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A Stochastic Predator-Prey Model with Holling IV Type Functional

Response and Nonlinear Harvest

YE Cong, WEI Chunjin, ZHANG Shuwen
(School of Science, Jimei University, Xiamen 361021, China)

Abstract: In this paper, the dynamics of a stochastic predator-prey model with Holling IV type functional
response and nonlinear harvest were investigated. For the autonomous systems, it was firstly proved that there
was a unique positive global solution starting from the positive initial value. Then, by comparison theorem for
stochastic differential equation, sufficient conditions for extinction and persistence in mean were obtained. In
addition, it was proved that there was unique stationary distribution which were ergodic. For non-autonomous
periodic systems, some sufficient conditions for the existence of non-trivial positive periodic solutions were giv-
en. Finally, some numerical simulations were introduced to verify the main results.
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BT R, ok [6] $iih T HI
{xm = x(t)[a, - bx(t) = fiy(1)/ (e, +nx(t) + (1)) ]dt,

(1)
y(t) = x(t)[ay, = foy(1)/ (e, +x(2)) Jde,
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Horr, w(e) | y(2) SRS B EHLE  BZIMFHEEE; o, >0, a, >0 S 5T EEAREH
AN B A b >0 RN B MR BEEZR Y RE; fy(1)/ (¢, + nx(1) +«°(1)) 4 Holling 1V Ty
RLERE; foy(0)/ (e, + (1)) RREA Leslies B E B B TR, #ENTIFG IR
PXHEE-BH ARG 12 msgm, I T REM TR, FElE-SHRSE M3 %0, IR
BT AER OCHEAAENT . SCER [7] 48 TREBUGR . IR | ARG EBOR 3 R ALK SRR,
AR AR ISR LU BOBCIR TR L ISR T B B S , SR, 7RISt b, BEAL T4 2 b A AR Y
FIEEIERSE P & 2 2R FRREAL TR0 -1 Rk, S MR L, REDLBIR S B B
ZOCHR [11] MR A, ASCIERAY (1) (RN [ 3RA5 BEALAR Y
de(t) = x(t)[a, = bx(t) = fiy(t)/ (e, + nx(t) +x°(t)) —p,/(1 + mx(t)) ]de -

ox(t)/(1 +mx(t))dB, (1), (2)

dy(1) = y(t)[ay = foy(1)/(e; +2(8)) = p,/ (1 +myy(2)) Jdt = o,y (1) /(1 + myy (1) )dB, (1) o
Hi: p/(U+mx(t)) . py/ (1 +myy(t)) BORAERMEBGRAR p,(i = 1,2) BAHRE; m (i =1,
2) EIEFWEG ol (i = 1,2) FoRAMFSRE; B, (1) . B, (1) AAHEISL PR ER iE ),

Ty, JRAE LRI AE S R G R AR AER, PR P i MR Z A A R ZR AR
ELL KOS R AR AR, R RS FET R A SO R I R AR Rk, RS
IR Z X AR () ) 15 RGAT IS AR N B, BT, MRS (2) BEAERIGRSE N

de(2) = x()[a, (1) = b()x(t) = fi () y(e)/ (e, (1) +n(t)x(1) +x° (1)) -
p () (1 +m (Hx(t))]dt — o, ()x(t)/(1 +m,(t)x(t))dB, (1),
dy(1) = y(1)[a, (1) =f,()y(1)/ (e, (2) +2(1)) = py(1)/(1 +my(2)y(2)) Jde -
oy (1)y (1) /(1 +my(1)y(1)) 1dB, (1) o
Hrba, () b(0) L fi(0) e () n() py(6) o m (1) o (1) ay(2) L fo(1) \ ey (2) L py(2) . my(t)
o, (1) BONIER) AR, EERIE w R

(3)

1 F&liR
B (QF N F ] g, P) R NHHUET | F, | O ELW B W AR (B F, | oy S AT 2% A
HF, S B IS W5 Rz, A R, AELITIES: 1) R, = 2,5, %, R

v, >0, =12, n},|X(1)]= sz 3 2) WER ) AT, X (1)), = J:f(t)dt/T; 3)

MR f() RAEFM, ELF = sup, o f(1) , [ =inf, o f(1) 3 4) WF—FE[0,00) BIEEL2(2) , &
X Az(t)) "= lit}laiupJ’;z(s)ds/t, (z(t)) , = lillllinfj;z(s)ds/to
BEALGAR 73 TR
dx(t) = f(x(t),e)de + g(x(t),t)dB(t) (4)
AIICYE (1) = (x,(1) 0y (2) 0%, (1)) (2 = 0) , Htpfe I'(R" xR, ,R"), g e I’(R" xR,
R”™), B(t) J& n AT AIZ D),

B (FEfEME—MEEB) BB (x (o) ,0) Al g(x(e) 1) KTF (o) R THIEME: 1)
Lipschitz 214, fifEc, > 0(k = 1,2,---) , {13 Vx,y € R" Hix|V ly|< k, HAERX |flx,) =
Sy, ) [V lg(x,t) —gly,0)|< ¢ ]x -y WALy 2) MK A, A e >0, flifS flx,0) |V
lg(x,) S|l + |x]], V(x,0) e R”" xR, , WHIRFZFMH N x(0) =5, € R"IRGE (4) FA1EME—
BELE R x (1) (1 € [0,7,)), 7, SRR,

