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Abstract

Recent field experiments on vertebrates have shown that merely the presence of predators can
cause significant changes in the population size of prey. The fear of predators in prey can affect their
own reproduction. Based on the experimental results, we proposed a predator-prey model consid-
ering the fear effect and the disease of predators. In this paper, we present a three-species food
chain model. Since there is an infectious disease within the predator species, the predators are
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divided into infected predators and susceptible predators, and the disease weakens the predation
ability of the predators. We studied all the properties of the equilibrium points and established the
conditions for local stability of the model. The global stability of the equilibrium points was studied
using the Lyapunov function, and the local bifurcation analysis was also conducted.

Keywords

Fear, Infectious Disease, Stability, Bifurcation

Copyright © 2025 by author(s) and Hans Publishers Inc.
This work is licensed under the Creative Commons Attribution International License (CC BY 4.0).

http://creativecommons.org/licenses/by/4.0/

1L T4

AEVECERERE N — R E AT, RS R . RRAS N R R R T T
KIETERAER. MO EMECEAT AR, 2RSS BN A T8, Rk ksz
BT EN . & 508 R AW R EE WA RN 2 —, A KR ST e [1]-
[4]. BtAh, H M 1927 4 Kermack 5 McKendrick 1 X#EH T 41 SIR € =B 2 J5, A& G2
R EN, H TR T miE R SO C 2 H 1R 2 T [5]-[9].

BRI T SR B AL Ui Y 1) SRR 2, (RS A B R SR eI, ORI 70 B T o 0
(AERE . BAE FAR T, AP FIERMAAZIEN, E5 A MAER S F 10 R, FIR
TG B2 8 — 8 4 B ke R I, (AR YRR 5 B & X R, SR TR B 2% B
(PIEEM o XA 3 S L SR AR B B I S bR, REEE A AU R SEBR AR ZS ), [FIBT FF R T — AT
o B, RELFREFFMEIIX T MFAT T ERFEES) )1 2= AT Wi 8l 125 45 A i A i 72
, REZEWNER T —ABE AR ERFIMEZ 5 nf DLW EE R £ & HER IS i 72,
XA B L 2 iE S YRR B 98D s (B Y R AR A B AP B, AV
AFAE T P AR () 2 AR 2 of FL b B RIS 7= A — 5 RS

AR ARTEIRAE Y 5 R T — N =M SR, BT E N A Lg%, Bl
BE D NRIREEMN G B, BRI 99 aH KR Eae /. S i Ry 2 I &8 1
TELETT P2 AR, A B3 I R ) K/ e 0% . (B B2 BT AT I AR [10] [11], FRAIWHFAE 7P s I BT
PR, fRA7 T RERLR RS E (1 %A% Lyapunov eR U T 0 72 P47 sl 4 SRR 1, AT T R 2 A b

2. HEBIEENT

ASCHESCIR[A] SR b, S A B B AL %, BLS (t) = S FoRIEMTE t I 2R AL
B, 1(t) = | FOR R B 1E I SR B, P (1) = P 2R BRIl (3 76 I 2R BERLRE, o7
AR

ds r

I:S m—bs—a(l—m)l —aP—dl :Sfl(S,I,P)

dl

az=qpaa—mﬁ+ﬁp—%]=ﬁA&LP) @
%E:Pth—ﬁhdJ:PgﬁJ,m

DOI: 10.12677/aam.2025.143133 484 A H ek


https://doi.org/10.12677/aam.2025.143133
http://creativecommons.org/licenses/by/4.0/

x
&
nﬂf
?HEHK

rONEII A SR, KOV R R, b NI A SR R, pONH R E IR
SEH R, a NIEAREL m ORI R E M AR IKHE R o NEAREL d OEYR B R
T, d, ARRIREE RIET R, RPN AR, d, NS B R E BRI R, HiTaS
HHS AL/

BEAh, RG)A MK REL £ =1,2,3 ZHELLK), FEAELLE 23 8] A 3 5 1 i 5 4

R?={(S,1,P)eR*:5(0)>0,1(0)>0,P(0)>0f

Bk, REEQ) R AL HME—

2.1. fREVIEM
WA SRRSOk 18, RAIAE R® A LR EAISME: $(0)>0,1(0)>0,P(0)>0.

