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BIFURCATION ANALYSIS OF A DELAYED PREDATOR-PREY
MODEL WITH GLOBAL WARMING, WIND FLOW, HUNTING
COOPERATION AND FEAR EFFECT

Miao Peng!', Rui Zhu! and Zhengdi Zhang?

Abstract The impacts of abiotic factors on species are of great research significance. With
the intensification of global warming, the interactions among species have become increasing
complex. Meanwhile, species activities can exacerbate global warming, which in turn exerts
multifaceted influences on the environmental carrying capacity of species, the predation
processes, etc. Wind flow is an omnipresent component of the natural environment, and
existing studies have indicated that wind speed exerts a notable influence on the predation
efficiency of predators for their prey. Although abiotic factors are ubiquitous in nature,
studies investigating their impacts on species interactions remain relatively scarce. In this
paper, we propose a delayed predator-prey model that incorporates global warming and wind
flow, as well as other factors including hunting cooperation and fear effect. First, we discuss
the non-delayed model and prove the positivity and boundedness of the solutions. Then,
the analysis of the related characteristic equations enables us to examine the existence and
local stability of four equilibria. We also discuss the existence of bifurcations near different
equilibria. For the model with time delay, the local stability of the positive equilibrium and
the existence of Hopf bifurcation are addressed in our discussion. Furthermore, we analyze
the direction of Hopf bifurcation and the stability of the periodic solutions by the center
manifold theorem and normal form method. Finally, some numerical simulations are given
to support our findings.
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1. Introduction

Interactions between predators and prey are universally existent in nature. Mathematical mod-
eling of such interaction has become a crucial focus in the fields of ecology and biology. The
classical predator-prey model was initially introduced by Lotka and Volterra [19,45]. To enrich
the Lotka-Volterra model, many factors have been incorporated such as functional response,
harvesting, refuge, fear effect, etc. [26,27,29, 33].

In a predator-prey system, the functional response is defined as the per capita feeding rate
of predators on their prey and serves as a crucial driver of population dynamics. Several schol-
ars have conducted research using various types of functional responses, such as Holling types
I-IV [9,26,33,48] where Holling type I and type II functional responses are often used to ana-
lyze invertebrates, Holling type III functional responses are commonly applied to the analysis
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of vertebrates, while Holling type IV functional responses are suitable for situations where prey
density is excessively high, which in turn disrupts the predation process. The Lotka-Volterra
model assumes that the per capita growth rate of predators depends on prey density. For in-
stance, Holling type II functional response p(z) = 7o 1s widely employed in ecological models,
which is only dependent on prey populations. Here, x denotes the prey density, e represents
the predation efficiency, and m is the half-saturation constant. However, real-world scenar-
ios are considerably more complex. The ratio-dependent theory [1] posits that the per capita
growth rate of predators is related to the ratio of prey density to predator density. Replacing
r with %, the ratio-dependent Holling type II functional response p(z,y) = $f£1 J is obtained.
Many scholars have incorporated ratio-dependent functional responses into model construction
to investigate stability and bifurcation phenomena [34,47].

Hunting cooperation means predators capture prey more effectively through cooperation,
which can increase hunting success rates [5,23,37,44]. This behavior is relatively common in
social hunting species. The impacts of predators can be direct or indirect. Predators can exert
direct impacts on prey populations through hunting, and can also cause indirect influence by
inducing fear in prey [24]. Fear effect refers to behavioral and stress-related physiological changes
in prey populations when predators are present. When prey perceive the presence of nearby
predators, they may adopt a series of anti-predator behaviors, such as altering their activity
patterns, shortening the time spent foraging, or moving to habitats with lower suitability to
avoid predation, etc. [4,21,36,46]. This fear can obviously affect the reproduction of the prey
population.

With the deepening of research on population dynamics, abiotic factors such as global warm-
ing have been incorporated into the modeling. Global warming refers to a climatic phenomenon
where greenhouse gas emissions caused by human activities lead to a continuous rise in Earth’s
average temperature [12]. This phenomenon has numerous impacts on the relationships between
species. MacLean and Wilson [20] derived empirical evidence indicating that under the impact
of climate change, the probability of extinction for all species is 14%. Numerous studies have
indicated that global warming has impacts on species’ birth rates, food availability, carrying
capacity or fatality rate. In [40], an eco-epidemiological model was used to study the complex
dynamics of predator-prey system, which considers the impact of global warming on the growth
of both prey and predators. In [41], the researchers argued that the intensification of global
warming would lead to a decrease in the densities of prey and predator species by analyzing
a fractional-order model. Jawad et al. [13] established an ecological model to investigate the
impact of global warming on the mortality rates of bees and plants. The researchers studied an
ecological model in [37] which clarifies the predator-prey relationship and how global warming
affects the carrying capacity of the prey. A three-dimensional model considering global warming,
hunting cooperation, and fear effect was proposed in [39] as follows:

dx_:U(n(l_ z >_ (a + By + bg)y >
dt 1+ay k1 — &g h(a+ By +bg)x+1)

dy oy e(a+ By +bg)x 11
dt_y<r2<1 k2—529>+h(a+6y+bg)m+1 “1>’ (1.1)

dg

— =a asx + azy — ,
It 1+ aox + asy — pag

in which x stands for the prey density, y represents the predator density and g is global warming
at time ¢. r; and r9 are the logistic growth rate of prey and predator, respectively; a is the fear
effect, k1, ko represent the carrying capacity of prey and predator, respectively; & and & denote
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the global warming effect on carrying capacity of prey and predator, respectively; « represents
the encounter rate and 8 denotes the intensity of predators’ cooperative hunting behavior, while
h is handling time; b represents the rate at which global warming influences the predation process
and p; stands for the mortality rate of predators; a; is the density of global warming; as and
as are the contribution to global warming by prey and predator, respectively; ue is the global
warming decay rate. They visualized dynamic changes using bifurcation diagrams and observed
that the system undergoes different bifurcations as the value of £, which associated with global
warming, increases. Through these analyses, we find that global warming exerts multifaceted
impacts on ecosystems, and incorporating it into model construction allows for the observation
of more complex dynamical phenomena.

In addition, wind is another persistent abiotic factor that cannot be ignored, as it can
change how predators conduct their predation based on wind speed. Examples can be cited
in different environments. Wind can influence the ability of species to perceive danger signals
from predators [8]. Klimczuk et al. [14] found that reed warblers may exhibit more cautious
behavior to avoid being blown off their nests or exposed to predators, during windy weather. To
a certain extent, wind may affect the capture rate of predators. Cherry and Barton [3] showed
that wind reduces animals’ ability to detect other animals. For predators, this leads to an
increase in the difficulty of detecting prey. Wind can reduce predator predation efficiency, which
means that prey populations are supported with the help of wind [16,43]. Thirthar et al. [38,42]
constructed predator-prey models incorporating wind effects and investigated various bifurcation
phenomena. The researchers in [2] established a system considering wind and herd behavior to
explore the impact of wind on the system and investigate various bifurcation phenomena of the
system. Generally speaking, the impact of wind needs to be considered when conducting an
ecosystem model.