2 (o A0 Wa(e) (1 =0) & o i3, HEEHLE N de (1) = f(e)de + g(t)dB(t) ,
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Heo, fel'(R,,R") , ge I’(R,,R"™) , & V(x(1),t) € C*'(R"xR_;R) , W V(x(r),1t) 5%
JE o o R, BABILE dV(x(e),0) = V(x(t),0)dt + V,(x(2),0)dx(t) + dx'(2)V, (x(2),t)
dx(t)/2,

EX 1M Fx(e) BRS (3) BEEM, W, 1) %liizr;infj;x(S)ds/t >0, WFFHEEx() A
PR R 2) A lim x(1) =0, WIFRFNEE (1) R K481

glzE (e IXX(I) & E,(LHERILEASZE M) FE—A Markov HiREHRE, 1T E7m AL
ﬁﬁdﬂw—mmm+zgumw0),A#%ﬁ@ﬁAM)ﬂMX)tMX%—ZgMMWD

f&uﬁfﬁ.ﬁrﬂﬁféﬁuﬁ UCE,, BEAWTFIER. 1) 18 U e Ry—e4pig, ?ﬁ%&%ﬁﬁﬁ?A(X) iy
B/NFIEERAEEN; 2) M X ek, \ UEIT, X R B EE BAE S U e - R AR, H
MENMEFHEKCE, ﬁiuQEXT < ®

SIE 21 WURASBEERR 1| AR 2 AR, W) Markov s 72 X (¢) F7AE RN w(+) o 2 ()
RS TR TR R, T P | mquu»mnujﬂmum@}=1,xego

J T WA 1 AT, /\WIIEED%LX“UEPE—?&%IBG HALV =b(X)V, +tr A(X) V2, Bl
WX T X e U, ¢ e R, fAEIE8 M, W2 Za..(X)g.g. = M|,

TR 2 o7, REUEHAEIE Y 02 Zﬁ&ﬁrﬁﬁﬂz U, EXFIEENX e E\NU,
LV(X) 2&7hY,

IET VL
ﬂw=X%)ﬂ}UJOD$+ifaﬁlbﬂwﬁ%Xeﬁo (5)
B (5) MREDL(s,X(s)) . 0'(s X(s))(r =1,2,- k) W25
\Msm—buYM+Z\auX>—auYM<Bw Y|, (6)
‘b(s,X)‘+r=2I‘o-r(s,X)‘SB(l+‘X‘)O (7)

Hp, B2 — A

SIE 3N R (5) MRBOCT ¢ 2w AWK, BEGMIE IxU T, &M (6) M&MH
(7) WL, HABEAFAE—A C-rREL V() KTt & w FIWIE), HFIEMERABEI T 1)
‘m‘f V(t,x) >, R—o; 2) LV(t,x) <-1, WHRE (5) FHE—"w B, BNZEZE— w0 H
IR Markov 1 2 .

2 FEHFRKHIEHA
EE3 MMEBAEMVE (x(0),y(0)) e R, RE (2) it e [0,0) FAEM—IEM (x(1),
y(t)) , JEHLMER 1 fF7ET R
IERR ESEH T
du(t) = [a, - be" —f,e'/(¢c, +ne" +e™) —p,/(1 + me") -
o1 /(2(1 + me")?) Jdt — o, /(1 + me")dB, (1),
dv(t) = [a, —fre/(c, +e) —p,/ (1 + mye’) —03/(2(1 + mye’)?) Jdt —
o,/ (1 + mye")dB, (1),

(8)
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BAR, RG (8) WhEJmER Lipschitz 2514, W RGAFAEME— B RTE (u(t),0(1)) e R, ¢ € [0,
), Hrr, R, (x(2),y(2)) = (" ,e") BRA (2) WREHIHRRIT (2(0),y(0)) e RE Y
ME—JRydlfi . o TUERIXAME R 2R, HFFIEN] 7, = 40

A ko >0 REER, 1T (x(0) ,5(0)) € [1/ko ko] x [1/ky by ] , XFAERMERE =k, , & X—
MERFI] 7, = infle e [0,7,):x(0) € (1/k,k) By(1) € (1/k,k) |

EX inf @ = 40 (@RE-DEE), BIK, Hhowlf, r ZHRMEELY, Hr <7, A7, =
klirflm”’ Hrpr <7, Wik, RFIEH 7, >0,

B 7, oo, MFERELT, =0 | € € (0,1) M—NEREk =k, , i Pir, <T\| =&, VEk=
ky o

EX—A C-FBB V(x,y):RE—>R, HV(x,y) = (x=1-Inx) +(y-1-Iny) , Ho, Vv, (x,y) =
(x =1 -Inx), Vo(w,y) =(y-1-Iny),

M It A1, dV(x,y) = LV(x,y)dt + (x = 1) o2/ (1 +myx)dB, + (y =1)o,y/(1 +m,y)dB,,
Hopr LV, (x,y) = xla, —bx —fiy/ (¢, +nx +x>) —p,/(1 +mx)] = [a, —bx —f,y/(c, +nx +2°) -
p/ (1 +mx) —or /(1L +mx)?) ], LV,(x,y) =y[a, —fiy/(c, +x) —p,/ (1 +myy) ] = [a, = f,7/
(¢, +x) = p,/ (1 +myy) —0oa/(2(1 +myy)>) ] o B, LV(x,y) = LV,(x,y) +LV,(x,y) <-bx" +
(a, +b)x + (a, +fo/c, +fi/c)y +p, +01/2 —a, +p, +03/2 —a, <N, + (a, +fo/c, +f,/¢,)y , H
BN, = {p, +0/2 —a, +p, +03/2 —a, +xer(r(1)(:1+xw>{(al +b)w —bx’} ]

