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Abstract. In this paper, we study the dynamic behavior of a discrete predator—prey model with
fear effect and Allee effect by theoretical analysis and numerical simulation. Firstly, the existence
and stability of the equilibrium points of the model are proved. Secondly, the existence of codi-
mension-2 bifurcations (1:2, 1:3, and 1:4 strong resonances) in the case of two parameters
is verified by bifurcation theory. In order to illustrate the complexity of the dynamic behavior
of the model in the two-parameter space, we simulate the bifurcation diagrams, phase diagrams,
maximum Lyapunov exponent diagrams, and isoperiodic diagram, and we verify the influence of
model parameters on the population size.
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1 Introduction

Discrete models are considered to be an important tool in the study of mathematical
biology modeling. When the generations of a population do not overlap with each other,
a difference equation is needed to describe it. On the other hand, the numerical simulation
of continuous models is also obtained by discretizing these models. In particular, discrete
models are often more accurate and convenient. In the past few decades, the dynamic
behavior of discrete predator—prey systems has been extensively studied; see [1,7,9, 13,
14,21,23,26,29,30] and the references therein. In 1976, May took the lead in revealing
that a simple discrete model can achieve chaos through period doubling bifurcations
[17]. The results showed that a simple discrete model can produce extremely complex
behavior.

Studies have shown that prey fear of predators has a serious impact on the birth rate of
prey [27]. In 2016, Wang et al. [24] first mathematically characterized the fear effect, that
is, F'(k,y) = 1/(1+ky), where k > 0 reflects the level of fear, which drives antipredator
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behavior of the prey. Since then the study of the fear effect has attracted great attention.
One can see literature [6,12,15,20,25].

When there are too many biological populations, resource competition might impede
population growth. As a result, each population has a particular optimal growth and
reproduction density, a phenomenon known as the Allee effect [22]. Empirical evidence
of Allee effects has been observed in many natural species, for example, plants [8], birds
and mammals [5], etc. Therefore, many researchers have studied the bifurcation and
stability analysis for discrete-time predator—prey system with the Allee effect [3,4,11,18].

Researchers often study the bifurcation phenomenon of a system when its parameters
change, including flip bifurcation, transcritical bifurcation, and Neimark—Sacker bifur-
cation. However, numerous parameters are involved in real models, and when several
parameters change at once, the system may undergo more complicated bifurcations. For
instance, codimension-2 bifurcation, also known as double crisis, may happen when two
system parameters change simultaneously. This phenomenon has been studied in several
domains [2, 16, 28]. Research has shown that on a biparameter bifurcation diagram, the
system may exhibit Arnold tongue and shrimp-shaped structures, which are not observed
in a single-parameter bifurcation diagram [10, 19]. To our knowledge, there is relatively
little research on codimension-2 bifurcation in discrete systems. Therefore, in this article,
we will study the following discrete predator—prey system with fear effect and Allee
effect:

R Y SR
Ti41 = Ty €XP 1+ b K Yt |5

Bxey: . 4
h+ys ’

(1

Yt+1 = Yt exp[

where x and y represent prey and predator population densities. K > 0 is the carrying
capacity, r > 0 is the intrinsic growth rate of the prey, b > 0 is the capture rate, 5 > 0 is
the conversion coefficient, and y > 0 is the death rate of the predator. The term y/(h+y)
denotes the weak Allee effect function, and h > 0.

The structure of this essay is as follows. Preliminaries are covered in Section 2. In
Section 3, we study the necessary conditions of existence for codimension-2 bifurcations
connected to resonances of 1:2, 1:3, and 1: 4. The theoretical conclusions are illustrated
using numerical simulations in Section 4. In Section 5, a succinct discussion is provided.

2 Preliminaries

The equilibrium points for system (1) can be obtained by solving the following equations:

- (1LY
x—xexp1+ky 7 v,

yzyexp[ﬁ“‘y— ]
h+y ’

The following conclusions can be drawn from the calculation:
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(I) System (1) always has two equilibrium points Ey(0,0) and Fx (K, 0).
(Il) System (1) has a unique positive equilibrium point E*(x*, y*), where z* =
(1/By*)(uh + py*), and y* is real positive root of the following cubic equation:

coy’ + ery® + ey + 3 = 0,
where ¢y = bSEK, ¢1 = bBK, co = rup —rK B, cs = rhy, if and only if one
of the following conditions holds:

(II-1) ¢ <0,
(I1-2) ¢ > 0 and ¢?/4 + p3/27 =0,

where (27c3c3 — 9cocrca + 2¢2)/(27¢3) and p = (3coca — 1)/ (3c3).
Jacobian matrix can be evaluated at Ey(0,0) as

e’l"

J(Eo) = (0 g”,}) :

The eigenvalues of the Jacobian are A\; = €” > 1 and Ay = e™# < 1 at trivial
equilibrium point Fy(0,0). So, we can get the following theorem.

