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1 Introduction

The predator—prey model is one of the basic models in the theoretical studies of ecology;,
and it has been studied extensively (see [1-14] and the references cited therein). On the
other hand, prey species usually make use of refuges to decrease predation risk. Chen et
al. [15] investigated the stable property of a predator—prey system with a constant num-
ber of prey refuges. The authors [16] showed that prey refuge has no influence on the
stability of the system. Khajanchi and Banerjee [17] studied the uniform persistence and
global asymptotic stability of a stage structured predator—prey model with prey refuge.
Xiao et al. [18] considered the global stability of a stage structure predator—prey system
with prey refuge, and pointed out that the model undergoes a Hopf bifurcation when the
delay crosses some critical values. Xie et al. [19] studied the persistence and stability of a
modified Leslie-Gower predator—prey model with prey refuge, and showed that the prey
refuge has a positive effect on the persistence property. For more details in this direction,
see [20-23].

Most studies of predator systems only consider direct killing by predators, because
such predation can be easily observed in nature. However, prey respond to predation
risk and exhibit different types of anti-predator responses, including habitat change,
foraging, alertness, and different physiological changes. Apart from the direct killing,
based on many experiments, Zanette et al. [24] showed that the song sparrows reduce
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by 40% the offspring by predation fears. Motivated by this, Wang et al. [25] considered
the cost of fear into prey reproduction and investigated the following predator—prey sys-

tem

u'(t) = auF(f,v) — du — bu® — muv,
(1)

V' (t) = nmuv — ev,

where a is the birth rate of prey; d is the natural death rate of prey; b is the den-
sity dependent coefficient; m is the capture rate; #n is the conversion efficiency; e is
the death rate of predator; f is the level of fear; F(f,v) is the cost of anti-predator de-
fence due to fear. From a biological point of view, F(f,v) can be reasonably assumed to

obey

F(O,v) =1, F(f,0)=1, flim F(f,v)=0,
—+00
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They showed the cost of fear has no influence on the stability of the system (1). Consid-
ering the Holling type II functional response for system (1), [25] studied the stability of
equilibria, and showed that a high amount of fear can stabilize the predator—prey system.
Zhang et al. [26] investigated a Holling-II predator—prey model incorporating the fear ef-
fect and a prey refuge. They found that the fear effect cannot only reduce the population
density of the predator at the positive equilibrium, but also stabilize the system. Kumar
and Dubey [27] studied the stability of a delay prey-predator model with prey refuge and
fear effect, and showed that the refuge below the threshold level is conducive to the sys-
tem. Xiao and Li [28] considered a mutual interference predator—prey model with fear
effect. Comparing with the corresponding predator—prey model without mutual interfer-
ence, they concluded that the mutual interference can stabilize the predator—prey system.
Sasmal and Takeuchi [29] studied a predator—prey system with fear effect, and discussed
the multi-stability and Hopf bifurcation of the system. For more details in this direction,
see [30-33].

On the other hand, the Allee effect can lead to the decrease of the intrinsic growth at
low population densities, and make the system become unstable. Lin [34] studied the sta-
bility of a single species logistic model with Allee effect and feedback control, and showed
the Allee effect makes the system become unstable. Ibarra and Flores [35] discussed the
bifurcation of a Holling—Tanner predator—prey model with Allee effect. Wu et al. [36] con-
cluded that the unique positive equilibrium is globally stable, and the Allee effect has no
impact on the final density of the species. Guan and Chen [37] studied the bifurcation
and stability of an amensalism with Allee effect, considering the growth reduction due to
predator fear consider, Sasmal [38] studied a predator model with Allee effect in prey as

follows:

u'(t) = ru(l - 2)(u— Q)ffv —auyv, 3)

V(t) = aauv — mv,
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where all the coefficients are positive constants; r is the intrinsic growth rate; k is the
carrying capacity of the environment; a represents predation rate; « is the conversion ef-
ficiency of predator by consuming prey; m is the predator’s natural mortality rate; 0 < 6 < k
is expressed by a strong Allee effect; F(f,v) = ﬁfv is the same meaning as (1). In the pres-
ence of fear, they showed that the fear effect can lead to the decrease of the per-capita
growth rate, pointed out that fear does not affect the equilibrium stability, and the system
has bi-stability among different equilibria.