S(t)= 5 (0)ehltlsMmPmIEN | g
| (t) = 1 (0)ghl2lsPm=Ien g
P(t)= P(0)eblalstMmemER o
FAIE R R GE AR 2 1R
22. BB
EELL RG) MWL ZE(S(0),1(0),P(0)) HIIEMA F-
ERR: B2 (S(1),1(t), P(t)) AAT &R I8 K AF R TEAR, Hrh S (0)>0,1(0)>0,P(0)>0.

WS <5 (r-bs).
FTUAh ECk s ST Tim sup'S (1) s% :
AW (t)=S(t)+1(t)+P(t), N

dw dS di dP

dt dt dt dt

r
=§|—————-bS-a(l-m)l-aP—d
1+k(P+ol) at-m)i-ap-d,

+1[aa(l-m)S + pP—d, |+ P[aaS - Bl —d,]
<rS—d,S-d,l —d,P-bSs’
<rs—MwW
(3 M =min{d,,d,,d,})

2

i LLBE R AT lim supW (1) sﬁ o

PTUAEX 45 B :{(s, I,P)eR}W sl\r/l—zb+g,v5 > o} A .

DOI: 10.12677/aam.2025.143133 485 I3RS


https://doi.org/10.12677/aam.2025.143133

HKEE, A

3. FERMEEMRBEES
31 PERNFEN
L AR T R
r
S{m—bS—a(l—m)l—aP—d1 =0

AR G(L.1) A BL R AR GOT 6 A
I[aa(l-m)S+pP-d,|=0

P[aaS-p1-d;]=0
1) E,(0,0,0) B2AFAE

r-d
2) E L
(e

3) Joi T E, (S,0,P).

’Q@%%@ﬁﬁ%%%%$$%>%t$%

‘ S(L—bS—ap—dljzo
iR REd L \1+kP .

P(aaS—-d;)=0
o7 N7 o d Y o Vi
HEE AN TR AR S =—;, R AN AT P
[24
kapz+(kd1+kbd3+ajp+dl+%_r:0 (154
aa aa
P %Rl )M IEM,
2
A=|kd, + kbd, +aj —4ka(d1 +%—r] >0
. aa aa bd
%l(l ﬁ)ﬁﬁ/@ bd &y dl +—_-r<0 (13.)
d+—2-r aa
RPR,=—%2 <0
ka

W, TR AR, AW T
%¢+%§4=0N,ﬁﬁ%EW;%¢+%§4>0N,ﬁﬁﬁ%&ﬁﬁﬁ%ﬁﬁw,ﬁﬁﬁﬁ~
.

4) T E, (1,0 -

EA. 420 g v com, WA AR, AT E e
aa(l-m)
bd, o
aa(l—m)+d1 r=0 (2a)
N,ﬁﬁ%Eﬁ;%aitmfm—wow,ﬁﬁﬁﬁﬁEﬁﬁﬁﬁ,K%E%*ﬁo

5) I E (ST 17,P7).

DOI: 10.12677/aam.2025.143133 486 I3RS


https://doi.org/10.12677/aam.2025.143133

%%, m
,
m—bS—a(l—m)l—aP—dl =0
I[aa(l-m)S+pP-d,|=0 )
P(aaS-p1-d,)=0
m@ﬁmﬁﬁﬁﬁﬁﬁmuﬁﬁzFJm;%,pzﬁiﬂiﬂi,ﬂﬁ&%#
&g G
aa < aa(l-m) (32)
K HARNE — AR a4 AS?+AS+A =0 4)
Jrb A = gbmaa>0, A, =-pb(B+kd,—kd,)-pmaa[a(l-m)d,-ad,+Ad, |,
A, =[a(1-m)d, -ad, + Bd, (8 +kd, —kd, ) - A°r
A=A —4AA >0 T EI FRAFAE AR
Hs,S, =% [ %l: 24 A, <O, B [a(1-m)d, —ad, + Bd, | (B+kd, —kd,)- B°r <0 (3b)