Theorem 1. Ey(0,0) is always a saddle point, and it is unstable.

Proof. Ttis easy to see that the eigenvalues of system (1) at the equilibrium point Eq(0, 0)
are A\; = €" and Ay = e #, and |A1| > 1, |A\2| < 1. Therefore, Ey(0,0) is a saddle point,
and it is unstable. O

Jacobian matrix can be evaluated at E (K, 0) as

J(Ex) = (1 0 fff) .

Theorem 2. The characteristic roots at the boundary equilibrium point Ex (K,0) are
A =1—rand )y = e ¥, then
(D) Ex is a sink point < 0 < r < 2;
() Ek is a saddle point < r > 2;
() Efk is a nonhyperbolic point < r = 2.

Proof. Since the eigenvalues of system (1) at the equilibrium point Ex (K, 0) are A; =
1 —rand Ay = e ¥, therefore, |A\;| < lifand only if 0 < r < 2, |A2| < 1 if and only if
1> 0. So E is a sink point if and only if 0 < r < 2. Similarly, (I) and (III) hold. [

J(x,y) evaluated at the positive equilibrium point E*(a*, y*) is

re’” rkx* z* *
J(E*) = L= katrg  ~ ke (1-%)—bx _(1-A -B @)
DR - 14 fha'y ~\ ¢ 1+D)
h+y*

(h+y*)?
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Let

Bhx*y* rz*

(h+y)?  K(+ky)

B ra* ] [1 Bhx*y* }
K(1+ ky*) (h+y*)?

By*? rkx* x*
1-— bx*|.
Tty [0 k)2 k)

Then the characteristic equation corresponding to matrix (2) is

A\ —T(k,h)A + R(k,h) = 0.

T(k,h) =2+

R(k, h) = [1

Theorem 3. System (1) at the positive equilibrium point E*(x*,y*) is local asymproti-
cally stable when all of the following conditions are true:

O [ () ]
K1 +ky)h+ys) Y [0+ ky)2 K ’

Bha*y* ra* )
I 2(2 —
a ( Ty T KUtk
*2 *2 * *
- rBha*?y By [ rkx (1_ x) —&—bx*};
K(1+ky )(h+y*)2 h+y* | (14 ky*)? K

re* Bhx*y*
(i {1 TG +ky*>} {1 * <h+y*>2]

By*Q rkx* T*
+ 1—— ) +bz*| <L
h+y* | (14 ky*)? K
Proof. According to the Jury condition, the necessary and sufficient condition for the
eigenvalue |\;| < 1 (i = 1,2) of equation \X> — TA+ R = 0is |[T| < R+1 < 1.
So, we can obtain that unique positive equilibrium point E*(z*, y*) of system (1) is local
asymptotically stable if and only if (I), (I), and (IIT) hold. O]

It is easy to get that two eigenvalues of J(E*) are
Ao = T+VT? —4R.
' 2

When system (1) occurs 1:2 resonance at the equilibrium point E*(z*,y*), the eigen-
value corresponding to (2) is A; 2 = —1, so that 7' = —2 and R = 1. When system (1)
occurs 1: 3 resonance at the equilibrium point E*, the eigenvalue corresponding to (2) is
Mo=-1/2+ (v/3/2)i,sothat T = —1 and R = 1. Atlast,if T = 0, R = 1, we have
A1,2 = =i. In this situation, system (1) exhibits 1 : 4 resonance at E*(z*, y*). Therefore,
we have the following theorem.

Theorem 4.

(I) Thereis a1:2 strong resonance if (r,k, K,b, B, h, 1) € Fy, where

Fy = {(r,k,K,b,8,h,p): T(ki,h1) = =2, R(k1,h1) = 1}.
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(Il) There is a 1:3 strong resonance if (r,k, K,b, 8, h, u) € Fy, where
Fy = {(r,k,K,b,,h,): T(ka,hs) = =1, R(kz, ho) =1}.