Motivated by the above papers, the main purpose of this paper is to study the influence

of the prey refuge on the stability of the system (3) as follows:

' () =ru(l - %)(u - 90)%@ —a(l-n)uv, @

V(t) = aa(1 - n)uv — myv,

where 0 < 1 < 1 is the prey refuge constant; nu(t) is the capacity of a refuge at time ¢; the
rest of the parameters have the same meaning as system (3).
For simplicity, let

u av

N:E’ P:E’ T = aakt,
ax 6o rkfo My
== 6=22, -0 =2
€ r k S a " ack

Rewriting 7 as ¢, system (4) is reduced to

10y _ N(A=-N)N-0) (1 _
N'(£) = MU0 (1 pp)p), 5

P'(£) = P(1 = N - m),

where 0 <6 <1 and 0 < 5 < 1, the remaining parameters are positive constants.
The organization of this paper is as follows. In Sect. 2, the stability of the equilibria of
the system (5) is investigated. In Sect. 3, the impacts of the fear effect, Allee effect and prey

refuge on the species are discussed. Finally, a brief conclusion is drawn.

2 Main results

In this section, we study the existence and stability of the equilibria point of the system (5).
Obviously, system (5) always has a trivial equilibrium E(0,0) and two boundary equilibria
E1(1,0) and E;(0,0). The positive equilibrium point of the system (5) is determined by the
following equation:

(1=-N)(N-6) _
T—(l—fl)P—O, ©)
1-nN-m=0.

Substituting N = = into the first equation of (6), we have

1-n

fP>+P-H=0, (7)
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where H = W. If m > 1, that is H < 0, then there does not exist a positive

equilibrium. If 1 - % <n<1-m,then H > 0. Hence, Eq. (7) has a positive solution,

o -1+.,/1+4fH
_T.

Let N* = 1"‘—”, then system (5) has a positive equilibrium E*(N*, P*).

Now we discuss the stability of equilibria, and we obtain the following lemmas.
Lemma 1 The trivial equilibrium Ey(0,0) of the system (5) is always a stable node.

Proof The Jacobian matrix of the system (5) at Ey is calculated as

We obtain Tr /g, = —g —m <0 and DetJg, = ’"79 > 0, thus the equilibrium Ej is a stable

node. This completes the proof of Lemma 1. d

Lemma 2
(1) If0<n<1-m,E(1,0) of the system (5) is a saddle point.
(2) Ifn=1-m, E1(1,0) of the system (5) is an attracting saddle node, which includes a
stable parabolic sector.
(3) If1-m<n<1,E(1,0) of the system (5) is locally asymptotically stable.

Proof The Jacobian matrix of the system (5) at E; is calculated as

Then the eigenvalues A; = 95;1 <O0and Ay =1-n-m.If0<n<1-m,thatis Ay >0, the
boundary equilibrium E; is a saddle point. If 1 — m < 5 < 1, that is A5 < 0, the boundary
equilibrium E; is stable.

When n =1 — m, we have 1, = 0. Then system (5) can be rewritten as

N'() = HEEE= - mP), ©

P'(t) = mP(N - 1).

We transform the equilibrium E; to the origin by making a transformation that X =

N —-1,Y = P. Then we have a Taylor expansion at the origin as follows:

_6-1 6-2 (0-1)f
X (t) = TX_ %Y+ TXZ - %XY+ QX Y),
Y'(t) = mXY,

where Q;(X, Y) is C* functions of at least the third order in terms of (X, Y).
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Let X; = & 1X 2Y,Y; = Y. Introducing a new time variable 7 by 7 = —lg;et, rewriting

T as t, we have

Xi(t) X, + 2+9)€X2 em?+f6%-2f6— m9+f+3mX Y,

(6-1)2
- ””*%%Yz + QX 1), (10)
Y{(t) = f X+ gy 2 Y2,

where Q,(X7, Y7) is a C*™ function of at least the third order in terms of (X1, Y7).
Therefore, the coefficient of Y7 is (9 1 =% > 0. According to Theorem 7.1 in Zhang et al.