BIEIAERLy <2(y -1 -Iny) +Ind4 <2V(x,y) +Ind, AHLV(x,y) <N, + (a, +f,/c, +
Si/e)Ind +2(a, +fo/c, + fi/c)V(x,y) < N,(1 + V(x,y)) , HH, N, = max{N, + (a, +f,/c, +
fi/e)Ind 2(a, + f,/c, +fi/¢)}, FTLA

dV(x,y) < N,(1 + V(x,y))dt + (x = 1)o,x/(1 + mx)dB, + (y = 1)o,x/(1 + myx)dB,, (9)

X (9) MO 7, AT, TR 1S

T ATy
V(x<Tk /\ T1)7y(7k /\ T])) g V<x(0>,9’(0)) +j o Nz(l + V<x9y)dt) +

7\

7. N Ty T
JILO (x = 1)o,x/(1 + mx)dB, +f ) (y =)o/ (1 + myx)dB,,

PRI, 5 EV[x(r, A T,) y(r, A T,)] < V[x(0),y(0)] +N2EJ”:T]<1 F V() y(1))de <
V[2(0),y(0) ] +N2EJTMT1V(x(t) 2(1)) +N,Tdi < V[x(0),y(0) ] +N2EJTIV[x(7k AT)di+N,T]di <

VIx(0),5(0)] + Ny[ EV[a(r, A T)de + N,T]dr .

it Gronwall A%, B EV[a(7, A T),y(7, N T))] < (V[x(0),y(0)] + N,T)e™" |
JEERUER S SCER [19] 2500, FERLAARS
EIE4 FTra(r)., y(r) BRGEQQ) WREMIHESRM2(0) >0, y(0) >0 WALEM, HRE (2) i
Ba, >0/2, a, >p, +03/2, f,(a, =p, —01/2) —a, —p, —03/2 >0, (n-f)> =4(¢, —fic,) <
0, MRS (2) B FHREAFR,
iERR HEHETE
{d<p(t) = @(1) (a; = be(1))dt —o@(1)/(1 + me(1))dB, (1),
d(t) = (1) (ay = (1) /(ey + () )dt — o,y (8) /(1 + myip(2) )dB, (1) o
53cHk [11] 513 4.2 WUEBZERL, "I tliril(ln e(t)/t) =0, lir?ﬂsoup(ln Y(t)/t) <0,
ROk, BIEEEFRE~ (1) o N e AR5
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1/x(1) = expl —ayt +j;f;y/(el inx422) +p /(1 +mx) +02/(2(1 +myx)?)ds +f;a,/(1 +mx)dB, 1/
2(0)+ bexp| — a1 +f;fly/(cl wnx +2) +p/ (1 +mz) +02/ (1 +mx)?)ds+ f;al/(l +mx)dB, Ix
J;exp[—als +f;f1y/(c, +x +x°) +p,/ (1 +mx) +07/2(1 + mx)*)dr +J;a'1/(l +mx)dB, ]ds,

Her T = exp[ -ayt +f:f1y/(cl +nx +x7) +p/ (1 +mx) +07/(2(1 +myx)*)ds +J;Ul/(1 +mx)dB, 1/x(0) <

exp[ = (a, —=f,/¢c, =p, —0/2)t +20, max | B,(s)11/x(0), I, = bexp[ —a,t +J';fly/(c] +nx +2°) +p/(1 +

mx) + 02/ (2(1 + mx)*)ds + f;al/u +m)dB, ] x j;exp[- a5 - f;fly/(cl wnx +2) +p /(1 4+ ma) +

/(21 + myx)?)dr — f;al/u + m)dB, Jds < j;bexp[ Ca(t —s) 4 (f/e, +p, + /)t —5) + 20,
max | B, (s) | Jds < bexp (20 max | B,(s) 1)/ (a, —fi/¢; =p, -00/2) . W, 1/x(t) <K (t)exp (20, max
| B,(s) 1), Hr, K (1) =exp[ - (a, —fi/¢c, =p, —01/2)t]/x(0) +2be,/ (2ac, —2fic, — ore, =2f,) o W)
—lgx(t) <lg K, (1) +20, max | B,(s) |, Filhlgx(t)/t <-1g K, (1)/t - 20, max | B, (s) | /t,

M1 lgK (1)/t—0H, 1irg:up lg x(1)/t =0,

gL, MBI TR I BOE BT «(1) < @(0), y(1) < ¢(1), limInx(2)/t =0,
tliril Iny(t)/t =0, t

SRR (2) W e A, Wdlny = [a, —f,3/(c, +x) —p,/ (1 +myy) —02/(2(1 +myy)?) 1de -
o,/ (1 + myy)dB, o XTHFGHM 0 B ¢ HFFFY, W5 In y(1) - In y(0) = (a, - p, - 02/2)1 —