(IIT) There is a 1: 4 strong resonance if (r,k, K, b, B8, h, 1) € F3, where
Fy = {(r,k,K,b,B,h,p): T(ks,h3) =0, R(ks, hs) =1}.

3 Bifurcation of condimension-two

3.1 Bifurcation with 1 : 2 resonance

Selecting arbitrary parameters (r, k, K, b, 8, h, u) € Fy, system (1) has an unique positive
fixed point E*(z*,y*). Let U = x — 2*, V = y — y*, then system (1) can be transformed
to the following complex form:

e I AT P R

where

f(U, V) = AgqU? + A1 UV + AgaV2 + AsgU? + Aq UV + ApUV? + Ags V3,
g(U, V) = ByoU? + B11UV + B V2 + B3gU? + By UV + B1oUV? + BysV?,

and
Ao — r2ka* r(1+k)
TR (14 ky*)? 2K(1 + ky*)’
k2a* 1-A)B
A= + ( ) ;
K(1+ ky*)? x*
Aoy — rk*z* 2"\  B(bz" - B)
27 (1 + ky*)3 K 2+
Ay = T2k . rAgo
T 6K2(1+ ky*)?  3K(1+ ky*)’
s — rk(k+1) r2k2x* _ BAy
TTOKA+ky)? K21+ kyt)? at
rk3x* rk*B (1 — A)yrk? x*
Agp = — + — =(1——
K(1+ky*)?  2k(1+4+ky*)?2 (14 ky*)? K

3 % * 21.3,.% £\ 2
A= B (@ ke
(1+ ky*)* K 3(1+ ky*)® K
B’I‘/{J2 1 1: BA20
3(1 + ky*)3 K 3+’
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52?]*2 QBhy* _ 6y*2 62hx*y*2
320:7*2’ BH: *)2 - *)3 7
2(h +y*) (h+y*) (h+y*)
B — ﬂhx* BhQ * ﬁhx*y* ﬁ2h2x*2y*
" 2(h+yre) 2(h +y*)? 2(h+y)*’
ﬂSy*B 352hy*2 o BQy*S ﬂghx*y*3
Byo =5 DBu= )3 4
6(h +y*) 2(h +y*) 2(h +y*)
B — 26h2 _ QBhy* _ 6y*2 B 262h2x*y* _ ﬁth*y* ﬁhx*y*Bu
C 2y 2+ y7)? 2(h +y)?
B ﬁhx*y* _ 2Bh2x* B th* 62h3$*3 _ 352h2x*2y*
B 3ty 3(h+y*)? 6(h +y*)°
Let
bKz* (1+2ky™) bK2x* (1+ky*) (142ky™)
T = 2K(1+k];i;*)frz* [2K(1+k:6*)7ra:*]2 4)

Consider the inverse translation

(7o) ()

then system (3) takes the form

Xn+1)| _[-1+4n 1+An ] |X@)|  |[F(E0),Y(0)
Y(n+1) Bio =1+ Bo1] |Y(n) g(X(n),Y(n)|’
where
Ao =2+ hBx*y* bBK x*y* (1 + 2ky*)
PR iy T (h+y) 2K+ kyt) — vt
DKy (1 + ky*) (1 + 2ky")
App = -1+ 5
(h+y*) 2K + ky*) — ra*]
B — CAK(1+kyt) —2rz BbK z*y*2(1 + 2ky*)
10 K(1+ ky*) K(h+y9)(1+ ky*)
~ hBzry*[2K (1 + ky*) — ra”]
K+ ky*)(h+y*)?
Boi =14 K(1+ky*) —ra* bK Bx*y*?(1 + 2ky*)
o K(1+ ky") (h+y")2K(1+ ky*) — ra*]’
FXm),Y(m) = > AzX(n)Yi(n),
2<i+7<3

DK (14 2ky*)
2K (1 + ky*) — ra*’

__ KQ+ky)
2K (1 + ky*) —ra*’

1 Ay
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Agg = A3By + Ay By + Bog, Ay =242A9Byy + A1 Ay By,
Agg = A2 A2By, Azg = A3B3g + A2By; + A1 Bia + Bos,
Agy = 3A3 Ay Bsg 4 242 Agbyy + A1 Ay By, Ay = 3A3A2B3) 4+ A2A2By,