[39], we can conclude that E;(1,0) is an attracting saddle node, which includes a stable

parabolic sector. This completes the proof of Lemma 2. d

Lemma 3
(1) If0<n<1-7%, Ex0,0) of the system (5) is unstable.
(2) Ifn=1-"7%,Ex0,0) of the system (5) is a repelling saddle node, which includes a
unstable parabolic sector.
() If1- 74 <n<1,Ex0,0) of the system (5) is a saddle point.

Proof The Jacobian matrix of the system (5) at E; is calculated as

0(1-6) 6(n-1)
]Ez — € € .
0 6(1-n)—-m

Then the eigenvalues A; = 1 9 5 0and A=01-n)-mIf0<n<l- —, thatis, Ay >0,
the boundary equilibrium E, is unstable. If 1 — % < n < 1, that is, A, < 0, the boundary
equilibrium E; is a saddle point.

When 1 =1 - %, we obtain 1, = 0. Then system (5) can be rewritten as

N'(t) = ¥ (=1 - 5 P), an

P()=mP(§ - 1).

We transform the equilibrium E; to the origin by making a transformation that X =
N -0,Y = P. Then we have a Taylor expansion at the origin as follows:

X'(e) = 0y my 1202 COMmyy | gy, Y),
Y'() = %XY,

(12)

where Q3(X,Y) is a C*™ function of at least the third order in terms of (X, Y).

Let X; = 0= Q)X— 2Y,Y; = Y. Introducing a new time variable 7 by 7 = @t, rewriting

T ast, we have

X|(8) = X - F05-2f0%+£03 +em?> +3m92—m6Y1 (20-1)e Xz

] s (6- 1)263 929 1)2
_ f6°-2f6 +j;93(;irln)2+3m0 —me)(1 Y, 13
5 4 3 2 2
- = ;591;552 YT+ QX V),
Y,(t) Xl Yl + (93((9 1 Y12;

where Q4(X7, Y1) is a C*™ function of at least the third order in terms of (X3, Y7).
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Therefore, the coefficient of Y is 5 > 0. According to Theorem 7.1 in Zhang et al.

03(0 1)
[39], we can conclude that E>(9,0) is a repellmg saddle node, which includes an unstable

parabolic sector. This completes the proof of Lemma 3. O

Lemma 4
(1) f1-Z<n<l- 9+1, E*(N*, P*) of the system (5) is stable.
(2) If1- m <n<1—m, EX(N*,P*) of the system (5) is unstable.

Proof The Jacobian matrix of the system (5) at E* is calculated as

w0 (A-m-2m) _ m((Aemem)m-Q-m)f |
Joo = | 00204 o aopager A=) _
P*(1-n) 0

By calculation, we obtain Det/g+ = ”’TP’F(% +(1-=mn)>0and Trjp =
m((1+9)(1—r])—2m)
€(1-n)2(14+fP*)

Therefore, if 1 -2 <n<1- that is TrJgx > 0, then the boundary equilibrium E*

9 e
of the system (5) is unstable If1- 22 <n<1-m,thatis Tr/gx < 0, then the boundary

equilibrium E* of the system (5) is stable. This completes the proof of Lemma 4. d

Lemma5 [fn=1- 9+1
equilibrium E* and there exists a stable limit cycle around E*.

, system (5) undergoes a supercritical Hopf bifurcation at positive

Proof Form the proof of Lemma4, whenn =1- 9+1 , we have Det Jgx > 0 and Tr Jg+ = 0. The
positive equilibrium E* becomes a non-hyperbolic equilibrium, and the Jacobian matrix at
E* has a pair of imaginary roots. In order to ensure the occurrence of the Hopf bifurcation,
the transverse conditions of Hopf bifurcation should be checked. By a straightforward

computation, we have
d 0 +1)>3

a Ve eI sz 2m)

n= 1’9+1

Hence, the positive equilibrium E* loses its stability through a non-degenerate Hopf bi-
furcation.