TIRRAFAEME—IEMR: 2 A, =0, TIEIEMR: 25 A > 00, J7RA I IER SN S, ANis 2 il — 1k
LR L Pk, A2 R 2 251 (3a) (Bb) AT HL T, A7 ME— [ IET- 7 5

3.2. BEEEESHT
WE(S,1,P) ZRGDKAE—MAETCPHT AL, W R SE(1)H Jacobi HiFE -

f1+8@ sa_fl a_fl
0S al oP
)| 1 Lo d L
oS ol oP
% % f3+P%
as ol oP
/\EP:
ﬁ:—b,a_fl:—_kr Z_a(l_m)’ﬂ: —kr ——a,
o5 o [1+k(P+1)] P [1k(P+1)]
%:“a(l_m)'%:Ov%=ﬂ.a—f3=aa,%:—ﬂ,6_f3:o
oS ol oP oS ol oP

r-d, O 0
1) X T P4 £ Ey (0,0,0) , ‘&) Jacobi #EFEE N I(E))=| 0 -d, 0 |.
0 0 -d,
TR RN [ A—(r—d,)](A+d,)(A+dy) =0, FR & IRILKEGE )7 BN RLIRFAER D Ay =1~ ,
App ==, Aoy =—dy, BFEILE 22— M ARERIL S

aﬁ?%%ﬁapgm&ﬂ,ﬁmhmmﬁﬁﬁﬁ

DOI: 10.12677/aam.2025.143133 487 I3RS


https://doi.org/10.12677/aam.2025.143133

o
-
o
£

(r—d,)[kr+a(1-m)] (r—dy)(kr+a)

d-r - . .
1- -d
ig)=| o Al n;)(r g, 0
0 0 aa(rb—dl)_ds

TZB’*J%?E?‘?%%%(AH—%){&—“ -

aa(l-m)(r-d,)
b

e El(r bdl 0, OJEH*LMJT AR,

211=d1_r ’ /112:

aa(r—d,) .9

a(l—m)(r—dl)mzﬂi_wms}:o, B 1045 4 8

_d,. Xiszw—dg, K, 24 FLAL 4 R P, T

b 1-m (42)
oza(r—dl)<d3 (4b)
b
3) SEEE2 ML LT & (H(5a) Gb)H, E (d OPJEE*M)TJE%EE’J
1( r__als—dlj<%<r—dl (53)
2\1+kP aa
(1-m)d, +pP-d, <0 (5b)
SER AT E, [ds 0, pj 3t Jocabi KEHEH
_2bd3+1 rkﬁ—aﬁ—dl d_3{ —kr_z_a(l_m)] d_{ —kr_z_a}
I(E,)= ca 1+ aa| (1+kP) aa| (1+kP)
0 (1-m)d, + P 0
aaP -pP 0
HREETRER: [A-(1-m)d, - pP+d, ](4° -T,A+D;) =0
L= r__20, 5 ,,D, =Pd, kK Lalso
1+kP  aa (l+kl5)2
HAFAEARN: 4, =(1-m)d, + SP—d, /122=—+—,/T2 4D, Ay, = ___JTZ 4D,
ArHTY A A, <0,T, <O, P& E, Eﬁﬂzﬁﬁﬁiﬁ%mﬁﬁ
4) BHE 3 M2 LT &A1 (6a) (6b)HT, E{d—Z,I:,OJ%)%%Bﬁ)Ti&%%%H‘JO
aa(l-m)
1 r = bd
= _ 2 — 6
L+kl a(l- m)l}<aa(1—m)<r d, (6a)
DOI: 10.12677/aam.2025.143133 488 I3RS


https://doi.org/10.12677/aam.2025.143133

5KZE, E
d =
l—2m — BT -d, <0 (6b)
B T4 4 E, 9 Tol|. 2 Jocabi 4k
a (1—m)
;21bi12m+ r=—a(1—m)I=—d1 —krd, =2_d_2 —krd, — fim
aa(l-m) 14k aal-m)(1+k) ¢ ca(l-m)(1+K | a(1-m)
(&)= o¢a(1—m)l= 0
0 0
SR {z_[ldz

—~2hd,
.