AL ¥ /e v a()yds =, L M, () = [ 0/ (1w may) dBLGs) SR M, (1) S
B, ERTUORRR (M (0, M,(0) = [ 03/(1 4+ may)ds < o BORBAKGERBURHB, A
lim[ M, (1)/1] = 0. X(Iny(1) ~1Iny(0))/t = (a, =p, = 03/2) - <1/t)<f2/c2)f;y<s>ds _ M)t
HJ;NS)dW = ¢,(Iny(1) —=Iny(0))/(fot) +es(ay —py = 03/2)/f, =M, (1) /(f51) o HISCHK [14]
KA, Jinl [ 1(5)/ (e +x())d5/1] = (ar = pa = 03/2) oo XA Timl [ (1(5)/e)dv/n] =

lim[f’y(s)/(c2 +x(s))ds/t] , Frlh lim inf[fly(s)ds/t] =c,(a, —p, —03/2)/f,0

FE X —~ Lyapunov PRE In x, it Ito A4, dlinx = [a, = bx = f,9/(¢, + nx +2°) - p,/(1 +
mx) —o/(2(1 +mx)*) Jdt =0, /(1 +mx)dB, o XA fiy/ (¢, +nx +x) =y/ (e, /f, +n/f, +2°/f) o
WEE e, /f, + n/f, + 6/, Hey + x BRI, e /fi +n/f, +8°/f; = (¢, +x) = (& + (n = f)x + ¢
fie s BRELA = (n—f)" —4(e, —fies) o

HTES fiy/(¢;, + v +x°) < y/(¢, +x), W(e, +nx +°)/f, = (¢, +x) =0, LA, A
(n=f) =4(¢c, —dyc,) <0, I, 7 (n-f)" -4(¢c, —fic,) <OFHT, dinx = (a, - bx — y/(c,
x) —p, —0/2)dt —o,/(1 +mx)dB, . X FERAEX B 0 ) ¢ 7 v] 15

Inx(1) = Inx(0) = (a, - p, — >/2)1 —f;bx(s)ds —f;y<s>/<cz +x(s))ds = My(1) ., (10)

—+

Hob M, (0 = [ o/(1 4 mx)dB(s) lim(M, (1)/1) = 0.
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N

WAL (10), M F VYe>0, FHET >0, 15X Ve >T, ﬁtliril[fy(s)/(cz+x(s))ds/t]
(a, —p, —6:/2)/f, +& . WL, XF Ve > T, (Inx(t) =Inx(0))/t = (a, -p, —0./2) = (a, —p, -

oi/2)/f, — € —j bx(s)ds - M,(t)/t, B limj x(s)ds/t = [a, =p, —01/2 = (ay, —p, —03/2)/f,1/b
0 = g
[fila, =p, = 01/2) —ay, —p, —=03/2]/(f,b) >0
Frll, MRS (2) Wilta, >0./2 ., ay >p, +03/2 . fo(a, —=p, —0:/2) —a, —p, —05/2 >0,
(n=f)? =4(c, —fiey) SOWF, REG (2) RVIFrEEAAM,

EFES5 BWalr) .y(t) Z2RE (2) WEMHBFMAFx(0) >0, y(0) >0 BWIEEM, i) #Ha, <
2./bp,/my —b/m, , a, >p, +0./2, WFEEx BRAEH), FPRE y R WA R; i) Ha, <

2./bp,/m; = b/m, , a, <2./f,p,/(e;my) = fo/(eymy) A ﬂ]ﬁjﬁy B4,
HERA i) & X Lyapunov PREX In x, M Ito 4301, Inx(t) —Inx(0) = jt[al - bx - f,y/(c,
0

+

nx +x°) = p,/(1 +mx) —o/(2(1 +myx)?) Jds —j o,/(1 +m,x)dB, $f la, =b(1l +c,x=1)/¢,
0 0
p/(1 + mx)]ds - J o,/(1 + mx)dB, = fl:al - b(1 + mx)/m, — p,/(1 + mx) + b/m,]ds -
0 0

JHO'I/(l +mx)dB, o X ERAEXPIMN 0 B ¢ AT, HRIBBRLL ¢, 18 limIn x(¢)/t < a, -
0 t—o

2./bp,/m, +b/m, <0, H limx(1) =0, H, MFEENY e >0, 712, M—MEE Q,,
Xe>t, Mowe,, #APR) =1 -eMx(t)/(c, +x(t)) <eWor, HEXdy = y[a, -foy/(c, +
x) =p,/ (1 +myy) 1dt = o,y/(1 +m,y)dB,(t) = y[a, —f,5/c, + fLyx/((c; +x)c,) —p,/ (1 +myy) Jdt -
o,/(1 +myy)dB,(t), Al yla, —-f,3/(c, +x) = p,/ (1 + myy) Jdt — o,/ (1 + myy)dB, (1) < dy <y[a, -
foy/c, +efyy/c, — p,/ (1 + myy) Jdt — a,y/(1 + m,y)dB,(t),

SHERER e >0, H

dy = yla, - f,5/(c, +x) —p,/(1 + myy) ]dt — o,9/(1 + m,y)dB,(t), (11)

RIER 4, FHAW limIn y(1)/1 = ¢,(a, = p, - a/2)/f, >0, Lk, Ma, <2/bp/m, -
b/m,. a, > p, +03/2 BF, FIRE x JE KL, FRE y B VIRFEA 1A,

i) ¥R (11) MW e A5, diny = [a, —foy/c, —p,/(1 +myy) —03/(2(1 + myx)?) Jdr -

o/ (1 +myy)dB, (1) o XlIny(t) —Iny(0) = f;[az —f2y/ey = po/ (1 +myy) =0/ (2(1 +myy)*) Jde -
[l (14 maab () < [ Las =01+ may =1/ Ceama) = p/ (4 man) Tt = [ 02/ (14 may)dBa (1) =