In fact, all biological processes require time to complete. Therefore, it is necessary to consider
time delays when modeling biological processes [18,28]. Delay differential equations exhibit
greater complexity. Time delays can alter the stability of the equilibria and cause fluctuations in
population sizes. Various types of time delays have been taken into account by some researchers
such as gestation delay [15,28], feedback delay [11,22], or different types of delays together [17,25].
They conducted research on the stability of equilibria, studied the presence of chaos, and explored
bifurcation phenomena such as Hopf bifurcation, sliding bifurcation, etc.

For the ratio-dependent functional response p(z,y) = mf”m 0 We incorporate the following
factors:

e Consider the impact of global warming g on the predation process.
e Incorporate the impacts of cooperative hunting on predation efficiency.

e Consider the impact of wind speed on the system. Use 1 + w to characterize the effect of
wind on the prey’s handling time, where w denotes the wind speed. The corresponding
biological implications are presented by:

(i) Without the existence of wind flow, the predator’s handling time for prey remains
constant.
(ii) In windy conditions, we assume that the predator’s handling time for prey increases
linearly with wind speed.
The functional response becomes:

e(1 4+ w)(a + By + bg)zy
1+ w)(a+ By +bg)r +my’

p(z,y,9) = (
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e Consider the fear response delay of prey.

Based on the work of [39] and the above analysis, we propose a mathematical model:

rdx_x< T (1 x ) (1+w)(a+ By +dg)y >
U\ L+ ky(t—T) ki —s19)  (1+w)(a+By+dg)z+my)’

dy _ y <r2 <1 Y > n : e(1+w)(a+ Py +dg)x d1> 7 (1.2)

dt ko — s2g 1+ w)(a+ By +dg)x +my
d
d—‘;} = by + box + b3y — dag.

The initial conditions for system (1.2) meet x(0) > 0, y(0) > 0, g(0) > 0, with all parameters
taking positive values. The biological descriptions of all parameters of system (1.2) are given in
Table 1.

The structure of this paper proceeds as follows. In Section 2, we prove that the solutions of
the model without time delay are positive and bounded, and derive the conditions for the exis-
tence and stability of four equilibria of the model. We also analyze the existence of bifurcations
around different equilibria. Next, we discuss the local stability of the interior equilibrium of the
delayed model and the existence of a Hopf bifurcation, followed by an exploration of its prop-
erties in Section 3. Numerical simulations are presented in Section 4 to support the theoretical
results. Finally, we present a conclusion to summarize the paper.

Table 1. The biological descriptions of all parameters of system (1.2).

Parameter Biological description Value
T Fear response delay

r1 Birth rate of prey 0.7
79 Birth rate of predator 0.17
k Fear effect 1
k1 Carrying capacity of prey 10
ko Carrying capacity of predator 10
S1 Global warming effect on carrying capacity of prey 0.8
S9 Global warming effect on carrying capacity of predator 1.3
o The encounter rate 0.4
I3 Intensity of cooperative hunting among predators 0.1
m Saturation constant of half capture 2
w Wind flow 0.1
e Predation efficiency 0.5
d Global warming rate on predation process 0.1
dy Death rate of predator 0.2
b1 Density of global warming 0.1
ba Prey’s contribution to global warming 0.1
bs Predator’s contribution to global warming 0.3

da Decay rate of global warming 0.2
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2. Dynamical analysis of the non-delayed model

Setting 7 = 0, we get the non-delayed model:

( dz 71 x (1 +w)(a+ By +dg)y >
dt 1= B =zG y929)
dt x(l‘f'ky( k1—31g> (1+w)(a+ By +dg)x +my zGi(z,y,9)

ay _ <T2 (1 y ) - e(1+w)(a+ By +dg)z d1> =y Golw,y,g),  (21)

i Ty sag) " (Lt w)(a+ By +dg)atmy
d

Next, we will explore the positivity and boundedness of the solutions of system (2.1). Fol-
lowing this, we discuss the stability of all the equilibriums and the bifurcations around them.

2.1. Positivity and boundedness of the solution

Positivity represents the survival of the population, while boundedness implies that growth is
naturally constrained due to limited resources. So, it is of great importance to show the positivity
and boundedness.

Theorem 2.1. When x(0) = x9 > 0,y(0) = yo > 0,9(0) = go > 0, the solution of system (2.1)
18 positive.

Proof. By examining the first two equations in system (2.1), we obtain

ot0) = s0)exp | G () u(s), 9(5)) i) 20
v = voress ( [ " Gala(s), 9(s). 9(5)) ) 0.

For g, we have
dg
o + dag = b1 + bax + b3y.

Obviously, z(t) > 0,y(t) > 0, so % + dog > 0. Assuming H(x(t),y(t)) = % + dag, we can get

g(t) = edzt/o H(x(t), y(t))ethdt + g(o)efdgt <> 0.

This proves that the solution (x(t),y(t), g(t)) remains positive with the initial conditions. [
Then, we establish the uniform boundedness of all solutions to system (2.1) through the
theorem below.

Theorem 2.2. Under any conditions, every solution of system (2.1) exhibits uniform bounded-
ness in ]Ri.
Proof. Let N =x + y+ g. By calculating its derivative, we have
AN _dz  dy | dg
dt  dt  dt = dt’
According to system (2.1), we know

dN (a1 xT Yy
- < 1— 1- — b b bsy — dog — dyy.
it _x<1+k:1y< kl—slg>)+yr2< k:2—32g>+ 1+ 02 + b3y 29 1Y
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T1
1+k1y?

Because of 1 > we can get

dN
— < nrz 1—i + yro + by + box + b3y — dag.
dt k1
Then, we add ¢N on both sides of the above inequality, where ¢ € R. We have

dN x
— 4+¢cN <nrz <1_k> +yro+ by +box + bsy + c(c — do) g + cx + cy,
1

dt
dN (7”1 + by + C)k‘l cki+ by +c cki+by+c
— N — - (11— —u—"——— b l1—-——— ) =g.
a Vs 2 2 b tc) 2 °
Defining ¢ > 0, we have
d—N+cN<
dt =

With the theory of differential inequality [10], there are
S —c —c
0< N(wy,9) <= (1—e™) + N(x(0),5(0), g(0))e ™"

So we obtain 0 < N < ¢ for t — oo. In conclusion, all the solutions of system (2.1) are bounded
in the positive region

3 . S
Z:{(x,y,g)ERJF.NSE}.

2.2. Equilibrium analysis

Obviously, system (2.1) possesses four non-negative equilibria.

by
FE = — .
1 <0707 d2>

(kldz —s1by | b1+ 52k1>
dy +bosy " T bysy+dy /)

(i) The extinction equilibrium:

(ii) The predator free equilibrium:

by =

E5 exists when k1dy > s1by.
(iii) The prey free equilibrium:

- (Tg — dl)(k‘z — 82G3) rob1 + bng(Tg — dl)
E3 = 0, ) :
9 rody + 8253(7“2 — dl)

Es exists if (ro — di)(ka — s2G3) > 0 and G3 > 0, where G3 = %m.