Now we will calculate the Lyapunov number /; at E* to determine the stability of the limit
cycle. We first translate the equilibrium E* of the system (5) to the origin by employing

2
the transformations N = # — N* and P = j — P*. Note that N* = 1Y and n =1 - M,*l(figlﬂ .
Thus, system (5) in a neighborhood of the origin can be wrltten as
Q.C =djpX + 6{015/ + dzo?ACZ + tln?/eﬁ/ + 4025/2 + ﬂgo&?s
+ 4215625/ + (lu&j\/z + 6103513, (14)
51 = blofc + b015/ + b20&2 + bnfcjl + b02512 + b30§?3
+ b215625/ + blzﬁAlez + bogjls,
B (101 2fP*+1 B 146 __ (1-0%@fP*+1) _ (1+9)(1—6)2f2
where a0 =0, a0, = 85P*(/P*+1 1420 = T3y M1 T T geprpe )2 0 402 = 86(}‘P*+1 ’
o1 _ _1-0?p? _ WP +12f - _Wea-ers bt =
as0 = g 412 46(}¢p*+1 B @21 = Seppent 2 403 T T geprps 2 P10 T 4(/p*+1): 01 =
1-9)2(1+9
Spes — s bu = b3 = boy = b3o = by = biy = bz = 0.

SB[ T) B
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The first Lyapunov number /; [40] to determine the stability of limit cycle for a planar
system (14) is given by the following formula:

-3n
h= W { [ﬂloblo (4%1 +an by + ﬂozbu) + diodo1 (bfl +aby + ﬂuboz)

+ biy(anac + 2a0bgs) — 2a10b1o (b(z)z — axag) — 2a10d01 (a§0 — byoboy)
— ag,(2ax0bag + b11by) + (ﬂmbm - 261%0)(1911%2 - 61116120)]
— (@3 + a01b10) [3(br0bos — aorazo) + 2a10(az1 + bra) + (broda — dorba) |}

_ 3r(1+0)1-0)*2fP* +1)

- 32e2@32(fP* 4+ 1)4P*

where ® = (140)(1-0)*(2fP* +1)

32¢(fP*+1)3P*  °
Obviously /; < 0, the system (5) undergoes a supercritical Hopf bifurcation at positive

equilibrium E* and there exists a stable limit cycle around E*. This completes the proof of
Lemma 5.

It follows from Lemma 6 that the trivial equilibrium point E, is always a stable node.
Hence, in the rest of this section, we only consider the stability of the boundary equilibria
Ey, E; and the positive equilibrium E* of the system with the prey refuge and Allee effect
varies. When m > 1, there does not exist a positive equilibrium point of the system (5).
According to Lemmas 2 and 3, we have the following theorem. 0

Theorem 1 When m > 1 and 0 < n < 1, the boundary equilibrium E; is stable and the
boundary equilibrium E, is a saddle point.

From Theorem 1, if the death rate of the predator is large enough, then the predator will
be extinct, and the prey will tend to extinction or the carrying capacity of the environment
depending on the choices of the initial density of prey.

In the following, we only discuss 0 < m < 1. According to Lemmas 2—4 and considering
the prey refuge as a parameter, we have the following theorems.

Theorem 2 When 0 <2m — 1 and m < 1, we have:
(1) If0<n<1-m,E; and E, are saddle points, E* is stable.
(2) If n =1-m, E; is an attracting saddle node, including a stable parabolic sector, and
E, is a saddle point.
(3) If1-m<n<1,E; is stable and E, is a saddle point.

Theorem 3 When 2m—1<60 <m< 1, we have:
(1) If0<n<1—- 22 E, and E, are saddle points, E* is unstable.

m )
(2) Ifn=1- 12%, E, and E; are saddle points, and a Hopf bifurcation exists at E*.
(3) If1- 12% <n<1-m,E; and E, are saddle points and E* is stable.
(4) Ifn =1-m, E; is an attracting saddle node, including a stable parabolic sector and

E; is a saddle point.
(5) If1-m<n<1,E; is stable and E, is a saddle point.