I;[az =L (L +myy)/(eymy) = py/ (1 +myy) + £,/ (e;my) Jdt _f;o'z/(l +m2y)de(t)on’,ﬂ\:Pﬁ;‘dlU\O
B¢ AT BB UL ¢ 15 lim In y(t)/t < a, = 2./f,p,/(c,my) + f,/(e,my) <0, FFLA, Ha, <

2./bp,/m, —b/m, . a, <2./f,p,/(cym,) —f,/ (eymy) BF, FRRE x FOFPHE y 27540

FE6 WES (2) Wika -0 -p, >0, a, -0 —p, >0, WX TAEERWLEE (x(0),
y(0)) e R, &G (2) FAAEME—M PR w( ) , 17 EHZ I,

R HER3 S, W TAEEWGRE (2(0),y(0)) e R, FFAE—DME—f# (x(1) ,y(1)) e R,
EX—A C-HE g R RN g(w,y) == Glloga +logy —y) + (& +y")/2, Hih, 6 = (2/§)
maX{Z,( supRz[ (a, +01/2)8" = b’ = (f, —a, —05/2)y,/2]} o BIR, g(x,y) AME—FRE (2" ,y"),

x,y) eR3
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Hi g (o,y) BIBATAVE, (27 ,y") 2 g(x,y) BIER/DNA,
. A ~ Av .~
ik &= (a, —01/2 =p, +a, —03/2 —=p, —z—su) >0FHf, - (a, +03/2) >0, H
T, z(x,y) = fy/ (e +x) =/ (e +5) =pyy/ (1 +myy), s(x,y) = fi5/ (e, +nx +x°) = f15°/(G(e, +
nx +x°)), ul(x,y) = (h,y + e,y )/ (e, +x) +bx’y + fixy/ (¢, + nx +x°) — Gbx — Ga,y + bx’/2 =
(LY = efay” = Gayeyy) + y(bx’ + be,w® = Gayx) 1/ (ey +x) + fixy/ (¢ +nx +x°) — Gbx + bxy/2
¥ #E— Lyapunov PREL V:R2—> R, EX RN V(x,y) =-G(lgx +1lgy —y) + (&> +9°)/2 —g(x™,
y) L KA Vi(xy) =-6Ggx +1lgy —y), Vo(x,y) = (& +5")/2
M Tto AU 15
LV,= = Gla, —bx = fiy/(¢, +nx +x°) —p,/(1 + mx) =0/ (2(1 +m,x)*)] = Gl a, - f,y/
(¢y +x) —p, /(1 +myy) —0'5/(2(1 +m2y)2)] +Gyla, —f,5/ (e, +x) —p, /(1 +myy) ] <
-Gla, —03/2 =p, +a, —03/2 —p, —2) + Gbx + Gf,y/ (¢, + nx +x°) + Gya,,
LV,= (x +y) { [x(al - bx _fly/(cl + nx +x2) _P1/<1 + mzx)} +y[a2 _fzy/(cz +a) -
p/ (1 +my) 1 + 02’/ (2(1 + myx)?) + 03y’ /(2(1 + myy)?) = a,x* — by’ — a,xy —
foxy’/ (e, +x) = b’y +a,y’ = oy’ /(ay, +x) = fixy/(¢, +nx +x°) —fiy (¢, +nx +x°) —
i/ (1 +myx) = pixy/ (1 +mx) = poxy/ (1 +myy) —p,y*/ (1 +myy) +07/(2(1 +myx)?) +
o (2(1 + myy)?) .
Fit, LV =LV, +LV, <-G(a, —0,/2 =p, +a, —03/2 —p, —=2) + (a, +a,)xy + (a, + 01/2)x" -
b’ /2 = foxy™/(ey +x) + (ay, + 01/2)y" =foy' / (e, +x) + Gfiy/ (¢, +nx +x5°) —fiy°/ (¢, +nx +5°) —
b’y — f9/ (¢, + nx +x°) + Gbx + Gayy —bx’/2 <-G(a, —0./2 =p, +a, —05/2 —p, —2 -5 +1) +
(a, +a,)xy + (a, +2/2)x =bx’/2 = [f, = (a, +03/2) ]y <-G& + (a, +ay)xy + (a, + 0./2)x" -
bx'/2 = [f, = (ay + 03/2) 1y*
WHE—NTT MY e, | €, i

0 <€ < (a, +ay) 'min{f, —a, - 03/2)/2,6¢,/4} , (12)
0 <e < (q +a2)_'min{b/4,(;§0/4} , (13)
min{b/(4&3) | =P, - G& +1, (14)

min{ (f, - (a, + 02/2))/(26,) | =P, - G&, + 1, (15)