AT
d,
—/ﬂ:-dsﬂ(ﬁ ~T,A+D,)=0
-m

;
= + — —
aa(l-m) 1+kl

HAEFIEAR N 4, =

a(1- m)I:—dl, D, =ca(l- m)I:
dZ

krd,
B T
1-m

%

=\2

ca(l-m)(Lkl)

IR EAY A, <0,T, <O, “Pfif sl E, 2 Rl fa e

22 +%W/T22 —-4D,, Ay, :%—%Jﬁ -4D, .
i E7(S",17,P7) #y Jocabi 465y

ﬁT—d3,332
5) SEH 4 E (ST, P) e, 44, >0, HA, >0, IEPHEE RuM#iLRE.

>0

—-2bS™ +
J (E*):

r

1+k(P*+|*)

—a(l-m)I"—aP—d, s{ ke
aa(l-m)l”

* «\2
(1+ kP" + kI )
aaP”
HARE TR A

a(lm)} S*[ —kr
aa(l-m)S" + gP" —d,

—2_a
(1+kP*+k|*) ]
p
-pP” aaS” - pl —d,
2B (A+A+A)AI+ A&A&+A2A3+A1A3aa(1m)|*s*{
+aaP*s*[ —kr

—kr
— Za] /1+S{
(1+kP +k ) (

- _a(1-
(L+kP" kI ) m)J
%a(lm)}(aas*ﬁl*%)

1+kP" +kI7)
x[aa(lm)8*+,8P*d2J+a(1m)aﬁS*l*P*[
—[—2b8*+

—kr
r

(1+kP" +kI")’ a]
Lek(P 17

)—a(l—m)l* —aP’ —dll[aa(l—m)s* +BP —d, |[@as” - B1" -4, |
DOI: 10.12677/aam.2025.143133

489



https://doi.org/10.12677/aam.2025.143133

HKEE, A

=0

Hep A =-2bS"+

—kr

(1+kP" kI

—kr

(1+kP" +k1")’

r

—a

—a

1+k(P*+|*)

S* —2
(1+ kP* + kl*)

a(lm)}ﬂl*

[@a(1-m)S™+ P —d, |aaP”

A, =ca(l-m)S"+ BP" —d,:
A =cqaS" - pl—d,.
EM, =—(A+A+A)

M, —A1A1+A2A3+A1A3aa(1m)l*8*[

N —kr
M, =8 |— <
? Ll+kP*+kl*)2

+a(1m)a,BS*I*P*{

—kr
(1+ kP* +kl™

—a(l-m)l"-aP-d,;

—kr -
—— -a(l-m) (+aaP’s
foe]

(1+kP" k1)

~a(l- m)](aas* -BI"—d;)[ @a(l-m)S"+ pP" -d, |

.

x| aa(1-m)s"+ gP" —d, |[aas” - 1" -4, |

-S

+S

. —kr

N —kr

(1+kP" +kI")’

(1+kP" +k|*)2

—a

—a

d

(1+kP kI

—kr

[aa(l— m)S™+ BP" - dzjaaP*

KHEA =M,A, =MM,-M,.
B Hurwitz F35%1: 24 A, >0,A, >0 I, FREJF R — VIR S5, W E™ R fa e .

a(lm)}ﬁl*

—kr
* *\2
1+kP™ +KI )

-a(l-m)I"-aP’ —d1]

33. £RREMSF
SEHE 5 ﬁEl(r_bdl,0,0j R AR E R, AL LU AR, e R RWTL AR E N .
a(r-d,) . d, 7a)
b 1-m
a(r;dl) <d, (7b)
HEA i —> Lyapunov ER%L gl(S,I,P):(S—§—§In%J+ l+P, HfiS=
490 oL S 3k F

DOI: 10.12677/aam.2025.143133


https://doi.org/10.12677/aam.2025.143133

x
&
nﬂf
?HEHK

RS, LR A

%S_b(s_g)z+[_d2+a(1—m)S~Jl +(aS-d,)P

il 2 kAT (7a) (T, % FEFERT, H1 Lyapunov bR EURG SE PR R BT k2 42 R AR
SE 15

EH 6 W Ez(d 0, 5}%)%%%?%&%%\%643, AR LN AR, R AR E R .