Theorem 4 When m <6 < 1, we get:
(1) If0<n< 1=, Ey is a saddle point, E, is unstable.
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(2) Ifn=1- %, E; is a saddle point, and E, is a repelling saddle node, which includes a
unstable parabolic sector.
(3) If1-2 <n<1—2% E and E, are saddle points and E* is unstable.
0 1+6
(4) Ifn=1- 22 E| and E, are saddle points, and a Hopf bifurcation exists at E*.
1+6
(5) If1- 2% < y<1—m, E;, and E, are saddle points and E* is stable.
1+0
(6) Ifn=1-m, E; is an attracting saddle node, which includes a stable parabolic sector,
and E, is a saddle point.
(7) If1-m < n <1, Ey is stable and E; is a saddle point.
P

Note that the trivial equilibrium point Ey is always a stable node. If m <6 < 1and 0 < 5 <
1- % , it follows from Theorem 4 that E; is a saddle point and E; is unstable. Obviously, the
solutions of the system (5) are positive and bounded. Also, for system (1.5) there do not
exist limit cycles. Hence, Ej is globally asymptotically stable. Then we have the following

remark.

Remark 1 If m <60 <1and 0<n <1-7%, the trivial equilibrium Ej is globally asymptoti-
cally stable.

If m < 0, without the prey refuge, the author [38] pointed out that both prey and preda-
tor will be extinct. However, it follows from Theorems 3 and 4, the dynamics behavior of
the system (5) becomes more complicated. With increase of the prey refuge, the behavior
of the positive equilibrium E* changes from instability to stability. System (5) undergoes
a supercritical Hopf bifurcation and there exists a stable limit cycle around E*. If the prey
refuge is large enough, the positive equilibrium E* disappears, that is, the predator will be
extinct.

3 Discussion and numerical simulations
In this section, we show the influence of the Allee effect, fear effect and prey refuge on the
dynamics behavior of the system (5).

Firstly, we study the impact of the fear effect on the dynamics behavior of the system (5).
Note that N* = %7, then the fear effect has no influence on the prey density. By calculating,
we have

apP* 2H?

Of SO+ afH) (/1 +4fH + 1+ 2fH) <0

that is, the predator density is a strictly decreasing function with respect to fear effect.
Then we show that increasing the fear effect can decrease the predator density, that is,
fear effect can lead to the decrease of the predator population. It follows from Theorems
2—4 that the cost of the fear effect has no influence on the stability of the system (5), which
is in accord with that for the predator—prey model with the linear functional response
[25].

Secondly, we study the impact of the Allee effect on the dynamics behavior of the system
(5). Obviously, the Allee effect has no impact on the prey density. The existence of the pos-
itive equilibrium point £*(N*, P*) implies that 1 — 7 < 1 < 1 — m. By simple computation,
one has

P 1-n-m

F TRy =
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m=06 9-01 =02 m=06 62034 (=02 m=06 6=07 =02
ne01 e=t n=01 e=1 n=01 =t

(a) 6 =0.1 (b) 0 =0.34 (c) 0 =0.7

Figure 1 Dynamic behavior of the system (5) with n =0.1,6 =1,/ =02,m =06

that is the predator density is a strictly decreasing function with respect to the Allee effect.
With the increase of Allee effect, the density of the predator population decreases, while
the density of the prey population does not change. From Theorem 2, if the Allee effect is
small enough, then the dynamics behavior of the system (5) is relatively simple, that is the
positive equilibrium E* is stable when it exists (see Fig. 1(a)). However, if the Allee effect is
large enough, the dynamics behavior of the system (5) becomes more complicated. From
Theorems 3 and 4, the behavior of the positive equilibrium E* changes from stability to
instability, and there exists a stable limit cycle around E* (see Fig. 1(b)). If the prey refuge
is small enough, the positive equilibrium E* can even disappear (see Fig. 1(c)). Hence,
increasing the amount of the Allee effect has a negative effect on the stability of the system
(5).