HUERAS B MR 2 WL, B FITED, , = {(x,y) e R |e, <x < 1/€,,6, <y < 1/€,} o /&
S Dhy = 1(wy) eRJ0 <<} s Dis=1(x,y) e R0 <y <e|; Diy=1(xy) €
R [x=1/e | ; D, = 1(xy) eR |e <x<1/e,y= el IR, DI, =D, ,UD: UD. UD .
THEE, XTFEER (x,y) € Df]yz , BPAE LV < -1 o7,
M (x,y) € Di],z , Hay <ey<e(l +97) , FRIEAZER (12) MG=4s¢,, 155
LV < -G& + (a, +a,)e, + (a, +01/2)x" =bx’/2 = (f, = (a, +03/2)) = (a, +a,) <
—GE/A + (= GE/D + (a, +ay)e) + = [f, = (a, +03/2) + (a, +a,)€ 1y /2} +
[ = GE/2 + (a, + 00 /2)8" —bx’ /4 = (f, —a, —03/2)y’ 2] <-G&/4<-1,
M (x,y) e Dhn, Hay<ex<e (1 +2), HREAEX (12), 7TH
LV < -G& + (a, +ay))e, + (a, +0:/2)x" = (b/2 - (a, +a,)€)x" - [f, = (a, +03/2)]y* <
—GE/D + (- GE/A + (a, +a))e) — (f, —a, —03/2)y" /2 + (= b/4 + (a, +a,)€)x +
[ = GE/2 + (a, + 03 /2)8" —bx’ /4 = (f, —a, —03/2)y’ 2] <-GE/4<-1,
M (x,y) € Dzm , i3 Young A&, X Va,y >0, Hay <24°7/5 +3y°7/5, FRHFEAER
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(14), "f5
LV <-G¢ - b2’ /4 + (a, +a,) (2877/5 +3y7°/5) + (a, + 01/2)x" = b’ /4 —

(fy —a, —03/2)y <-GE - bx’/4 + ]310
Hao, P (x,y) = (a, +ay)(28°7/5 +3y°°/5) + (a, +03/2)x" —bx’/4 = (f, —a, —03/2)y" . HI
LV<-Ge/d<-1,
M (x,y) € D:m , H(x,y) € Dzl,z AL, FHRIEAESR (15), TR LV <-G¢ - (f, - a, -

03/2)/(2€) +£’2 , Hob, Po(x,y) = (ay +a,) (257775 +3y°°/5) + (a, +0./2)x = b /2 = (f, -
a, —03/2)y . BHILLV <-G¢/4 <-1,

Zi LRk, XtV (x,y) € DS, , #BA LV -1 oy, Bk, 51801 A5 ER 2 T .

TN, FEE—DHEM = (xr,r;%relb{a'?xz/(l +mx)’, 00y /(1 +myy” )t >0, 5% YV (x,y) €D,

{=10(040.4) € R2+ ) z aij(x5y>{i§j = 0'?962{%/(1 +m1x)2 +U§y2§§/(1 +m2y>2 =M ? ,
ST PEERR 1M, TR (2) fEETRAsM, HEATE DI,
E7 AL &M 1) fléfe(al(-S) _0'?(3>/2 -p,(s) +a,(s) _U§(S>/2 - p,(s) -z-

§$+u)ds/8 >0; 2) gzéf:(fzm —a,(s) =0 (s)/2)ds/0 >0, WX FAERENRIEE (x(0),y(0)) €

R’ , &4 (3) FHILEK o Y,
IERR M —A R V(e,x,y) : R R, EX R V(t,x,y) =-G(lgx +1lgy -y + 0, (1)) +

O Ly () + V() L FORL G > 0 RIFERRL /(1) =-& + [a,(1) - 03(1)/2 -
P +ay(1) —a2(D/2 = py (1) =2 =3 +u), (1) =—2& +2(1) ~2a,(1) - G2(1) . HEHFH,
w, (1) \w,(t) #IE o FBRE, Ho, (1) ZAREE, HIAFAEZ >0, #18 |0, (1) |<Z, Yi=0,

B D, = (1/k,k) x (1/k, k) , W4 k— oo I, inf V(t,x,y) — oo, XHELEUE T 5

(t,2,y) €[0,+0 ) xRS\ Dy,
P2 WA 1 o, R RS UED | B 2 19564 2,

I Teo A=Al 15

LV, (t,x,y) < =G, [a,(t) =b(t)x = f,(t)y/(c,(t) +n(t)x +x°) —=p,(£)/(1 +m,(t)x) —
a7(1)/2] = G, Lay (1) = f,()y/ (e, (1) +2) = p () /(1 +my (1)) = 03(1)/2] +
Giyla, (1) —f,(1)y/ (e (1) +x) =py(1)/(L+my(1)y) ] + G, (1) <-6[a, (1) -
a1 (1)/2 —c, (1) +a,(t) —o3(t)/2 =y (1) = 2] + Gb(t)x + Gf, (1)y/ (e, (1) +
n(t)x +x°) + Gyya,(t) + G, (1),

LV,(t,x,y) = 2w, (1) (x +y)2/2 + e (x +y) [x(a, (1) =b(t)x —f,(t)y/(c, (1) +
n()x +x")) 1L (p,(0)/(1 +m(1)x)) +y(a, (1) =f,(1)y/ (e, (1) +x) -
() /(1 + my()y))] + ol ()x/2(1 + m()x)*) + a3(0)y/(2(1 +
m, (1)y)*), W

LV(t,x,y) = LV, (t,x,y) +LV,(t,x,y) <-G,[a,(t) -0 (t)/2 —=p, (1) +a,(t) —03(t)/2 -
P (1) =2] + Gb()x + Gfi (1) y/ (e, (1) +n(t)x +5°) + Gya,(t) + Gw,' (1) +
e w, (1) + (a,(t) +a,(t)) Jay + [a, (1) +0,(1)/2 +w,"(1)/2]8" —b(1)x/2 +
[=£(0) +ay (1) +07(1)/2 + @, (1) /2]y = f,(8)y"/ (e, (1) +x) =fi()y"/ (e, (1) +
n(t)x +x°) —b()xy —f,()xy/ (e, (1) +n(t)x +x°) = b(1)x’/2 $e‘;’2[(a,(t) +
a,(t) +z2)xy + (a,(t) +0,(1)/2 +2/2)x°] —e(b(1)x*/2 +&y) =G la, (1) -
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o (1) /2 =p, (1) +ay(t) —o3(1)/2 =p,(t) —z=5+u] +G[ -w,(t) + (a,(t) -
o (1)/2 =p, (1) +ay (1) =3 (1) /2 =py(1) —2-5+0)) <-Gé& +e”(a, (1) +
ay (1) + Zxy +e”(a, (1) +0°(1)/2 +2/2)x" — e (b(1)x*/2 + £57) o
A o= e”(a, (1) +a,(t) +K), m, = e2(a,(t) + 0 (1)/2 + K/2) . FrLh, LV(t,x,y) <
- G,w, (1) +n,xy +n,x° —e”(b(1)x’/2 +&y) , H, G = max 2{n —e”b(1)x’ —e@§2y2,2}/§lo

