MBE, 20(11): 19781-19807.
% DOI: 10.3934/mbe.2023876
AIMS Received: 18 June 2023

EE Revised: 16 October 2023

Accepted: 19 October 2023
http://www.aimspress.com/journal/mbe Published: 30 October 2023

Research article

Stability and bifurcation analysis of a two-patch model with the Allee effect
and dispersal

Yue Xia', Lijuan Chen'*, Vaibhava Srivastava’ and Rana D. Parshad**

' School of Mathematics and Statistics, Fuzhou University, Fuzhou, Fujian 350108, China
2 Department of Mathematics, lowa State University, Ames, [A 50011, USA

* Correspondence: E-mail: chenlijuan @fzu.edu.cn, rparshad @iastate.edu.

Abstract: In the current manuscript, a two-patch model with the Allee effect and nonlinear dispersal
is presented. We study both the ordinary differential equation (ODE) case and the partial differential
equation (PDE) case here. In the ODE model, the stability of the equilibrium points and the existence
of saddle-node bifurcation are discussed. The phase diagram and bifurcation curve of our model are
also given as a results of numerical simulation. Besides, the corresponding linear dispersal case is
also presented. We show that, when the Allee effect is large, high intensity of linear dispersal is not
favorable to the persistence of the species. We further show when the Allee effect is large, nonlinear
diffusion is more beneficial to the survival of the population than linear diffusion. Moreover, the results
of the PDE model extend our findings from discrete patches to continuous patches.
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1. Introduction

The conservation of biodiversity is a paramount issue of global scale [1]. One way to protect
endangered species is to create nature reserves or “refuges” [2], where such species are safe and can
breed healthy populations. Studies have shown that remote islands and mountainous regions often
provide opportunities to protect endangered species [3]. However, the destruction of the natural
habitat of many species due to human activities has resulted in fragmentation. Habitat fragmentation
is defined as the breaking up of a large intact area of a single vegetation type into smaller intact
units [4]. This leads to patch-level changes that can negatively impact species diversity [5—8]. Also
note that dispersal strategies, which are necessary to estimate species success under fragmentation,
are not well studied in the field [9]. For example, different dispersal speeds may change how easily a
species can travel between patches or increase the likelihood of leaving resource-filled patches to
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avoid competition or predation [10]. Numerous studies have shown that building bridges between
patches that allow groups to communicate with each other can help communities to endure [11, 12].
Thus, studies of dispersal behavior, particularly between habitat patches are informative for the
conservation of endangered species [13—15]. To this end, the linear diffusion model is well known.
For example, in [16], the author proposed two models, i.e., with discrete patches,

%:uj(aj_bju)Jer:D(uk_uf), j=1,---, m,
k=1

and continuous patches,

0
a—z =u(a — bu) + V(DVu),

where D, a’, b/, a and b are positive constants. In these models, linear diffusion means that the species
can move randomly.

Notice that random movement is reasonable only in some cases (e.g., oceanic plankton [17]).
Gurney and Nisbet [18] studied a biased random motion model as follows:

% = ru+ D,V*u + D,V uVu),

where r is the intrinsic birth rate, D, is the random dispersal rate and D is a positive constant depending
upon the proportionality between the bias and density gradient. In this model, the authors suggest
that the movement of individual populations is largely random, but is influenced to a small extent by
the overall distribution of peers. The authors considered that members of a population walk pseudo-
randomly in a rectangular network, and that the probability distribution of each step is slightly distorted
by the local population density gradient; thus, the intensity of diffusion is D,V?u + D,V (uVu). Later,
Allen [16] came up with a population modeled by pure biased diffusion, i.e., the discrete patches one

du/ A - . .
= /) - k _ i=1.---
” =u (a’ b’u)+;DuJ(u u’),]—l, , m,
and continuous patches,
0
8_btl = u(a — bu) + V(DuVu).

The biased diffusion model was formulated under the assumption that the population density affects
the diffusion rate [19,20]. In other words, the diffusion rate is governed by the population density.
The Allee effect [21,22] plays an important role in population dynamics, and it can be divided into
the strong Allee effect and weak Allee effect. And the strong Allee effect can lead to extinction. Liu
et al. [23,24] studied the influence of strong and weak Allee effects on Leslie-Gower models. The
additive Allee effect, i.e., an Allee effect involving both strong and weak Allee effect, can be written in

the form
du a
— =ull—-u- .
m+x

Lv et al. [25] studied the impact of the additive Allee effect on an SI epidemic model. In order to
protect endangered species, it is particularly important to study the Allee effect in patch models. Chen
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et al. [26] studied the influence of the Allee effect of a two-patch model with linear dispersal:

du

—:u(l—u— )+D2V—D1u,
dr m+x

dv

— = v+ Diu— D,v,

dl \% 1u vV

where a and m are the Allee effect constants. D and D, are dispersal rates of the two patches. Their
study suggests that dispersal and the Allee effect may lead to the persistence or disappearance of the
population in both patches. Wang [27] studied the global stability of the following two-patch models
with the Allee effect:

Wang demonstrated that moderate dispersal to the better patch facilitates growth in total population
density in the face of strong Allee effects. Many other scholars have studied the strong Allee effect and
weak Allee effect [28-31].