Thirdly, we investigate the impact of prey refuge on the dynamics behavior of the system
(5). By computing the derivative along the N* and P* with respect to 7, respectively, we
obtain

ON* m 0
=—>
an  (1-n)?

and

aP*  —0(1—-n)*+2m(1+0)(1-n) - 3m*

an (1-n)*/1 +4fH

The above inequality shows that N* is a strictly increasing function with respect to prey

refuge. That is, increasing the value of prey refuge can increase prey density.

Let F(z) = —02% + 2m(1 + 0)z — 3m?, where z = 1 — . Then the sign of % is determined
by the sign of F(z). Note that the existence of the positive equilibrium point E*(N*, P*)
implies that m <1 and 1 - % <7 <1 - m. Hence, we only consider m <z < 7.

By calculation, F(m) = —(1 -6)m? < 0 and F(F) = = g, Solving the equation F(z) =

0
w,wherem <z1 < %.Then F(z) <0 for m <z <z and F(z) >0

forz; <z< %. Hence, we have

0, we havez; =

opP*

<0 foralll-z;<n<l-m
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Figure 2 The relation between positive equilibrium £* with prey refuge n

Unstable \

Hopf Bifurcation No E

Allee effect &

Stable

0 Prey refuge n 1

Figure 3 The regions of the existence and stability of positive equilibrium £* in (n,0) plane when m <8 < 1

and

oP* m
8—>0 foralll—§<r)<1—z1.

Therefore, when 1 —z; <np<l-morl- % <1 <1 -1z, the predator density is a strictly
decreasing or increasing function with respect to prey refuge, respectively (see Fig. 2).
With the increase of prey refuge, the density of the prey population increases. Then the
prey refuge is benefit to the density of the prey population. However, when 1 — z; <7 <
1 - m, increasing the amount of prey refuge can protect more prey from predation. Due to
lack of food resources, it leads to the decrease of the density of the predator population.
When 1 - % <1 <1 -z, the predator density is an increasing function with respect to
prey refuge. Then with the increase of the prey population, more and more preys have
to leave the shelter. It leads to more food for the predator. Hence, the predator density is
increasing.

In the case without the prey refuge, that is n = 0, system (5) is reduced to the system in
[38]. The author [38] pointed out that both prey and predator converge to O for every ini-
tial conditions if m < 6. However, with influence of prey refuge, it follows from Theorems
3 and 4 that the dynamics behavior of the system (5) becomes even more complicated than
that of the corresponding system in[38]. Figure 3 shows the dynamics behavior of positive
equilibrium E* in (n,6) plane when m <6 < 1.
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(d) n=10.36 (e) n=0.3

Figure 4 Dynamic behavior of the system (5) with 8 =06, =1,/ =02,m=04

Now, we consider the dynamics behavior of the system (5) when m < 6, that is the Allee
effect is large enough. More precisely, if prey refuge n is larger than 1 — m, there does
not exist the positive equilibrium E* (see Fig. 4(a)). That is, if the shelter is large enough,
then it leads to less food resources for the predator. Hence, the predator is extinct. With
the decrease of prey refuge, a stable positive equilibrium E* appears (see Fig. 4(b)). Then
both prey and predator can survive. When prey refuge passes through 1 — %, system (5)
undergoes a supercritical Hopf bifurcation at positive equilibrium E* and there exists a
stable limit cycle around E* (see Fig. 4(c)). When prey refuge is small enough, the positive
equilibrium E* becomes unstable. Then both prey and predator are extinct (see Fig. 4(d)).
Finally, if the prey refuge is less than 1 — %, the positive equilibrium E* disappears. Then
system (5) is still extinct (see Fig. 4(e)). In this situation, the shelter is not enough for
sustaining the prey and predator to survival.

4 Conclusion

In this paper, we consider a fear effect predator—prey model with the Allee effect and a
prey refuge. By analyzing the characteristic equation of the corresponding linearized sys-
tem and considering prey refuge as parameter, we obtain the threshold condition for the
stability of the system (5). We show that prey refuge plays an important role in the dy-
namics of the system (5). Comparing with the corresponding predator—prey model with-
out prey refuge [38], we find that the prey refuge can make the dynamics behavior of the
system (5) more complicated.
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