=
aa

d2+a(d1T_r)—ﬂl5>0 (8a)

bS® —(d, +aP-r)(S—=5) <M, + M, +M, (8b)
2

st = [B(s-8)- % (PP | M = (PP =1 (e, -a - 4P

HEBA #4i&— Lyapunov Eiﬂzgz(s,l,P)=(S—S——S—ln%]+l+(P—5—I5In%], Hrp §:d—;o
MRS, AL AT

%S_b<s_3—)2+a(5—§)(|’—5)—l(d2—a§—/3|5)+2b52+(r—d1—ap)(3_§)

=-M, -M, - M, +bS* —(d, +aP-r)(S -§)

4l /2 5 1(8a) (8b)H, dd%%ﬁiﬁ’ﬂ, H1 Lyapunov R 80Rs 5E 140 75 7 BRI 2 42 R A
SE 15

RET ¥ Es[aa (‘12_ m),T,oJx%)%%Biiﬁi&%%%BG, i LT A, SR A RITERE .

- ~d
gl +d3—a(rb I

(9a)
az 1-m 2 = 2
%+[r—dl—a(l—m)lj(8—s)+bs <N, +N, (9b)
B = a(l-m), - ? B = =
Horfs Nl—{«/B(S—S)— T (1- )} ,NZ_P(ﬂI +d3—aS)o
UEBH #4i&—4> Lyapunov Eli&z%(s,I,P):(S—§—S=In%]+(|—I=—I=InéJ+P, Hep S = d,
S I aa(l-m)

XPHR S, AR

ol £ st mfe- 7)ol
H(r-)(s-5) 65" -a@-m(s-5)

a’ (1—m)2

= NN

+[r-d,-a(t-m)1](s-§)+bs?

DOI: 10.12677/aam.2025.143133 491 I3RS


https://doi.org/10.12677/aam.2025.143133

-

Tt

=

%ﬁ&%#@@wmw,ﬂ%%
.
FRAFE SR [7 DA 6 2 B T 1 DL R

FUER, H Lyapunov B3R 1 5 5 B0 T 4 1 A2 4 R R i A
SEFE 8 L E {7, ML REHERER .
EBA Hit—4> Lyapunov mi%g

&

94(S,I,P)=cl[S—S*—S* In§j+cz[l
WHERT, FAE AT

i
=" Ih—

I j+c3(P—P*—P*In
* r
a a5 )L+k(

P
-]

P+1)

+¢, (1-17)[ ea(

+(c,a—c, —ca) s-s*)(l —|*)+(c2ﬂ—c3ﬂ)(| -1 )(P—P*)
i c,a-c —ca=0,c,a—c —ca=0,c,-c,8=0.
m%%:

4. FESH

—cb(s —S*)2 <0, 1 Lyapunov & ke e 1 34 5 i B A% 07 A 4 R il e 11
U

dXx
22 &
daT
ARG B 7 i SR R PLTH SO

AT T RS HUE X RGBS RN . )01 RGP AR T m 2l B R G R A 0 8 R 2
F(X,),X =(S,1,P)" ,F =(Sf,,If,, Pf,)

FAF, AHARTEI AT BRI, EFAF i SO AR s B R 7> S8 B RRQ)NE &

Hepd=(v,%,V) . ¢ MEEHESH H

D?F (X, &)(®,®)=[d,]

3x1 (10)
rk rk
0y = —2bvZ -2 +a(l-m) vy, -2 —————+a |V
. b (kP Y ( )} e {(1+kP+kl)2 ] o
rk’s
+4(1+kP+kI)3 (v2v3+v§+v§)

Uy = 20a(1=m)VV, +23V,V,

Oy = 20aV,Vy —24V,V,
FEH 9 WA @) EHL, M54 d, %0t d,)
RS e 5 22

DOI: 10.12677/aam.2025.143133

_ aa(l-m)(r-d,)
b

i, RGQ)TE El(r‘dl
492

,a@m



https://doi.org/10.12677/aam.2025.143133

W Md, =d, I, RSu(L)TE E, 4L/ Jocabi 4EFF K

. —(r—d,)[kr+a(l-m)] —(r—d,)(kr+a)