In [32], the authors proposed the following single-species model with the Allee effect:

du ru
a =)

where r is the maximum birth rate, A represents the strength of the Allee effect, d is natural mortality
and b denotes the death rate due to intra-prey competition. It is well known that this type of Allee effect
is the strong Allee effect, increasing the risk of extinction. It will be interesting to study the effects of
diffusion on species via this Allee effect. As we know, there has been no study of the Allee effect
in a two-patch model with nonlinear dispersal; thus for this motivation in this paper, we will study a

two-patch model with the Allee effect and nonlinear dispersal as follows:

d—u:u( r —d—bu)+Du(v—u),
dv ’

pri via—cv)+Dv(u—-v),

where u and v are the densities of the population in the first patch and the second patch, respectively.
A is the Allee effect constant. r, d and b are the birth rate, natural mortality and death rate due to intra-
prey competition of the population in the first patch, respectively. a and ¢ are the intrinsic growth rate
and death rate due to intra-prey competition of the population in the second patch, respectively. D is
the dispersal coefficient.

It is worth mentioning that human intervention increased biodiversity in protected areas in spite
of the Allee effect. Thus, in model (1.1), we assume that the population in first patch is affected by
the Allee effect, while the population in the second patch is free of an Allee effect and is consistent
with normal logistic growth. Moreover, it is well known that the natural habitats of many species
are fragmented due to human intervention and exploitation. Thus, some patches are continuous while
others are discrete; hence, it is important to consider both the ordinary differential equation (ODE) and
partial differential equation (PDE) scenarios, while modeling such phenomenon.
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As far as we are aware, this is the first time that both nonlinear dispersal and the Allee effect on
the population dynamics of a species in a two-patch model have been considered. Although Wang
has previously investigated the impace of the strong Allee effect in a patch model in [27], he did not
consider the case in which diffusion between patches is nonlinear; thus, this article would be a good
companion study to his research. By comparing the difference between nonlinear and linear dispersal,
we conclude that nonlinear diffusion is more conducive to persistence in a fragmented environment.

The rest of this paper is organized as follows. In Section 2, the ODE case of model (2.1) is
introduced. And in this section, the existence and stability of the equilibrium of model (2.1) are
proved; the condition for saddle-node bifurcation to occur is proved and the impacts of the Allee
effect and nonlinear dispersal are given. In Section 3, the PDE case of model (2.1) is introduced. And
the impacts of Allee effect and nonlinear dispersal in PDE case are also given. We end this paper with
a conclusion in Section 4.

2. The ODE case

2.1. Existence and stability of equilibrium

In order to simplify system (1.1), let

U= —,v=—, 17=rt
a a
and
d ab Da a
m = ,e=— h=—,0=—, s=—.
r cr cr r

Ac
a
v,

We still reserve u, v, t to express i, v, T, respectively. Then, we get the following simplified system:

%:u( - —e—hu)+(5u(v—u),

m+u
B =)+ 6va—v) =y
— =sv(l—-v viu—v),
dr

with the following initial conditions: u (0) > 0, v(0) > 0. In the above equation, 0 < e < 1 and m, h, 6
and s are all positive constants. The existence and stability of all nonnegative equilibria of model (2.1)
are respectively proved as follows:

(i) The trivial equilibrium E, (0, 0) and boundary equilibrium E, (0, ﬁ) always exist.

(ii) The equilibrium E(ii, 0) exists on the u coordinate axis where i satisfies the following equation:

(h+8)i*+[mh+6)+e—1]i+me=0. (2.2)

Ifm > }ﬁ, Eq (2.2) obviously has no positive root. In what follows, we investigate the case that
m < +=¢. Notice that the discriminant of Eq (2.2) is A;(m) = (h + 6)*'m* = 2(1 + e)(h + &)m + (1 — ).