(iv) The interior equilibrium:
E4 = (:C*v y*79*)
Using the second and third equations of system (2.1), we can express z* and ¢g* in terms
of y. We have
o= B0 —bsy— b
bo

= My (y),
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and ¢g* is the root of the cubic equation below:
h1h4(g*)3 + (h2h4 + h1h5)(g*)2 + (h3h4 + hohs — hﬁ)g* + hghs — h7 = 0,
where
h1 = (1+w)dds, hy = (1+w)lda(a+ By) —d(bsy + b1)],
hy = —(1+w)(a+ By)(bsy +b1), hy = —sa(ey — di +12y),
hs = ko(ey — di + ray) — roy”,  he = bamy(rasay — dis2),
hr = bomy(ray® + diks — rokay).

Since g* can be expressed by y, we denote g* by Ms(y). By substituting z* and ¢* into
the first equation of system (2.1), we obtain

o (M) N (twaty+dM)ly
0 = gy (1 ) Tty ) T
Obviously,
o (1 MO
wr)=n (1= 210,
e\ T1 B M (a) B (1+w)[a+ Ba+ dMs(a)la
M(a) = 1+ky <1 kq 81M2(a)> (14 w)[a+ Ba+ dMs(a)|Mi(a) + ma’

where a = min{k, k2 }.
By the intermediate value theorem, M*(a) possesses a positive root (denoted y = y*) in
the interval (0,a) if M*(0) > 0, M*(a) < 0 or M*(0) < 0, M*(a) > 0 is satisfied.

2.3. Stability analysis

In this part, we explore the local stability of different equilibria, and the corresponding local
stability analyses are as follows:

(i) The extinction equilibrium is Ey = (0, 0, Z—;), and the Jacobian matrix at this point is

1 0 0
JEl = 0 Tro — d1 0
ba by —da

The corresponding characteristic equation is (A — r1)(A — 72+ d1) (A + d2) = 0. Obviously,
A =711 >0, g =19 —dy, A\3 = —dy < 0. Therefore E; is a saddle which is unstable.

kida—s1b1 0 b1+boky
dao+basy ? 77 basi+da

(ii) The predator free equilibrium is Fy = ( ) The corresponding Jacobian
matrix is presented as
—T1 —1 —T181
Je, = | 0 ro+e—dy 0

ba bs —ds
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The related characteristic equation at Ey is
(A—ry —e+d)(\2 4+ BiA+ By) =0,

where By =11 +ds, By = Tl(dg + Slbg).
Let My =ro+e—dy. If ro +e > dy, A\ is positive and FEs is unstable. If ro + e < di, Aq is
negative and Fs is stable.

0 (ro—dy)(k2—s2G3) rabi+bszka(ra—dy)
)

To ) 7”2d2+82b3(7"2—d1))' Jacobian matrix

(iii) The prey free equilibrium is E3 = (
can be presented at this equilibrium as:

. (L+w)(a+ BY; +dGs) 0 0
Jgs = e(1+ w)(a+ BYs + dGs) dy — 14 —(rg — d1)282 ,
m ]
ba bs —do

where Ya — (ro—di)(k2—52G3) and G = rob1+b3ka(ra—d1)

. 3 T2 3 T2.d2+82b3(7”2—d1).' . . .

By simple computation, the corresponding characteristic equation is

1 (1 —I—w)(oz—i—BY3+dG3)
(kYg + 1) m

(A - )

(rz = di)*s2bs

T2

X ()\2+(d2+7‘2—d1)>\+7"2d2—d1d2+ ) =0.

(1+w)(a+BY3+dG3) X3

m )

_ —Bs+y/B2-4By
= —

where Bs = dy + 1y — dy, By = rady — dydy + 27907525 1 4, 4 py < dy, we have By < 0,

2

which means Fj3 is unstable. If do + ro > di, we can get B3 > 0. Therefore, F3 exhibits
local asymptotic stability under the condition that (k}% Ly < (1fw)(atBYs+dGy)

The corresponding eigenvalues are Ay = (M}; 1+1) —

m

(iv) The interior equilibrium is Ey = (z*,y*, g*). For this equilibrium, the Jacobian matrix is

defined as:
11 12 U3
B, = | t3) thy t53
t31 t35 33
where
g <1 2w > _ my?(1+w)(a+ By* +dg*)
1 1 + ky* kl — slg* [(

1+ w)(a + By* + dg*)ax* + my*]?’
. —kriz < R > (1 +w)(a+ 28y +dg¥)

2 (14 ky)? ki—s19*) (14 w)(a+ By* +dg*)z* + my*
z*y* (1 +w)(a + py* +dg*)[(1 + w)Bx* + m]
A+ w)at By +dg')e T+ my T

s12*? 1 (1 + w)dmy*2z*

(k1 —s19%)% 1+ky*  [(1+w)(a+ By* +dgHa* +my* ]2

+

)

* —_—
tig = —
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o _ e+ w)(a+ By +dg*)my™
2 (1 A+ w) (o By* + dg*)a* + my*]?
- (1 2y ) ex* (1 +w)(a + 28y* + dg*)
2 ko —s2g* ) | (14 w)(a+ By* +dg*)z* + my*
ex*y* (1 + w)(o + By* + dg*)[(1 + w)Bz* + m]

_ —dj,
(14 w)(a+ By* + dg*)z* + my*]? !
g —rosoy*? e(1 4+ w)dma*y*?
27 (kg — s2¢%)2 | [(1 4+ w)(a + By* + dg*)x* + my*]?’
tiok)l - b2, t§2 - b3, t;;g - —d2.
The corresponding characteristic equation is
)\3 -+ Cl/\2 4+ oA+ ¢c3=0, (2.2)
with
c1 = — (81 + 132 +t33),
o = ti1t59 — tiatdy + thotss — tastsy + 11133 — tist3y,
c3 = —(t1t20t33 — L11ta3t30 — Liata1 135 + tatastsy + tigta1t30 — ti5t50t31),

and A is the eigenvalue. According to the Routh-Hurwitz criterion, the equilibrium will be
locally asymptotically stable when the conditions ¢; > 0, ¢3 > 0, and c¢jc > c3 are meet.

2.4. Transcritical bifurcation

Theorem 2.3. The extinction equilibrium Ey undergoes a transcritical bifurcation around dy =
dlt =T9.