(x,y)ERZ+
VRN &, &, B30 < & < n'min{e?/2,6£/4). 0 < & < n'min{e”/4,G,¢ /4] .
eéqmin%b/w'f?); = ﬁ3 -G¢ +1, e@nﬁn%‘fz/(“gz)} 2}")4 -G¢ +1, Hr, Py(x,y) = 771(2%5/2/5 +3Jf5/3/5) +
ot — e2bx’ /4 — eE,y, P(x,y) =1, (2672/5 +39°7/5) + mua’ - e@bx’/2 — €26, /2,

E Y U,, = i(x,y) e Ro|e, <x <1/e &, <y <letl, é\Ul‘l,Z = {(x,y) e R2|0 <
x<egf, Uil,z = {(x,y) ER%, 0 <y$82% ) Ui'l,z = {(x,y) ER2+ ‘x?l/sl%, U481,z = {(x,y) €
R’ “91 Ssys e,y = 1/82% o K, Ugl,z = Uflflvz U U281,2 U Uilvz U Uil,Z °

THRIEI S ER 6 FIEIEERL, TSR], XF Y (1,x,y) € U7, xR,, HLV(t,x,y) <-1,
FFLLRSGE (3) £ 5%

3 HERMER

XFFREHLEAS (2), ERBBIME x=0.1, y=0.2, EHFEYLSH: o =0.4, b=0.1, m, =1/6,
m,=1/6, f,=0.1, a,=0.4, f,=1.1, ¢, =5, ¢,=4, n=1, p, =0.06, p, =0.06, o, =0.02, o, =
0.02, HIER, f(a, -p, —0/2) —a, —p, —03/2 =0.03398 >0, (n—-f)" -4(c, —fic,) =
-13.19 <0, WAL EM4 FIER 6 140, WmIE 1L ATRUE Y, A (2) AR E S8 e vy
FERY R sl BAFE A0

2200 48 B LI
20007 461 Stochastic
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1200 - ’\ = et R e s L ‘I[\‘ T “IJ‘
~ 38 TN [l T
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Density function Solution with its deterministic system solution

E1 RFEQWZERHERMESEHEE RSN (0,=0.02,0,=0.02)
Fig.1 Density function of system (2) and the solution with its deterministic system solution(¢4=0.02,0-,=0.02)

http : /xuebaobangong. jmu. edu. cn/zkb



-394 - FFRREM (HRBERRD 5528 %

STTRENLEAL (2), HAEBHWIME v =0.1, y=0.2, EHFEYSH: o, =0.4, b=0.1, m, =1/6,
m,=1/6, f,=0.1, a,=0.4, /,=1.1, ¢, =5, ¢, =4, n=1, p, =0.06, p,=0.06, 0, =0.2, o, =
0.2, BHAHEAE, a, >p, +02/2, f,(a, =p, —02/2) —a, —p, —02/2 =0.032 >0, (n-f)* -
4(e,—fic,) ==13.19 <0, DAREEEH4 FIEB 6 M4ME, MK WAL, BAL (2) AIfFFLZE
Howf e M RO R I B BAAAE PR A, SR L A s KA K

nr _ BB
300 s Stochastic
s 9 —— - W EE
sol / \ &l Deterministic
| = 7t
) 200 - x 6
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2
50
1
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¥ t
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Density function Solution with its deterministic system solution

B2 REQWEEIAYE REBSHEMEEREMNRE(0=0.2,0=0.2)
Fig.2 Density function of system (2) and the solution with its deterministic system solution(¢,=0.2,0,=0.2)
PR (2), HRBWIME x=0.1, y=0.2, EHFEYSE: o, =0.4, b=0.1, m, =1/6,
m,=1/6, f,=0.1, a,=0.4, f,=1.1, ¢, =5, ¢,=4, n=1, p,=0.6, p,=0.6, 0,=0.2, 0,=0.2,
W, WARTEEEI S A . MEI3 RTLLEN, S« SHEE v WKL, U ERR
1 SRR
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Fig.3 Numerical simulation with (x(0),y(0))=(0.1,0.2) as the initial value for system (2)
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STFBEUEAL (3), EBWIME x=0.1, y=0.2, EHEESSE. o, = 0.4 +0.02sin(mw/5),
b =0.1+0.02sin(mt/5), m, = 1 + 0.02sin(mt/5), m, = 1 + 0.02sin(m/5), f, = 0.1 +
0.02sin(mwt/5), a, = 0.4 +0.02sin(mwt/5), f, = 1.1 +0.02sin(mw/5), ¢, =5 + 0.02sin(w/5),
¢, =4 +0.02sin(mt/5), n =1 + 0.02sin(we/5), p, = 0.06 + 0.02sin(we/5), p, = 0.06 +
0.02sin(mt/5), o, =0.01 +0.001sin(w/5), o, =0.01 +0.001sin(w/5) , WRFFEEHT & >
0, &>05M, a7 aLEN, RE (3) 20FEENM, XEWREHEE MEHEMT
KA R FIYE . B 4 FE S ATRAE 1, X TARAE R IE, i PR 0 el /e — Bt
IF AL AR IE , T Y MR iR B RN BEALEEAY (3) AYfd S 7E SR A IE 1/ B R N PR3