N . 1 1
Agz = A A3 By, By = 14, [AT Az + A1 Avy + Agg] — I

. 1 - . 1 .
Bi1 =2A1A%0+ A — A72A117 Byy = A1 Az Az — IQA027

A207

. 1 1 .
Bgy = ——[A3A A%A AA Agz| — —A
30 A A, [ 1430 + A7 A2 + A1 A2 + 03] A, 305

A 1
Boy = 3A3 Agp + 241 Aoy + Ajp — —

Ay
. 1 . A 1 .
Bio = 3A3 A Azp + A1 As Aoy — A72A127 Bos = AT A3 A3 — A72A03'

Aoy,

The following coordinate transformation is performed on system (4):

_ [1 + Ao 0] [X(n)} .

_AIO 1 Y(n)

~

X(n+1)

Y(n+1)

Then system (4) becomes

{X(TH— 1)} _ [—1 1 ] [if?(n)} n {P(X(n),}}i(n))] ’

Y(n+1) 01 —1+02 [Y(n) Q(X(n),Y(n))
where
01 = Bio + Ao1 B1o — A10Bo1, 02 = Ayo + Boa,
P(X(n),Y(n) = > pyX'(n)Y(n),
2<i11<3
QX(n).Y(m) = > ;X' (m)¥’(n),
2<i17<3
and
1 A . N
P20 = T (14 Ao1)?Az0 — A1o(1 + A1) Ann + A3pAgz],
1 X . Agy
— L1+ Ag)An — 241040s], _ ,
P11 Ao; [( 01)A1 10 02] Poz2 1+ Ay,
_ 1 34 2 3
P30 = T A4 (14 Ao1)®Aso — Aro(1 + Ao1)* Asy
+ A3 (1 + A1) Ara — A3y Ags],
1 - . R
po1 = ——— [(1 + Ap1)?Aa1 — 2A410(1 + Ao1) A1z — 343 Ags],
1+ Ap
pr2 = ———[(1+ Ao1) A1z — 3410403, Po3 = Aoz :
1+ AOl 1 + AOl

https://www.journals.vu.lt/nonlinear-analysis
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G20 = Avop2o + bao(1 + Ao1)? — Aio(1 + Aor) B + A2y Bog,
g1 = Aropir + (1 + Ag1) By — 2410 Bog, qo2 = A1opoz + Boz,
30 = Aropso + (1 + Ag1)*Bso — A1o(1 + Ao1)?Ba

+ A%, (14 Ao1)Bra — A% Bos,
g21 = Aropa1 + (1 + Ag1)?Bay — 2A10(1 + Ag1)Bia — 343 Bos,
q12 = Arop12 + (1 + Ao1) Bz — 3410 Bos, qo3 = A10pos + Bos.

We introduce the following transformation:

X =k + Z PijKL KD, Y = ko + Z PijKLRD,

2<i+5<3 2<i+5<3
where
1 n 1 1 n 1 n 1 n 1
Y20 = 4(120 21020, Y11 = 21020 2Pu 2Q20 4(1117
1 n 1 n 1 n 1 n 1 1
o2 = 41011 22702 8(]20 4f]11 4%27 P30 = 9Q307
1 n 1 n 5 n 1
Y21 = 21930 21921 12Q30 4Q217
1 + L + + 17 + 3 +
P12 = 61)30 21721 P12 36(130 4Q21 q12,
1 1 1 1 1
oo = §Q207 P11 = 5(120 + 5(111, Yoz = an + 5Qo27
1 1 1 1 1
P30 = 3130, Pa1 = 5430 + 521, P12 = 5130 + 521 + q12-

Therefore, we obtain the following critical normal form:

ki(n+1)|  [-1 1 k1(n) n 0
ro(n+1)] — o1 —1+402] [k2(n)] = [CiwT(n) + Dikf(n)ka(n)
with C; and D; satisfying

1, 1
C1 = q30 + p20q20 + 5 %0 + 5020011,

1 5
Dy = g21 + 3p3o + 5P20011 + 720011 + ¢20402 + 3p3,

5 5 9 1,5
+ 5]3206120 + 51011(]20 + g3 + 5‘]11'

Based on the above analysis, we have the following theorem.
Theorem 5. The nondegeneracy conditions of this bifurcation are as follows: C; # 0 and
Dy + 3C1 # 0. Moreover, if C1 < 0, the fixed point E*(x*,y*) is a saddle; if C; > 0,
the fixed point E*(x*,y*) is elliptic. D1 + 3Cy # 0 determines the bifurcation scenarios
near the 1: 2 resonance point.