Proof. If diy = dy; is chosen as the bifurcation parameter, the Jacobian matrix associated with
F7 will turn into

rr 0 0
(Je)lg, = | 00 0
ba bg —do
It is obvious that the system possesses a zero eigenvalue. The eigenvectors associated with
0
this zero eigenvalue of (Jg, )|, , and its transpose (J EI)T| 4,, are presented by V' = | dy | and
b3

W = | 1| respectively. Let F(z,y,g9) = (%, %, %)T = (y1,¥2,y3)", through computation we
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have
91
ody 0
Fy (Erydy) = Oy2 =10
! ’ ody ’
9ys 0
ddy (E1;dat)
0Yy14 Oy1d OY1d
Oor Oy Jg 0
0Y2a Oy2d OY2d
DF; (Ey:dy)V = V=1_
dl( 1 1t) al' ay 69 d2 9
0y3q Oy3d Oyza 0
Oz 9y 99 / (mau)
0
—2r9d3
D2F(Ey;dy)(V,V) = | —— 2272
(B die) ) kodo — s2b1
0
Also
WTIDF,, (Ey;dy)V] = —dy #0,
WD (Bydy)(V,V)] = 22 4
1, Q1¢ ) - deQ — Sle .

Utilizing the Sotomayor’s Theorem [30], we can prove that system (2.1) experiences a tran-
scritical bifurcation at di = dy;. O
2.5. Hopf bifurcation

Theorem 2.4. There exists a critical value s5 of the effect of global warming on carrying ca-
pacity of predator so if

(i) ci(sy) >0,i=1,2,
(ii) es(s3) — ci(s3)ea(s3) =0,

d d des
(ii)) (292 +erd2 - 42)

£0,

s9=55
are satisfied. Then the positive equilibrium Ey exhibits local asymptotic stability if so > s5, while

it 1s unstable if so < s5. Moreover, a Hopf bifurcation occurs at Ey if so = s5.

Proof. The value of the bifurcation parameter can be found if we set c3(s5) — c1(s5)ca(s3) =0
in Eq. (2.2). Let sy = s3, Eq. (2.2) can be rewritten as

()\ + Cl)()\z + 02) =0. (2.3)

Obviously, Eq. (2.3) possesses a real root A = —c¢; and a pair of conjugate virtual roots g3 =
+i,/c3. In a neighborhood of s3, the roots can be presented by A\ = —cy, Ao 3 = d1(52) £ id2(s2).
When sy = s3, the positive equilibrium Ey has a pair of conjugate pure imaginary roots.
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Using the method presented in [31], we differentiate both sides of Eq. (2.2) regarding ss.

o dei(s2) \2 i d02(52))\+ des(s2)

S dsa dsa dsa
d82 3)\2 + 261)\ + C2
d, d d
w(B] )bt
e _— =
d d d
d52 A=1 C2782:SS ( CSLSZ) - 7631&;2)62)2 +62( c(is(z2))2 sa=s3
If a critical value s3 exists for sg, satisfying
de de de
(sl )|y
d82 d82 dSQ 52—33
we obtain
dA
Re| — # 0,
d82 A=iy/c2,50=353
which implies that the transversal condition is satisfied. Thus, the proof is concluded. ]

3. Dynamical analysis of the delayed model

3.1. Local stability and Hopf bifurcation

In this section, we discuss the existence of the Hopf bifurcation of delayed system (1.2). To
linearize the system (1.2) at equilibrium Ey, let X (t) = z(¢t) — z*, Y(t) = y(t) — y*, G(t) =
g(t) — g*. Then we have

X(t) = a11X(t) + alg?(t) + algé(t) + bm?(t — T),
Y(t) = an X (t) + aY (t) + a23G(t),
G(t) = ang(t) + CL32Y(t) + CL33G(7§),
where
b < 22" > my*?(1 + w)(a + fy* + dg*)
11 — - - )
1+ ky* ki —s19* ) [(1+w)(a+ By* + dg*)z* + my*]?
g = At w)a+ 28y +dg7) | 2"y"(L+w)(a+ By" +dgT)[(1 + w)ba” +m
2T M+ w)(a+ By + dg)rt +my® (1 +w)(a+ By +dgh)a* +my 2
a s12*2 1 (14 w)dmy*?z*
13 —

(k1 —s19%)% 1+ky*  [(1+w)(a+ By + dg*)az* +my*]*
~e(l+w)(a+ By* + dg*)my*?
[+ w)(a+ By + dg*)a* +my*]?
B < 2y > ex* (14 w)(a + 2By* + dg*)
ag9 = T9 1-—
ko — s2g* (1+ w)(a + py* + dg*)x* + my*
e’y (I +w)(a+ By +dg*)[(1 + w)Ba* + m] p
(1 +w)(a+ By +dg")a* + my ]2 ;
- —rosoy*? e(1 4+ w)dma*y*?
(k2 —529")%  [(1 +w)(a + By* + dg*)z* + my*

>
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—krz* z”
az1 =by, azp=bs, azp=-d3, b= m (1 - 161—819*) .

So, the characteristic equation is
X2+ paA? + pid + po + (@) + qo)e ™ =0, (3.1)
where

Po = a13a31a22 + a32023011 + 33021012 — 411022033 — (21032013 — 31023012,
p1 = ai1az + (@11 + aiz)ass — a13a31 — as2ag3 — A21012,
p2 = —(a11 +az +as3), qo = azgzaxbiz —aziazsbiz, q = —axbia.
In order to investigate the root distribution of Eq. (3.1), we continue the investigation by
discussing the following cases:

Case 1. 7 = 0. In this case, Eq. (3.1) is reduced to
A3 4 p1aA® + prid + pro = 0, (3.2)
where

P12 = P2, P11 =p1+4q, Pio=Dpo+q.

To ensure that all roots of Eq. (3.2) have negative real parts, we improve the condition
p12 > 0, p1o > 0, p12p11 > p1o, which are denoted by (H7). Under condition (Hj), the equilibrium
FE, is locally asymptotically stable.

Case 2. 7 # 0. Let iw(w > 0) be a root of Eq. (3.1). Under this assumption, we have
qiw sin wT + o cos wWT = paw? — py,

(3.3)

1w cos WT — g sinwr = w3 — prw.

If we square each side of Eq. (3.3) and add the two squared expressions, respectively, we have
6 4 2 _
w’ 4 eppw” +enw’ +eg=0, (3.4)
where
12 =ps —2p1, en =pi —2pop2 — i, €10 =Py — G-
If we have w? = 2, Eq. (3.4) becomes
22+ e1022 + ez + e =0. (3.5)

Denote U(z) = 2% + e1222 + e11z + e1g, then U(0) = ey, lir+n U(z) = 400, U'(z) =
Z—+00

322 4 2e122 + e11. Using the approach presented in [32], we discuss the roots of Eq. (3.5) and
obtain the conditions below:

(Hz) : e10>0, A =efy —3e1n <0,

—e1z + VA

(H3): e10 >0, A:e%273611 >0, ¥ = 3

(H4) : e < 0.

>0, U(z*) <0,
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Figure 1. Analysis of the number of solutions to Eq. (3.5) where the blue curve represents the function U(z)
and the red circle denotes its local minimum point z*. (a) Eq. (3.5) has none positive root under (Hz). (b) Eq.
(3.5) has two positive roots under (Hs). (c) Eq. (3.5) has one positive root under (Hy). (d) Eq. (3.5) has three
positive roots under (Hy).