The discriminant of A,(m) is A, = 16e(h + 6)> > 0. Thus, A;(m) = 0 has two positive real roots:

(1-ve)  (1+ve)
o= T T s
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From 0 < e < 1, we can easily get that m, < ;11_:; < my. Thus, if mg < m < ;IZT_Z it follows that

Ay(m) < 0; then, Eq (2.2) has no positive real root.
(iii) Regarding the existence of the positive equilibrium point, from model (2.1) we know that the
positive equilibrium E (u, v) satisfies the following equation:

{ L —e—hu+6(v—u)=

m+u

sI=v)+o(u—-v)=0

Denote B = == The above yields that
(h+B)u> +[m(h+B)+e—1-Blu+m(e—B)=0. (2.3)
If e = B, Eq (2.3) becomes
u[(h+B)u+m(h+B)—l]:O (2.4)
Therefore, if m > ﬁ’ there is no positive equilibrium; if m < h+ > Eq (2.4) has a unique positive real

root. If B < e < 1, Eq (2.3) has a unique positive real root. In what follows, we investigate the case that
B < e < 1. Notice that the discriminant of Eq (2.3) is 43 (m) = (h + B’m?-2(e—-B+1)(h+Bym+
(e — B—1)>. The discriminant of 43(m) is 44 = 16(e — B) (h + B)*> > 0. Thus 43(m) = 0 has two
positive real roots:
2 2
(I—Ve—B) (1+Ve—B)
m = ———7 m =

h+ B h+ B

< m;. Therefore, if m* < m < L=< it follows that 45 (m) < 0;

% 1+B—e
From B < e < 1, we get that m* < v

then, Eq (2.3) has no positive real root.

Theorem 2.1. 1) There are two equilibria on the positive coordinate axis of u: Ejy (i;, 0) and
E;, (itp, 0) when 0 < m < my.
2) There is a unique equilibrium on the positive coordinate axis of u: Ey, (i1, 0) when m = my. And

l—e—m(h+906)+ V4,(m) 1—e—m(h+06)— VA,(m)

Uy =

up =

2(h+0) 2(h +0) .
_ _l-e-m(h+9)
BT o)

Theorem 2.2. 1) If e < B, there is a unique positive equilibrium E; (uy, vy).
2) If e = B, there is a unique positive equilibrium E; (uy, vi) when m <
equilibrium when m > ——
3)I[fB<e<,

(i) there are two positive equilibria E| (uy, v) and E; (4, vo) when m < m*;

(ii) there is a unique positive equilibrium E3 (u3, v3) when m = m*;

(iii) there is no positive equilibrium when m > m*. And

1+B—-e—m(h+ B)+ \A3(m) 1+B—-e—m(h+ B)— \A3(m)

1. . ..
hiB’ there is no positive

h+B

= 2(h + B) = 2(h + B) .
_1+B—-e—m(h+B)
H= 2(h + B)
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Next, we consider the local stability of the equilibrium point. The Jacobian matrix of system (2.1)
at any point E (i, v) is

T _(]11 ].12), (2.5
J21 J22
where 5 )
+
in :(’"—”f—z(m(s)u—em\», 12 = 6ty oy = 6V, 5 —2(s+6)v +6u.
(m+u)

Theorem 2.3. 1) E (0, 0) is always a saddle.
2)IfB<e<1,E, (0, sTS(S) is locally stable; ife < B, E, (0,
3)Ife=B

(i) E ( , ﬁ) is an attracting saddle-node, and the parabolic sector is on the right half-plane when

ﬁs) is a saddle.

m> 5 h+B’

(ii )E ( = 5) is an attracting saddle-node, and the hyperbolic sector is on the right half-plane when

m <

h+B’
(iii) E, is a stable node when m = ﬁ.
Proof. 1) From Eq (2.5), the Jacobian matrix at E, (0, 0) is

- 0
JEO:(O s);

it follows that E, (0, 0) is a saddle.
2) The Jacobian matrix at E, (O, yon 6) is

B-e 0
JEv<o,sz§)=( B _s)

thus, E (O —) is a saddle when e < B, while E, (0, sTSa) is locally stable when e > B.