Nonlinear Anal. Model. Control, 30(3):386-404, 2025
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3.2 Bifurcation with 1 : 3 resonance

Taking parameters (r, k, K, b, 8, h, u) € Fy, we can get the Jacobian matrix of system (1)
at E*(z*,y*) as follows:

«~_ [1-A -B
J(E)_[ c 1+D}’
and it has two eigenvalues \; 5 = —1/2 + (/3/2)i. So we can calculate the eigenvector
p € C? and adjoint eigenvector g € C2:
B (L By V3 4
p(k27h2) = |:g — @1 — A:| ’ Q(k27h2) = [3(2 2731 ’ ) )
3

where ko and ho satisfy T'(ko, ho) = —1 and R(ko, ha) = 1.
Any vector W(n) = (z(n),y(n))T € R? can be represented in the form W =
wp + @wp. Consequently, system (3) can be transformed into

1 i
R G N Xij ieed )
2 2 c—qlj!
2<i+5<3
where
2V/3i (3 V3, 5 2
X20= 7738 (2 —A- 21> [A20p1 + Avipipa + Aozps]
2V/3,
+ Tl[Bzop% + Biipip2 + Boap3),
V3i /3 V3, _ _
X =g (2 —A- 21) [2420pT + (p1P2 + p1p2) A11 + 2p2p2 Aos]
V3, _ _
+ ?1[232027% + (p1P2 + p1p2) B11 + 2p2p2 Bos],
2V/3i ('3 V3. 9 _ 9
Xo02 = — 3B (2 —A— 21) [Agopl + A1ipips + A02p2]
2V/3. _ _
+ i[Baopi + Buipip2 + Bo2p3),
6v/3i (3 V3,
X30 =~ 35 (2 —A- 21> [Agop? + pipaAar + p1p3Aia +P§A03]
+ 2V/3i[B3op} + p3p2Ba1 + p1p3Bia + p3 Bos),
_ VB3 VB
X2t =735\ 2 2
x [3p3 Aso + (pIp2 + 2pip2) Ao1 + (2p1pab2 + p1p3) A1z + 3p3P2Aos]
2V/3. _ _ _
+ i[3p$Bso + (piD2 + 2pip2) Ba1 + (2p1p2p2 + p1p3) Biz + 3p3p2Bos],

3

https://www.journals.vu.lt/nonlinear-analysis
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_ VB3 VB
2=\ 2 2
x [3pf Aso + 3pip2Aar + (P15 + 2p1p2p2) Arz + 3p2ps Aos)
2V3, , _ y
T3 i[3p} Bso + 3pip2Ba1 + (P15 + 2p1pap2) Biz + 3pap3 Bos),
6v/3i (3 V3. _ _
X038 =~3p (2 —A- 21> [Asopi + pip2 A2 + p1psAra + Py Aos)

+ 2v/3i[Bsop? + pip2Ba1 + p153B12 + Py Bos) -

Next, we will introduce the following transformation to eliminate some quadratic
terms in (5). Let

1 1
w(n) =w(n) + §V20w2(n) + rjw(n)w(n) + §w2(n) (6)
The inverse transformation of (6) is
1
w(n) =w(n) - @wz(”) —vnw(n)@(n) - @@Q(H) + 5 (V3o + vz @ (n)

2

2
2 3 1 2\ _2/ \_ 1 _ \_3
+{ lvu]” + §V11V20 + §|V02| w*(n)w(n) + §(V11V02 + voaia0)@” (n)

@(n)@?(n) + O(|w(n)|").