We plot the graphs of U(z) under the above conditions. There is no intersection between U (z)
and the positive half of the x-axis under the condition (Hz). In Figure 1(b), since U(z*) <0,
Eq. (3.5) may have one or two positive solutions. From Figure 1(c) and (d), Eq. (3.5) has at
least one positive solution if condition (H3) holds.

From the above analysis, the following lemma is obtained.

Lemma 3.1. For Eq. (3.5),

(1) If the condition (Hs) is satisfied, there are no positive roots in Eq. (3.5).
(2) If the condition (Hs) or the condition (Hy) holds, Eq. (3.5) possesses at least one positive
root.

Assume there exist three positive roots for Eq. (3.5), and let these roots be denoted as 21, 22
and z3. So Eq. (3.4) possesses three positive roots wy = \/zx, k = 1,2,3. Through Eq. (3.3), we
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can express the critical time delay value as

Gy _ 1 <A4owﬁ + Agow} + A10) n 2mj b

T,’ = — arccos 1,2,3;,7=0,1,2,..., 3.6
k Bgowz + B10 Wik ( )

Wk

where Ago = q1, A20 = p2go — p1q1, Ao = —pogo, Bz = 4t Bio =4Q(2)- Therefore, we regard
A7) = (1) + iw(T) as a root of Eq. (3.1) with §(T’§])) =0, W(T,gj)) = wg, and make 79 =
. (7) _
iy U h w0 = e
To ensure the transversality condition holds, we require U’(w3) # 0, which is denoted by
(Hs). We subsequently establish the following lemma:
Lemma 3.2. If (Hs) holds, then dRe() # 0 is obtained.

dro A=1iwo

Proof. Taking derivative of Eq. (3.1) with regard to 7, we derive

(dA)l ___ 3X 4% @« T 37
dr AN+ pA 2+ pid o) MaiA+q) A '
Thus, we have
da\ 7! ( 302 + 2po) + py > < Qn )
Re | — =Re | — +Re| —— 3.8
<dT> AN +p2A? + 1A +10) ) |3z MaA +90) ) |a—i, (38)
_ 3wy 28 — 2p1)wi +pf —2p0p2 4
(wh — p2wi)? + (po — pawi)? Giwp + a5
From Eq. (3.3) and Eq. (3.8), we can get
d _1
sign Re(d) = sign ¢ Re <d)\>
dr A=iwg dr .
A=iwgo
_ 3(wd)? + 2e19w] + €11
qiws + g
_ U'(wf)
giwg + a
# 0.
It follows that dR(fT(/\) s Z# 0 which marks the completion of the proof. O
=iwo

Combining Lemmas 3.1-3.2 with the Hopf bifurcation theorem presented in [7], the following
results are obtained.

Theorem 3.1. For system (1.2),

1. If (Hy) is satisfied, then the positive equilibrium E4 = (x*,y*, g*) maintains local asymp-
totic stability for all values of T > 0.

2. If (Hs) or (Hy) and (Hs) hold, then the positive equilibrium Eq = (z*,y*, g*) exhibits local
asymptotic stability for any 7 € [0,79) and is unstable for T > 1y. Furthermore, a Hopf
bifurcation occurs at the positive equilibrium Ey = (z*,y*, g*) in system (1.2) when T = T9.
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3.2. Direction and stability of Hopf bifurcation

In this part, for system (1.2), we focus on determining the direction of Hopf bifurcation as well
as the stability of the bifurcating periodic solutions by using normal form theory and center
manifold theorem [7]. From the preceding analysis, we have already obtained that a Hopf
bifurcation occurs in system (1.2) when 7 = 7.

To transform without losing generality, let ( =7 — 19, € R,t = r7,2(r7) = 2(r),y(r7) =
9(r),g(rt) = g(r), where x = &, y = g, g = g and t = r, then system (1.2) can be expressed in
the form of a functional differential equation in C' = C([—1,0], R3):

R(t) = Le(Re) + f(C Re), (3.9)

where R(t) = (z(t),y(t),g()T € C, Ry(0) = R(t+ 0) = (x(t + 0),y(t +0),9(t + 0))T € C, and
Le:C—R3, f:RxC — R3 are expressed as

L¢(¢) = (10 + O){A9(0) + Bo(~1)}, (3.10)
and
F(¢,0) = (10 + O (f1, fo, £3)T
where
d(0) = (¢1(0), p2(6), d3(0))" € C,
a1 a12 a13 00120
A=|ananas|. B=|000],
as1 as2 a33 000
fi = k11¢7(0) + K12¢1 (0)¢2(0) + K131 (0)p2(—1) + k1ag3(—1) + k15¢3(0) + - - ,
fo = k2167(0) + koot (0)$2(0) + ka3 (0) + -+ -
f3=0,
with
o — r my?(1 4+ w)*(o + By* + dg*)?
U (k- s1g) (L +kyt) (L +w)(a + Byt + dgt)zt + my ]
o ym b w)Qact 38y +2dg") 200+ w)Ba 4 mlmy(1+ w)(a + By + dg”)
2 (14 w)(a+ By* + dg*)z* + my*]2 (14 w)(a+ By* + dg*)z* + my*]3 ’
(1 + ky*)? (1 + ky*)?

o W)+ Wy m(a + By +dg')
(1 + w) (e + By* + dg*)z* + my*]>
eyl w)fa + mPot By +dg)(L+ )
[(1 4+ w) (e + By* + dg*)z* + my*]® ’
e(1 4+ w)?(a + By* + dg*)*my*?
[(1+ w)(a+ By* + dg*)z* + my*]*’
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Lo em(L+w) (2ay” +38y™ + 2dg™y")  2[(1+w)Ba" +m] (1 +w)(a+ By + dg*)mey™
22 — - ’

(14 w)(a + By* + dg*)z* + my*]> (14 w) (e + By* + dg*)z* +my*]®
oo T er’(l+w) [(1 4+ w)fay" + mla+ By” +dg”)]
B kg — s2g* (14 w)(a+ By* + dg*)z* + my*}2

ex*y* [(1 +w)px* + m]2 (a4 By* + dg*)(1 + w)
[(1+w)(a + By* + dg*)z* + my*]® '

According to the Riesz representation theorem [6], there exists a 3 X 3 matrix function n(6, ¢)
when 6 € [—1,0], which is

0
Le(6) = / n(6.00(6), € C(-1,0LR). (3.11)
In fact, we can take
n(6,¢) = (70 + ) A6(6) + (70 + O)B(6 +1) (3.12)
nd
) 0, 6+#0,
o) = {1 9=0.
For ¢ € C([-1,0],R?), make
M -1<6<0
AQe={ B (3.13)
/ dn(6,0)6(0), 0=0,
—1
nd
a Bo)={%  1=0<0 (3.14)
U9, =0 '

Subsequently, Eq. (3.9) is able to be rewritten as
Ry = A(Q)R; + B({)Ry. (3.15)

Let p € C([-1,0], (R®)*), with (R3)* representing the three-dimensional space of row vectors.
The adjoint operator A* of A(0) is able to be expressed as
d
SO(T), 0<r<l,
dr
0 (3.16)
[ e, r=o
-1

