resulting in sudden and potentially irreversible changes in population dynamics.

This highlights the importance of carefully regulating external interventions, such as supplementary
feeding in biological control programs, as inappropriate parameter choices may destabilize the
ecosystem rather than enhance its resilience.

-1000 -500 0 500

Figure 12. @ = 0.213 and ¢ = 0.27009; the homoclinic orbit breaks, giving rise to a stable
focus F.

5.3. Comparison with the case of no anti-predator behavior

In this section, we will compare the impact of anti-predator behavior on the system dynamics.
Assume A = 0, and assume that the quality parameter of the supplementary food supplied satisfies
é = 10, i.e., @ = 0.1, the predator assimilation rate is 8 = 0.35, and the intraspecific competition
coefficient is ¢ = 0.069. We then investigate the impact of environmental factor-induced changes in
the natural mortality rate of predators on the model. Phase portraits of the model are plotted for natural
mortality rates of 6 = 0.1200 and 6 = 0.1243, as illustrated in Figures 13 and 14.
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Figure 13. 6 = 0.1200.
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Figure 14. 6 = 0.1243.

It should be noted that when 6 = 0.1200, the system sustains a prey-extinction equilibrium and a
coexistence equilibrium, which is a stable focus. When the predator mortality rate ¢ rises to 6 = 0.1243,
the prey-extinction equilibrium point ceases, the coexistence equilibrium becomes unstable, and a
stable limit cycle will occur (see Figures 13 and 14). The Hopf bifurcation induced by the predator
mortality rate ¢ still exists.

With the above parameters unchanged, when A = 0.45, a stable coexistence equilibrium still exists
at a predator mortality rate of 0.1200, but there is no equilibrium leading to prey extinction (see Figure
15). When the predator mortality rate ¢ reaches 0.1230, the stable coexistence equilibrium is disrupted,
giving rise to periodic coexistence (see Figure 16). In pest control models, such a phenomenon
indicates that the pest population cannot be completely eradicated.

It can thus be concluded that the anti-predation behavior of the prey significantly enhances its
survival competitiveness, increases the survival pressure on the predator, and accelerates the decline
of the predator population—both through anti-predation behavior and intraspecific competition.
Consequently, the possibility of long-term coexistence between the two species is reduced.
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Figure 15. 6 = 0.1200.
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Figure 16. 6 = 0.1230.

6. Conclusions

In this paper, we have proposed and analyzed a predator-prey model with additional food inducing
competition among predators incorporating anti-predator behavior.

We have discussed the existence and local stability of equilibria. It is shown that the system
undergoes Hopf bifurcation when the bifurcation parameter passes through critical values, leading
to the appearance of periodic solutions. Furthermore, we have investigated the Bogdanov-Takens
bifurcation. By using the normal form theory and center manifold theorem, we have derived the
approximate expressions for the saddle-node bifurcation curve, the Hopf bifurcation curve, and the
homoclinic bifurcation curve.

Finally, numerical simulations are presented to verify the correctness of our theoretical analysis.
The results indicate that the dynamical behaviors of the system are sensitive to the quality and quantity
of additional food as well as the intensity of anti-predator behavior. The system exhibits complex
phenomena including stable equilibria, limit cycles, and homoclinic loops. Our study suggests that
providing additional food and considering anti-predator behavior are effective strategies for biological
control, as they can significantly influence the stability and coexistence of the predator-prey system.
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