N———

1 1
_ 2 _
+ (V20V11 + Vi1 + sV11l20 + £ V20Vo2

2 2
Bringing (6) into (5), we can get
O'ij i 4
wn+1)=Mw+ Z T @’ + O(|w(n)]"), (7)
2<i+j<3
where
020 = A1Va0 + X20 — Afvao, o1 = A+ x11 — AP,

002 = A1Vo2 + Xoz2 — X?Mm,

30 = 3(1 — A1) x2020 + 3X11702 + X30 + 3AT (A1 — 1)vg
+3(AY — |\ ) viiiioz — 3A1 X021,

o21 = 2X11711 + X11V20 + 2X20711 + X02P02 + X21 + 205 (A1 — 1)vogrns
— 2111720 — A1Xo2vo2 + 21A1 P (A1 — D)[vaa]* 4 AP (A1 — 1)vaiveo
= 2\v11X11 — Arxzovin + (AT — Ar)voel?,

o12 = 2X11711 + X11720 + 2X02P11 + X20%02 + X12 + A1 (X? — A1) V20vo2
— Aixo2v20 + 2|A1P(A1 — D)vgy + (AP (A — D)va120 — Avai Xao
— 2X1x11v11 + 2h1 (A1 — 1)vo2in — 2X1 X11voz,

003 = 3x11702 + 3X02P20 + Xo3 + 3@? — A1) viavo2 — 3X1x0211
+ 3X1 (A1 — 1)voaiag — 21 X20%02-

Nonlinear Anal. Model. Control, 30(3):386-404, 2025
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Obviously, we have
A2k ha) = Ak ha) 20, [Ai(ka, ha)|” = Aa(ka, ha) # 0,
2

Therefore, we can take

VQO:ﬂ V11:L 1/02:0

A2 =\ [A1]2 — Ay’

The next step is to annihilate cubic terms, we take
1 1 1 1
w(n) = k(n) + 6U30l£3 (n) + Jv2 w2 (n)&(n) + iulgn(n)EQ (n) + Euogﬁg(n). (8)
Using (8) and its inverse transformation, (7) becomes
1 Dii
A(n+1) = Ais(n) + 5x0eR () + Y ZH R )R (n) + O(|x(n)| ),
Frebiv)
where
V30 = (A1 — AT)vso + o30, D21 = (A1 — ATA1)vor + 021,

V12 = (A1 — )\J?)Vm + o012, Yoz = (A1 — Xi))l/o3 + 003-

Thus, we can take

U — J30 io — 012 - 003 —
30 — ) 12 — = ) 03 — = ) 21 — Y.
A — )\ A2 =N\ M

Then the normal form at 1 : 3 resonance point is derived as
1 1 _ 4
K(n+1) = Ak(n) + §X02f€2(n) + 50215(”)25(") +O(|s(m)]).

Let

3 3 .
—1\ ? - 1(1 +V/3i)oa1.

Based on the above analysis, we have the following theorem.

Theorem 6. Let k = ko and h = hsy. If Co # 0 and Re Dy # 0, then system (1)

undergoes a 1 : 3 resonance bifurcation at equilibrium E*(x*,y*). Moreover, Re Dy # 0
determines the stability of the bifurcation invariant closed curve.

3 .
Cy = —1(1 + V/31) x02, Dy = X02

3.3 Bifurcation with 1 : 4 resonance

The Jacobian matrix of system (1) at E*(z*, y*) is

«~_ (1—A —-B
and when the parameters (r, k, K, b, 5, h, ;1) € F3, (9) has two eigenvalues \; o = =+i.
It is easy to derive the corresponding eigenvalues p € C? and the adjoint eigenvector
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g € C? as follows:

14+ D—i i
p(ks, h3) = [ _C ] ; q(k3, h3) = |:(i+12D)i] ;
20

where k3 and hg satisfy T'(ks, h3) = 0 and R(ks, hg) = 1.
Any vector W(n) = (z(n),y(n))T € R? can be represented in the form W =
wp + wp. Consequently, system (3) can be transformed into

w = iw + X4 iz, (10)
2<iti<3 Y’
where
. i+1—Dji
X20 = 1[Asop] + A11pip2 + Ao2p3] + % [Baopi + Buipipz + Boaps)

i
X =g [2420p151 + (P1p2 + D1p2) Ar1 + 2p5 Aos]
i+1—-Dji
1D

50 [2Baop1p1 + (p1p2 + P1p2)Bi1 + 2p3Bog],

(i+1- D)
C
X30 = 3i[Asop} + pip2Aa1 + p1psArz + p3 Ao
3(i+1- D)
¢
X21 = 1[3p197As0 + (pip2 + 2p1P1p2) A1 + (2p1p5 + P1p3) Ava + 3p3 Ags)
(i+1— D)i
¢
+ (2p1p3 + P1p3) Bi2 + 3p3Bos],
X12 = i[3P1]3%A30 + (ﬁ%pQ + 2p1131p2)A21 + (21711)% +p1p§)A12 + 3p§A03]
(i+1- D)
¢
+ (2p1p3 + p1p3) Bi2 + 3p3Bos],
Xo3 = 3i[Asop} + Pip2Aa1 + P1psArz + p3 Aos]
3(i+1- D)
Mo
Similar as in Section 3.3, by (6) we can transform (10) into the following form:
wn+1)=\w+ Z %wiwj+0(|w(n)]4). 1)