Atp(r) =

For ¢ € C([-1,0],R3) and ¢ € C([—1,0], (R?)*), a bilinear form can be defined by

0 r¢
(el = 601000~ [ [ @l an(o)o(0pac (3.17)

where n(8) = n(0,0), A = A(0). By the discussion before, we can see that +iwgr are the
eigenvalues of A(0) and A*.
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Suppose ¢(0) = (1, g2, q3)"e™0™? is the eigenvector of A(0) associated with the eigenvalue
iwoTo, and let ¢*(r) = Q(1,¢3,¢5)e™™" be the eigenvector of A* related to the eigenvalue

—iwoTy. Through a careful calculation, we have

aszazy + ag1 (iwg — ass)
iwy — agg)(iwy — ass) — azgase’
aszaz21 + asi(iwg — az2)
q3 = — - s
(twop — ag2)(iwo — as3) — azzasz
(iwo + a33)(iwo + a11) — a1zas:

q2:(

*
qa = ;
aziazz — (iwo + asz)agy
g = aga13 — ags(iwo + aiy)
¥ =

assasy — a1 (iwp + ass)’

Then, from Eq. (3.17), we obtain

- 0 0
(@), 4(8)) = L0545 (L. g2 05)" — / 1 /< (¢ 0)dn@)0(0iC

= Q (1 + ngz + (I§q3 + To@iiwomq?blg) .

(3.18)

So, we select Q = (1 + @G+ Ge + T()GiinTOQlez)il to satisfy the conditions (¢*(r),q(6)) =1

and {g*(r), 4(6)) = 0.
Next, let R; represent the solution of Eq. (3.15) for ¢ = 0. We define

z(t) = (¢" Re), W(t,0) = Rt — 2q — 24 = Ry — 2Re{2(t)q(0)}. (3.19)

Upon analyzing the center manifold Cy, we get

2 52

W(t,0) = W(z(t), 2(t),0) = WQO(O)% + Wi (0)22 + Woz(G)% T (3.20)

where z and z are local coordinates for Cp in the direction of ¢* and ¢*. It should be noted
that W takes real values when R; takes real values, and our consideration is restricted to real
solutions. From Eq. (3.19), we obtain

<q*a W> = <q*7Rt —2q — ZQ> = <q*7Rt> - <q*7Q>Z - <q*7(j>2
Considering a solution R; € Cj formed by Egs (3.11), (3.15), (3.16) and ¢ = 0, we get
i(t) = (¢*, Be) = (¢", A(0)Re + B(0) Ry)

= (A%(0)q", Rt> (@(0)£(0), Ry) (3.21)
= iwoT02(t) + 4" (0) fo(z, 2).

Then, Eq. (3.21) admits the following rewritten form:
2(t) = iwomo2(t) + g(2, 2), (3.22)

where ) ) )
z z 2%z
9(2,2) = 920 +g1122+9025+gz17+~-- . (3.23)
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Then by a similar computation process in [35], to further explore the direction and stability of
Hopf bifurcation, we obtain the following relevant parameters:
920 = 2709 (k11 + k12q2 + kizgae™ ™0™ + kiagze >0 + kisqs + Gy (ka1 + kaogo + k23 d3)]
g11 = 10Q {2k11 + k12(@ + q2) + k13 (€07 + goe”“O™) + 2k14G2F + 2k1502G2
+5 [2ka1 + k22(G2 + q2) + 2k23q2qa] },

go2 = 270 [k11 + k12@2 + k13@2e™°™ + k1a@®e*™ ™ + kis@s + @ (ka1 + koo + k2333) |

2

Wao(0)

gm:QmQ{ml@wﬁMn+Wka)+m2GW?mr%2+§Wé%®+nﬂﬂﬁm0

W | e
2 2

+km<WﬁR—w+ wgkm@+4Wmeiwm@>

g (W ()@ + 2W D (e ) + s (25 0) + 22 0)

(2) _
T R (T
+ kog (@Wég) (0) + 2q2wl(f>(o)) ] }
We can also have
WQQ(@) _ 1920 q(O)eiwo‘roH 4 ﬂq(o)e%wome + Fl€2io.;07-007
wWoTo 3woTo
Whi(0) = — i q(0)eiom0d 4 ﬂq(o)e—iwomﬁ 4B,
woTo woTo

where F; = (Fl(l),FfQ), 1(3))T €R3 and I, = (F2(1), 2(2), 2(3))T € R3 are constant vectors and
they can be expressed through the equations below:

2iwp — a11 —aiz — bige 20T —qyg H,y
—a9q 2in — a92 —ag3 Fl =2 H2 ;
—agzy —agzy 2iwg — as3 Hj

—ay1 —aiz — b1z —ai3 Py

—ag1  —ap —axn |F2=| P,

—az1  —asz2  —ass Py

where
Hy = k1 + k12ga + k13gae™ 0™ + kyaqae 20T 4 kysq3,
Hy = ko1 + koaqa + kosqa,
H3 = 07
P = 2k11 + k12(@2 + q2) + k13 (@™ + goe 0™ + 2k142Gp + 2k15¢232,
Py = 2ko1 + ko2 (G2 + q2) + 2k23q2G2,
Py = 0.
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Therefore, we can determine the coefficient go1. Furthermore, we have the following values:

) !902\2> 921

c1(0) = (gzogn —2|g11* -

N 2(,007'0 3 ?,
Re{c1(0)}

H2= TRe{W(m)
Ba = 2Re{c1(0)},
Im{ei(0)} + peIm{N (10)}

T2 == ’
woT0

which decide the properties of bifurcating periodic solutions when 7 = 7.
We can draw the conclusions below according to the preceding discussion.

Theorem 3.2. For system (1.2),
(1) The direction of Hopf bifurcation is decided by the sign of uo. Specifically, the Hopf bifur-
cation is supercritical (subcritical) if po >0 (u2 <0).

(2) The stability of bifurcating periodic solutions is decided by the sign of B2. In other words,
the bifurcating periodic solutions are unstable (stable) when B3 > 0(< 0).

(8) The sign of Ty decides the period of bifurcating periodic solutions. When Ty > 0(< 0), the
bifurcating periodic solutions express increase (decrease).

Table 2. The number and stability of positive equilibria under different parameter conditions.

Parameter value Number of positive equilibria Stability of equilibria
d=0.2,8=23,w=0.5 BT ES B LY is stable and E3, E% are unstable.
s =23, w=1 E},E5, E3 E} is unstable and E3, E are stable.
51 =0.5,50 =23, w=1 El,E; EY is stable and E3 is unstable.
s1=01,80=2,w=1 LY, ES Both are unstable.
s1=1,89=2,w=1 E} Unstable
Unchanged EY Stable

4. Numercial simulation

In this section, to support the theoretical results, we will present numerical simulations and give
related biological explanations.