! b b
J,=J(E.d;)=| O 0 0
0 0 oea(r—dl)_d3
b

%N%%ﬁ&%%ﬁﬁﬁ%%%%ﬁﬁ@;Q—m@=fﬂfﬁL%ﬁﬁ§%,ﬁ%i%%ﬁﬁ

‘@ﬁo,%uafgm

,Q@%~¢¢mﬁﬁo

B, = (Vg Vip Vi) N K AE M A4, =0 FF X M BF AR ) R, MR R 0,0, =0 AT LL 79

(r—d)[k+a(1-m)] ! . o
®, = n Vip Vo, 0| 5 Horfrvy, RARFTAE T S

By = (0, 0, Pia) 5 TR A S HORSAE B, A4 3Ty, = 0 AT Uty = (0,0,,0)" , ot g,
RATATAEZ 928

JERS, BN Fy (X,d,)=(0,-1,0)" . M Fy, (E,.d;)=(0,0,0)", w/Fy (E,d;)=0, FBARGO) A
R

B4k, )| DR, (03 )@, |=—ppv, #0 .

@it R (10) AT LA
2¢a(1-m)(r—d,)[k+a(1-m)]

2
oV, =0
b 12V12

vl [ D’F(E.d;)(@,@,)]=

fi4 Sotomayor FEFE, T LLERI d, = d,” I R EG(1)7E El(r—bd1

,QQWﬁEE%mﬁﬁ@o
EH 10 YHEKIE A, >0,4, >0, WRSH m Zid m=m Hili 2 F&HN, REOQE
E(S, 17, P") Wil R A e 43 4
h,, —h

hy, — hz: Upy + 3303, # 0 (11)
MR L m=m"i5, RS E 4K Jocabi 5EFEN
J,=J(E"m)
_st* ++_a(l_m*) |*—aP—d1 S* e 2 _a(l—m*) S* __kr 2 —a
_ Lrk(PT+17) (1+kP™+kI7) (1+kP"+KI")
aa(l-m)I” 0 BI°
aaP’ -pP° aas” - pl -d,
=h

IR 3, e R FRORSAE 7 FR AT REE A S S8, T8 = ML 45,4 0, BTBAET(S7,17,P7)
AR A

DOI: 10.12677/aam.2025.143133 493 I3RS


https://doi.org/10.12677/aam.2025.143133

K, mial

BED, = (Voy, Vi, Vg ) HHIEAE A5, = O FEAE L AOREAE [ e, 14 J,, = 0 AT LAFSHH

T
@=(ﬂww%m‘%%%w@j,ﬁ¢%%ﬁﬁ#$§ﬁo
h31 h3lhlZ

B, = (0, 0 00) 95 TR AR S HORHAE L L, AR 0Ty, =0 AT LS

%=@%3h¢@%J,EMw@%Eﬁ#E§ﬁQ
th h23

IERF, [ F, (X, m)=(aSl,—aaSl,0)", M F, (E',m)=(as"l",~as"1",0) ,

P .k —h
y/ZTFm(E ,m )=—aaS I 4023—h33 L0,
h21_h23

B0 A1) AT LA H

- hy; —hy,
‘//ZT[DZF(E ;M )((Dz’q)z)] (033( q21+¢33q31J¢0
h21_h23

fit4 Sotomayor 5B, ATLAER 2 m=m" I REE(LLAE E(S7,1°,P") M R AR 4
5. BERM

FEATTH, A VEHIBUA BRI IE RIS S5 R, I 1R BCR k KIS EUEXT RGi3) 12 52 m . PR,
i H MATLAB A R2013a X AN [FATAAE I RS0 (L) AT HUE SR il . RItL, 8 T84, A 1B
MBS A R AT RO 2R
r=05; b=02; a=025; m=0.9; c=0.25;
d,=0.1; d,=0.7; d;=0.6; n=04.

AT v A A kB AR 2 AR A R 1R .

25| T T T T T 30
K=0.4 K=0.6

,§ g 25
o )

& Y

%‘ %‘ 20 ‘
) 2

o a

8 3

g g

a (¢}

100 150 200
Time Time

Figure 1. The time series graph of the population when k is 0.4 and 0.6
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