2<it+j<3 7

Xoz2 = i[A20p] + A1p1p2 + Ao2ps) + [Baop; + Br1pipz + Boap3),

[Bsop? + p3p2Boi + p1p3 Bia + p3 Bos)

[3p173 B3o + (pip2 + 2p1p1p2) Bz

[3p173 B3o + (Pip2 + 2p1p1p2) B

[Bsop} + Pip2Boi + P13 Bia + 3 Bos) -

Obviously, we have

N (ko ha) — M(kayha) #0, | Ai(ka, ho)|” = Ar(ka, ha) # 0,
—2
Al(kg, h2> — )\1(k2, h2) =0.
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Therefore, we can take

i—1 i+1 1+i
Voo = ?Xzo, Vil = TXH, Vo2 = D)

Xo02-

Using (11) and its inverse transformation, (10) becomes

Vi s . 4
KA = s+ S i )wi () 1 O (s,
2<iti<s Y’
where
V30 = 2iv39 + 030, Y91 = 021,
V12 = 2iv12 + 012, Yo3 = 003.
Thus, we can take

1 i 0

1% = = 1% = = U = U.
30 = 5030, 12 = 5012, 03

Then the normal form at 1 : 4 resonance point is derived as

k(n+1) = \s(n) + Cr(n)|x(n)|* + DE*(n) + O(|x(n)|"),

where
1+ 3i 1-—1 141 1
C= 2 242
n X11X20 + B Ix11] 1 Ixo02|” + 2)(217
1—1 141 1
D= — —X03-
1 X02X11 1 X11X20 + 6X03
Let

Cs = —4iC,  Ds = —4iD.
If D3 # 0, we denote M = C3/|Ds].

Based on the above analysis, we have the following theorem.

Theorem 7. Let k = k3 and h = hs. The bifurcation scenario near the 1:4 resonance
point is determined by M = C3/|Ds|. If Re M # 0 and Im M # 0, then system (1)
undergoes a 1 : 4 resonance bifurcation.

4 Numerical simulations

In this section, we will analyze the effects of fear effect and Allee effect on population
dynamics through numerical simulation. Throughout the numerical simulation, we have
kept fixed the values of seven parameters involved in the system, and those parameters’

values are
r=29, K=8 b=08 =04, p=0.2.

Also, we choose (1, 1) as our initial condition unless stated otherwise.
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Figure 1. (a) The isoperiodic diagram. (b) The maximum Lyapunov exponent diagram. (c), (d) The phase-
portraits (zr,Yyrn) and time series (z,n) represent chaos attractor for (k,h) = (0.414,0.718). (d), (h)
Periodic-18 attractor for (k, h) = (0.47,2.4). (e), (i) Periodic-13 attractor for (k, h) = (0.11, 3.53). (f), (j)
Quasiperiodic attractor for (k, h) = (0.75, 3.9).

Figures 1(a), 1(b) show the isoperiodic graph and the maximum Lyapunov exponent
(MLE) graph of system (1) in a biparameter space, where different periods in Fig. 1(a)
correspond to different colors, and periods greater than 30 are uniformly represented in
black. In Fig. 1(b), yellow to red regions are used to describe chaotic regions, and green
to blue regions are used to describe periodic attractors (i.e., the maximum Lyapunov
exponent is less than 0). From Fig. 1 it is observed that the parameter plane contains
a number of V-shaped periodic islands (Arnold tongues). From Fig. 1(b) it is known that
the color at point A is red, i.e., MLE > 0. Therefore, the system is in a chaotic state,
and the phase diagram and time series diagram of the system at point A are shown in
Fig. 1(c). The color of Arnold’s tongue at points B and C' is blue, and thus MLE < 0.
Corresponding to Fig. 1(a), it is known that the system will produce the solution of pe-
riod-18 at point B and the solution of period-13 at point C. The corresponding phase
diagrams and time series diagrams are shown in Figs. 1(d), 1(h) and Figs. 1(e), 1(i).
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Figure 2. The bifurcation diagram of system (1) when k and h take different values.