With the parameters taken from Table 1, through calculations, we obtain an unstable ex-
tinction equilibrium E; = (0,0,0.5) and an unstable predator free equilibrium Eo = (6.8571,0,
3.9286). To ensure the existence of the prey free equilibrium, we set d; = 0.1, while the val-
ues of other parameters remain unchanged in Table 1. Then, we get the prey free equilibrium
Es = (0,2.1354,3.7031) which is stable. Next, in Table 2, we select some parameter values to
investigate the number and stability of interior equilibria, where the other parameters remain
consistent with Table 1. For convenience, we use EY, E3, and E3 to represent different positive
equilibria. From Table 2, it is obvious that under specific parameter conditions, the system can
converge to different stable states when different initial conditions are adopted.
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Figure 2. Phase portraits and time-series plots for different values of w.

Figure 3. Bifurcation diagram of system (2.1) with respect to w.

For the non-delayed system (2.1), first, we choose w as a parameter to study the impact of
wind flow. Let £ = 0.2,d = 0.2 and other parameters be the same as Table 1. We take different
values of w to observe the stability of the system. Making w = 0.1, we can find that the system
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Figure 4. Bifurcation diagrams of system (2.1). (a) Hopf bifurcation diagram in the e — z plane. (b) Hopf
bifurcation diagram in the 5 — x plane.

is stable according to the phase portrait (a) in Figure 2. The corresponding time-series plot
in Figure 2(c) further confirms this stability. From the time-series plot, the system exhibits
oscillatory dynamics until ¢ = 1000; beyond ¢ = 1000, the system reverts to a stable state. Then
we let w = 0.4. The simulation shows that the system becomes unstable and shows periodic
cycles, as illustrated in Figure 2(b) and (d). This indicates that with other ecological parameters
taking the aforementioned fixed values, an increase in wind flow can change the stability of the
system (2.1) and lead to the occurrence of a Hopf bifurcation. As the value of w increases and
reaches wy = 0.1680, the system undergoes a Hopf bifurcation and generates limit cycles, as
shown in Figure 3. From an ecological perspective, an increase in wind flow can induce the
emergence of limit cycles in the system, leading to population oscillations. When w < wg, the
species can coexist. In other words, the effect of wind speed on predation efficiency is crucial
for the realization of population coexistence.

Next, we take « as bifurcation parameter to examine the impact of hunting cooperation on
populations, while keeping the other parameters the same as in Table 1, except for d = 0.2. As
shown in Figure 4(a), the system undergoes a Hopf bifurcation at a = 0.5894. Then, select 5 as
bifurcation parameter under the same parameter conditions. Asshown in Figure 4(b), the system
undergoes a Hopf bifurcation at 8 = 0.2141. For subsequent analysis, we focus on the parameter
B to further investigate the influence of hunting cooperation. As shown in Figure 5, the system
is stable when 8 = 0.1. When g = 0.8, periodic oscillations occur. Ecologically speaking,
moderate hunting cooperation facilitates the maintenance of a steady state for species, whereas
excessive cooperation can lead to system oscillations. This implies that artificial intervention is
required to ensure the stability of the system when the level of cooperation reaches a critical
value.

To study the impact of the death rate of predators, we keep the other parameters the same
as Table 1 and select the death rate of predator d; as the bifurcation parameter. According
to Figure 6, the system (2.1) experiences a transcritical bifurcation at dy = dy; = 0.17, which
is consistent with Theorem 2.3. When d; > 0.17, the interior equilibrium FEj is stable and the
species coexist. When d; < 0.17, the extinction equilibrium Fj is unstable and the predator
populations go extinct, which means that the equilibria change stability at d; = di;. Obviously,
when the death rate of predators is relatively high, the system can still recover to a coexistence
state even if there are short-term fluctuations in the species population.
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Figure 5. Phase portraits and time-series plots for different values of 3.

Then, we investigate the effect of global warming on system (2.1). We choose sy as the
bifurcation parameter and make s; = 0.6,d = 0.2,k = 0.2, m = 4, while the other parameters
remain unchanged with Table 1. Figure 7(a) shows that the system (2.1) undergoes a transcritical
bifurcation at so = 5.0262, where the system experiences an exchange of stability between
equilibria. When s9 is less than the critical value, F5 is unstable and FE, is stable, allowing
predators and prey to coexist. When so > 5.0262, Ej3 is stable and F4 becomes unstable. Next,
making s; = 0.6,d = 0.2,k = 0.2, while the other parameters remain unchanged with Table 1,
we take different values of sa to observe the stability of the system. According to Figure 8, the
system is unstable when so = 0.4 and stable when s = 1.3. This indicates that, system (2.1)
undergoes a Hopf bifurcation while the value of s2 increases (see Figure 7(b)). By calculation, we
find that a Hopf bifurcation occurs at so = 1.0839. Keeping the other parameters the same as in
Table 1, except for so = 1,d = 0.2,k = 0.2, we choose s; as the bifurcation parameter and find
that the system (2.1) undergoes a Hopf bifurcation at s; = 0.8717. We observe that an increase
in either parameter s; or sg drives the system to shift from an unstable oscillatory state to a
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Figure 6. The transcritical bifurcation diagram of system (2.1) for bifurcation parameter d;.
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Figure 7. Bifurcation diagrams of system (2.1). (a) Transcritical bifurcation diagram in the s; — y plane.
(b) Hopf bifurcation diagram in the sz — z plane. (c) Hopf bifurcation diagram in the s; — x plane. (d) Hopf
bifurcation diagram in the d — x plane.

stable coexistence state. Next, d is selected as the bifurcation parameter with s = 1,k = 0.2,
while the other parameters remain the same as in Table 1. As shown in Figure 7(d), the system
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Figure 8. Phase portraits and time-series plots for different values of ss.

undergoes a Hopf bifurcation at d = 0.1984, and increasing the parameter d leads the system to
transition from a stable state to an unstable state. From an ecological perspective, the stronger
the impact of global warming on the predation process, the more difficult it is for species to
coexist. In contrast, intensifying global warming reduces the carrying capacity of the population,
thereby limiting the size of the predator population and making oscillations more difficult to
occur.

Finally, we concentrate on investigating the impact of fear on populations. We consider k as
a parameter and maintain the values of the remaining parameters the same as in Table 1. From
Figure 9, a rise in the value of £ usually results in lower densities for both the prey and the
predator. Ecologically speaking, as the level of fear intensifies, prey adopt more anti-predator
strategies, which consequently suppresses their own reproductive rate. As a result, the density
of the prey population decreases. Due to the food crisis caused by the prey, the population size
of the predator decreases accordingly.

For the delayed system (1.2), we use the same parameter values in Table 1. Then the unique
interior equilibrium £4(0.2873,0.9529,2.0730) can be easily obtained.
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Figure 9. The dependence of populations on k. (a) z(t), (b) y(t).

When 7 = 0, we can obtain p1a > 0,p10 > 0,p12p11 > p1o- Therefore, condition (H;) is
satisfied, which means that Ej is local asymptotic stability.