AL ZE B0 I | BRI IR 7 i R R 4 A X AL 1 - B PR A T 2 Y52 ),
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Fig.4 The solution of the deterministic system (3) corresponding to the system with (x(0),y(0))=
(0.1,0.2) as the initial value and its solution of system (3)

t
b) BEHLTER A Stochastic model
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5  BA(x(0),y(0))=(0.1,0.2) 4 % %& 1& & BE AL 4 B (3) F0 48 Fiz B9 7 7E 48 B4 19 % (x(1), (1)) 9 B A
Fig.5 Stochastic model (3) with (x(0),)(0))=(0.1,0.2) as the initial value and the periodic graph
of the solution (x(f),y(f)) for deterministic model
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— PR AT ELEAT R T, JE3RAE T RS (3) AEAEdR T FLAYTE JE e,

[ &% Wk ]

[1]MANDAL P S,BANERJEE M. Stochastic persistence and stationary distribution in a Holling-Tanner type prey-predator model
[J]. Physica A ;Statistical Mechanics and Its Applications,2012,391(4) ;1216-1233.

[2]XTAO D M,RUAN S G. Global analysis in a predator-prey system with nonmonotonic functional response[ J ]. SIAM Journal
on Applied Mathematics,2000,61 (4 ) :1445-1472.

[3]LIN Y G,JIANG D Q. Long-time behavior of a stochastic predator-prey model with modified Leslie-Gower and Holling-type II
schemes|[ J ] . International Journal of Biomathematics,2016,9(3) :121-138.

[4]1DELGADO M,MONICA M B,ANTONIO S. Analysis of an age-structured predator-prey model with disease in the prey[J].
Nonlinear Analysis Real World Applications,2006,7(4) :853-871.

[5]PRATAMA R A,RUSLAU M F V,SURYANI D R, et al. Optimal harvesting and stability of predator-prey model with Holling
type II predation response function and stage-structure for predator[ J]. Journal of Physics Conference Series,2020,1569 ;
042067.

[6 JFREEDMAN H I. Deterministic mathematical models in population ecology[ J]. Biometrics,1980,22(7) :219-236.

[7]GUPTA R P,CHANDRA P,BANERJEE M. Dynamical complexity of a prey-predator model with nonlinear predator harvesting
[J]. Discrete and Continuous Dynamical Systems :Series B,2015,20(2) ;423-443.

[8]LIU M,MANDAL P S. Dynamical behavior of a one-prey two-predator model with random perturbations[ J]. Communications
in Nonlinear Science and Numerical Simulation,2015,28(1/2/3) :123-137.

[9]LI L,JIN Z. Pattern dynamics of a spatial predator-prey model with noise[ J]. Nonlinear Dynamics,2011,67(3) ;1737-1744.

[10]MAY R M,ALLEN P M. Stability and complexity in model ecosystems[ J ]. [EEE Transactions on Systems Man Cybernetics,

1976,6(12) .887.

[11]JLAN G J,FU Y J,WEI C J ,et al. Dynamical analysis of a ratio-dependent predator-prey model with Holling III type func-

tional response and nonlinear harvesting in a random environment[ J |. Advances in Difference Equations,2018,198:1-25.
[12]WU R H,ZOU X L,WANG K. Asymptotic behavior of a stochastic non-autonomous predator-prey model with impulsive per-
turbations[ J ]. Communications in Nonlinear Science and Numerical Simulation,2015,20(3) :965-974.

[13] £ 7. BEHLAY R M. Jbat. B i, 2010.

[14]JI C Y,JIANG D Q,SHI N Z. Analysis of a predator-prey model with modified Leslie-Gower and Holling-type II schemes
with stochastic perturbation[ J]. Journal of Mathematical Analysis and Applications,2009,359(2) ;482-498.

[ 15 ]KHASMINSKII R. Stochastic stability of differential equations[ M ]. Maryland ; Sijthoff Noordhoff,1980.

[16 ]LIU M,WANG K,WU Q. Survival analysis of stochastic competitive models in a polluted environment and stochastic com-
petitive exclusion principle[ J ]. Bulletin of Mathematical Biology,2011,73(9) :1969.

[17]WANG W M,CAI Y L,LI J L,et al. Periodic behavior in a FIV model with seasonality as well as environment fluctuations
[J]. Journal of the Franklin Institute,2017,354(16) :7410-7428.

[18]CAI Y L,KANG Y,WANG W M. A stochastic SIRS epidemic model with nonlinear incidence rate[ J]. Applied Mathematics
Computation,2017,305 :221-240.

[19]XU D S,LIU M, XU X F. Analysis of a stochastic predator-prey system with modified Leslie-Gower and Holling-type 1V
schemes|[ J]. Physica A ;Statal Mechanics and Tts Applications,2019,537;122761.

(BfEHE DEft ZXHEK #HIRE)

http : /xuebaobangong. jmu. edu. cn/zkb