At point D, where the MLE value of the system is near 0, the system generates limit
loops and thus periodic solutions; see Figs. 1(f), 1(j).

From Fig. 2 it can be observed that when the parameters of the fear effect and the
Allee effect change simultaneously, the model transitions between flip bifurcations and
Neimark—Sacker bifurcations. This transition implies that the relationship between preda-
tors and prey becomes more complex. For instance, the originally stable predator—prey
cycles may be disrupted, leading to more variable interaction patterns. This could affect
the survival strategies of both species such as the predator’s foraging efficiency or the
prey’s defensive mechanisms.

Figure 3 is a partially enlarged view of Fig. 1. This gives a closer look at the Arnold
tongues and their formation. From Fig. 3(a) we see that the ordering of the appeared
tongues is based on the periods of the attractors, and the periods of the larger noticeable
tongues are increasing (by one) in order from left to right. From this figure it is also
observed that there are many smaller tongues in between each pair of larger tongues, and
the tongues appearing in the middle of two adjacent larger tongues show other period-
adding phenomena, where the period of the largest tongue in the middle of two tongues is
equal to the sum of the periods of its adjacent larger tongues. By observing Fig. 3(a) then
one can see that the period of the largest tongue between period-13 and period-14 tongues
is 27. Similarly, 27 is the period of the largest tongue located between the period-13 and
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Figure 3. (a) The isoperiodic diagram. (b) The maximum Lyapunov exponent diagram.
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Figure 4. Variation of the densities of prey and predator populations in h, r-biparameter space. Other parameter
valuesare K =2,b=0.8, =02, =0.1,and k = 0.

period-14 tongues. The period of the largest tongue between period-14 and period-15
tongues is 29, and so on.

The Arnold tongue is a geometric structure that appears in bifurcation diagrams, indi-
cating the region where specific periodic behaviors exist. The Arnold tongue can delineate
the parameter range conducive to the coexistence of predators and prey. An appropriate
fear effect and Allee effect intensity can enable the two species to interact within a stable
period, preventing one from overgrowing or going extinct. This periodic interaction may
provide a space for survival for both parties, promoting the maintenance of biodiversity.

In Fig. 4, we explore the effects of prey growth rate r and Allee effect & on prey and
predator population density. Here we find that when h is small and the prey growth rate r
increases, the population density of predator and prey will increase. When the Allee effect
parameter h is large, the predator density approaches 0, and the prey population density
approaches K (environmental capacity). When the prey growth rate r remains unchanged,
the increase of the Allee effect h will lead to a gradual decrease in the predator population
density and region 0, while the prey population density gradually increases and region K.
Similarly, we consider the effect of the fear effect k and the predator natural mortality p

Nonlinear Anal. Model. Control, 30(3):386-404, 2025
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Figure 5. Variation of the densities of prey and predator populations in k, p-biparameter space. Other parameter
valuesare K =2,6=0.8,3=0.2,r = 2.5,and h = 0.

on the prey and predator population density in Fig. 5. Through observation, it is found
that when the fear effect k remains unchanged, the increase of p will lead to the decrease
of predator population density and the increase of prey population density. When the
predator’s natural mortality ¢ remains unchanged, the increase of the fear effect k& will
lead to a decrease in the predator population density, but has no significant effect on the
prey population density.

5 Conclusion

In this paper, we give a detailed analysis for the codimension-2 bifurcation of a dis-
crete predator—prey model with fear effect and Allee effect. The theoretical analyses
demonstrate that system (1) undergoes 1:2, 1:3, and 1:4 strong resonances by the
bifurcation theory. The numerical results show that system (1) will produce Arnold tongue
structures in the two-parameter space, which marks the generation of periodic structure.
This is a phenomenon not found in codimension-1 bifurcation, and when the parameters
of the fear effect and Allee effect take different values, system (1) will produce different
bifurcation phenomena. The conclusion obtained in this paper will be useful in the study
of applications with predator—prey systems undergoing the codimension-2 bifurcations
unfolded by system (1). It is still a challenging problem to explore a multiple parameters
bifurcation in the system. We expect to get more analysis results on this issue in the
future.
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