When 7 # 0, through further calculations, we get wy = 0.1111, 79 = 3.4863. According to
Theorem 3.1, we find that E4 possesses local asymptotic stability in the case of 7 = 2 < 79,
which is evident in Figure 10(a). When the fear response delay exceeds the critical value of 7y,
E, loses its stability (see Figure 10(b)). Moreover, system (1.2) experiences a Hopf bifurcation
at F4 when the value of 7 reaches 79 = 3.4863 (see Figure 10(c)), which means periodic solutions
bifurcate from Fy. From the ecological point of view, if the fear response delay below the critical
value, species can coexist over an extended period. When the delay crosses the critical value,
species still maintain positive population densities but exhibit periodic oscillations.

Assessing the sensitivity of the system with respect to initial conditions holds significant
value. Given the parameter values outlined in Table 1, we select 7 = 2 and 7 = 4, which are
capable of stabilizing and destabilizing the positive equilibrium of system (1.2). Subsequently,
we introduce minor modifications to the original initial conditions and generate phase diagrams
for distinct initial values (0.1,1.1,2.0), (0.1,1.2,2.1), (0.1,1.0,1.9), as depicted in Figure 11.
It is evident that even though slight variations in initial values induce changes in population
quantities during the early evolution of species, they do not affect the ultimate state of the two
populations.

At last, we discuss the properties of the Hopf bifurcation at FE;. Through further calcula-
tions, we get ¢1(0) = —1.6445 — 0.00444, po = 484.0980, S = —3.2889, Tn = 1.6184. According
to the conclusions of Theorem 3.2, the Hopf bifurcation is supercritical, the bifurcating periodic
solutions possess stability, and the period of the bifurcation periodic solutions is increasing. By
studying the changes in the real and imaginary parts of F4, we get E4 is stable if 7 < 7y and
unstable if 7 > 79. The system transitions from a stable equilibrium to an unstable equilibrium
while generating stable bifurcation periodic solutions, which confirms the bifurcation is super-
critical. From a biological perspective, this implies that even as time delays increase, species
can still achieve coexistence through dynamic regulation, thereby preventing the extinction of a
single species. Furthermore, when subjected to short-term external disturbances, the periodic
oscillations of populations can still revert to their original patterns.
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Figure 10. Time-series plots and bifurcation diagrams with respect to fear response delay.
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Figure 11. Sensitivity of solutions of the system (1.2) regarding the initial conditions. Orange, blue, and green
curves represent the initial conditions (0.1, 1.1,2.0), (0.1,1.2,2.1) and (0.1,1.0,1.9), respectively. (a) 7 = 2, (b)

T =4.
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5. Conclusion

In this paper, we investigate a Lotka-Volterra model incorporating global warming, wind, hunting
cooperation, and fear effect. In addition, a time delay is introduced to represent the response
time of the prey upon perceiving the risk of predation.

First, we confirm the well-posedness of the non-delayed system (2.1) by proving the positivity
and boundedness of the solutions. The positivity of solutions ensures that population densities
remain non-negative at all times, while the boundedness reflects the constraint of limited natural
resources, preventing unrealistic infinite growth of populations. Subsequently, we derive the
existence conditions for four equilibria. For system (2.1), we use the Routh-Hurwitz criterion to
discuss the local stability of the four equilibria. Then, we analyze the existence of transcritical
bifurcation and Hopf bifurcation at different equilibria. Furthermore, we examine the existence
and properties of Hopf bifurcation for system (1.2) and carry out the numerical simulations.
Our findings are summarized as follows.

For system (2.1), we first examine the effect of wind, and find that a Hopf bifurcation occurs
in the system at w = 0.1680. Excessive high wind speed induces the emergence of limit cycles in
the system, making it difficult for species to achieve stable coexistence. Next, we examine the
effect of hunting cooperation. When « is chosen as the bifurcation parameter, a Hopf bifurcation
can be observed in the system. Similarly, a Hopf bifurcation also occurs when ( is taken as the
bifurcation parameter. We find that moderate cooperation can increase the population size of
predators, yet an excessively high level of cooperation will destabilize the system and render
species coexistence unattainable. In addition, when d; is selected as the bifurcation parameter,
we find system (2.1) experiencing a transcritical bifurcation, which means an extremely low
predator mortality rate can drive the system to the brink of extinction. We further explore the
impacts of global warming on the environmental carrying capacity and predation process. When
s1 is taken as the bifurcation parameter, a Hopf bifurcation occurs at s; = 0.8717. Similarly, a
Hopf bifurcation occurs at ss = 1.0839 when so is chosen as the bifurcation parameter. These
two parameters have comparable effects on the system dynamics. Nevertheless, under another
parameter conditions, increasing so triggers a stability exchange between F3 and Ey, which
means system (2.1) undergoes a transcritical bifurcation. Within a certain range, a small value
of d is more conducive to maintaining system stability. However, when s; or s is small, system
(2.1) shows periodic oscillations. Finally, with respect to the fear effect k, we observe that
an increase in k leads to a decline in the population sizes of both prey and predators. This
indicates that intense fear pressure exerts an adverse impact on the reproduction of both prey
and predator populations, while the steady state of the system remains unchanged.

For system (1.2), we study the Hopf bifurcation by taking the time delay as a bifurcation
parameter. Through numerical simulations, we find that system (1.2) undergoes a Hopf bifurca-
tion at 79 = 3.4863. When 7 = 2 < 79, system (1.2) is locally asymptotically stable at E;. When
T =4 > 719, system (1.2) becomes unstable. In other words, when 7 < 79, species can maintain
a relatively stable coexistence state. Conversely, when 7 > 79, the originally stable coexistence
state of species is disrupted, which increases the risk of local population decline or even tem-
porary disappearance, thereby threatening the resilience of the entire ecosystem. Additionally,
we explore the properties of the Hopf bifurcation by applying the normal form theory and the
center manifold theorem. Through a series of calculations, we obtain that the Hopf bifurcation
is supercritical and the periodic solutions from the Hopf bifurcation are stable.

Findings indicate that wind, hunting cooperation, global warming and fear response delay
can all induce Hopf bifurcation in the above systems. Among these factors, global warming
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exerts multifaceted effects on the system. Intensifying global warming reduces the environmental
carrying capacity of species. When global warming is mild, species exhibit a high carrying
capacity and the system remains in an oscillatory state. As global warming increases and the
carrying capacity decreases, the population density tends to stability. However, under certain
conditions, the coexist equilibrium switches from stable to unstable when sy intensifies beyond
the critical value 5.0262. This is consistent with the current ecological reality that global warming
exerts significant impacts on ecosystem stability, as many species depend on specific temperature
thresholds and habitats. The fear effect can directly reduce the density of prey, which causes
a decline in predator populations due to food shortages. This indicates that excessive fear
pressure is detrimental to species. The existence of fear response delay reflects the lag effect
of ecosystem responses to fear. When the delay is within a reasonable range, populations can
remain stable. However, an excessively long lag will trigger periodic fluctuations in population
sizes. Nevertheless, the stable periodic solutions generated by the supercritical Hopf bifurcation
enable species to achieve coexistence, avoiding the extinction of a single species. These findings
provide a theoretical basis for ecological conservation in the context of global warming.
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