HIfe= E‘,(O, ) has a unique zero eigenvalue. Let U; = u and V| = v — —=; model (2.1) can
be transformed into the following system:
dU1 U1 S
—=U —e—hU +6U(V+——U),
dr 1(m+U1 ¢ 1) W s+ :

dv; S K K S
— = 1-V, - -V, - )
dr S(V1+s+5)( Vi s+c‘>’)-|_6(vl-l_s+5)(U1 Vi s+§)

dU 1 1

—L = —(h+6-—|U+6U\V, + =U} +G(U)),

dr m m? (2.6)
dV1 2 ’
W = BU, — sV, —(S+(5)V1 +o0U,V,

where G (U;) denotes the power series with the term U { satisfying that j > 3. The Jacobian matrix of
system (2.6) at the origin is
0 O
o = (B _S) |
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Then we make the following transformation:

[ )=

S0\ x;
B g
1 1)()’1 )’tl_ o

model (2.6) becomes as follows:

dx
_d L= qox% +qi1xiy1 + C]zxi + G (x1, y1),
h
dy 2.7)
—dtl = y1 + poXi + prxiyi + pay; + p3x; + G (x1, y1),
1

where G| and G, denote the power series with term x| y{ satisfying that i + j > 3 and

B 0 S B
qo=—[mB+h)-1], g =——, o= —=,po=——[m(B+h) - 1],
m S m

m?B
—26+1 —6+1 = il
P1 = s ap2_s , P3 = sz'

Ifm(h+ B) > 1(orm(h+ B) < 1), we can see that the coefficient of x% is greater than zero (or less than
zero). Applying Theorem 7.1 in [33], we know that E, (O, ﬁ) is an attracting saddle-node, and the

parabolic (hyperbolic) sector is on the right half-plane when gy > 0 (¢ < 0). If g9 = 0, 1.e., m = ﬁ,
system (2.7) becomes as follows:

dxl
. - D +qux; + Gy (x1, 1),
h
dy; 2 2 3. G
@, Vi + poX| + pixiy1 + payy + p3x; + Ga (x1, yi).

Then we can obtain the implicit function

yi = —p3x;, +G; (1),
where G3 (x1) denotes the power series with the term x’i, i > 3. Then

dx
d_tl = x5, + Gy (x)),

where G4 (x;) denotes the power series with the term x"l, i >3 and g, # 0. According to Theorem 7.1

in [33], and combining the previous time changes, it is clear that E, (O, ﬁs) is a stable node. O

Theorem 2.4. 1) Both E;, (i, 0) and E;, (i, 0) are unstable when m < my;
2) E;, (43, 0) is a repelling saddle-node.

Proof. From Eq (2.5), the Jacobian matrix at Ey, is

g [ |7 - (h+0)|  om
" 0 S + Oit;
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1) 6y, = u; [WLM)Z —(h+ 6)] # 0; 6, = s+ ou; > 0 are two eigenvalues of JE 1 = 1, 2. Therefore,
both E;, and Ej;, are unstable.

2) If m = my, JEE3 has a unique zero eigenvalue. Let U, = u — itz and V, = v; model (2.1) can be
transformed into the following system:

dU U, + i

—2 = (U, + i13) 2—u3_—€—h5t3—hU2 +0 Uy +u3) (Vo = Uy —it3),

dr m+ U, + ii3

v (2.8)
d—tz:SVQ(l—V2)+5V2(U2+ﬁ3—V2).

Using the same method as in Theorem 2.3, system (2.8) can be transformed into a form similar to
Eq (2.7). After a complicated calculation, we get that gy = — (h + 0) %@ < 0. Applying Theorem 7.1
in [33], Ez, (i3, 0) is a repelling saddle node; Theorem 2.4 is proved. O

Theorem 2.5. 1) E| (u;, v;) is stable.
2) E; (uy, v) is always a saddle.

3) E5 (u3, v3) is an attracting saddle-node.

Proof. 1) From Eq (2.5), the determinant and the trace of J, are, respectively,

Det(JEl) = I/tl(S+I/t1) h+B-— —2],
(m+u)
Tr(Jp,) = ——— — (h+26)uy — s.
(m+ uy)

After a simple calculation, we get that Det (Jg,) > 0 and Tr(Jg,) < 0; thus, E| is locally stable.

2) From Theorem 2.2, if B < e < 1 and m < m*, then E, (u,, v,) exists. The determinant of Jg, is

(h+ B)u, (s + ouy)

Det (JEZ) = (m+u )2
2

km+mf—mm+m]

After a simple calculation, we get that (m + u,)* — m (h + B) < 0, which means that Det (Jg,) < 0 and
E> (uy, v5) is a saddle.

3) When B < e < 1 and m = m"*, E5(u3, v3) exists. Then y; = 0 and y, = s + duz > 0 are two
eigenvalues of Jg,. Using the same method as in Theorem 2.3, we know that E5 (u3, v3) is an attracting
saddle node; Theorem 2.5 is proved. m]

The existence and stability conditions for all equilibria are given in Table 1.
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Table 1. Existence and local stability of all equilibria.

Equilibrium Existence Stability
Ey (0, 0) always Saddle
B < e < 1, stable
s e < B, saddle

E. (O’ m> always e = B, stable node or

attracting saddle node
E; (i, 0), Ez, (2, 0) m <my Unstable
E;, (i3, 0) m = my Repelling saddle node

B<e<1l,m<m*or
E, (u, vy) e=B,m< ﬁ or Stable
e<B

E,, (uz, v2) B<e<l,m<m Saddle
E,, (us, v3) B<e<l,m=m" Attracting saddle node

Theorem 2.6. The boundary equilibrium E, (0, ﬁ) is globally asymptotically stable when B < e <
1, m > m*.

Proof. For model (2.1), it is easy to know that % - = 0, % . 0, which means that # = 0 and
v = 0 constitute the invariant set of model (2.1). Thus, all solutions of model (2.1) are nonnegative.

Consider the following equations:

d
d—b; <u(l—-e—hu)+ou(v—u),

d
d_‘t) =sv(l=v)+ov(u—v).

Applying the comparison theorem for differential equations, we establish the comparison equations:

dr
dn,
dr
From Theorem 3.2 in [13], there are positive constants M and T that yield that N; (r) < M for Vt > T,
i=1, 2. So all solutions of model (2.1) are uniformly bounded. From Theorems 2.3 and 2.4, E, is locally
asymptotically stable and there is no positive equilibrium when B < e < 1, m > m*. Therefore, there
exist no limit cycle in the first quadrant. Thus E, (0 L) is globally asymptotically stable. The proof

> s+0

of Theorem 2.6 is finished. O

=N, (1 —e—hN))+6N; (N, — N)),

= SN2(1 —Nz) + 0N, (N1 —Nz).

Theorem 2.7. The positive equilibrium E, (u,, vy) is globally asymptotically stable when e < B or

_ 1
e—Bandm<h+B.

Proof. From Theorems 2.3 and 2.5, the unique positive equilibrium E; (i, v;) is locally
asymptotically stable and the boundary equilibrium E, (0, STS(S) is unstable in the first quadrant when

e<Bore=Bandm < ﬁ. Consider the Dulac function g (u, v) = # Applying e < B < s, we get

IF)  d@Fy) _e=s

= -M <0,
ou ov u?v?
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where M =

(m+u)*v2
Fi
F:

U= u(u(m+u) - e - hu) + detau (v - u)
V=5V (1-v) +detav (u-v)

m=07 delta=01 e=004
s=09 h=09

u

++6(%+#)>Oand

u

—— —e—hu|+oulv—u),

m+u

sv(l=v)+ov(u—v).

U'=uu(m+u)-e - hu) + deltau (v-u)
V'=sv(1-v) +deav(u-v)

e=01

m=15 delta=02
s h=09

e

U'=uu(m+u)-e - hu) + deftau (v-u) m=1

V'=sv(1-v) +debav(u-v)

e=01

delta = 0.2
s= h=09

(2.9)

05F
it it it
T am L i ] oaa L ? ] out
0 0.1 02 3 0.4 05 086 07 08 09 1 0.5 0 05 1 -05 0 05 1
e peshon: (¢504,0788 B . .
1 1
(a) e<B (b) e=B,m> — (c)e=B,m=—
? h+B ’ h+B
u'=u(ul(m+u) - e -hu)+ deltau (v - u) m=07 deta=02 e=0.1 u'=u(u(m+u)-e-hu)+deltau (v-u) m=04 deta=0.1 e=0.1 u'=u(u(m+u)-e-hu)+deltau (v-u)m=046754446 delta=0.1 e=0.1
Iy sy 202" R o0s VI st TR Ve sstav ) TR
1 05 05F q
04 04F .
|
03 03 oot 1
& 02 | 02 ‘
05| E | *
o1l | 01l : “ 1
Eu | Eur )
> Prnt . Print > Print
) T
Eu Eu En E
£ —04f f o1l ] 1
3 ‘ v
-02f ‘\ -02f b 4
-0.3F { 03 4
o4} | o4l | ]
o ; L] out s d ] i \‘ i L] ooa i d {‘ H ; { L] ot
-0.5 0 05 1 0 0.1 02 03 04 05 086 0 0.1 02 03 04 05 06
1
@ e=Bm< ;3 (e) B<e<1,0<m<m f) B<e<l,m=my
u'=u(ul(m+u) - e - hu)+ deltau (v - u) m=08 deta=0.1 e=0.1 u'=u(u(m+u)-e-hu)+deltau (v-u)m=081818181 deta=0.1 e=0.1 u'=u(u(m+u)-e-hu)+deltau(v-u) m=1 deta=0.1 e=0.1
v'=sv(1-v)+deltav (u-v) h=09 v'=sv(1-v)+deltav(u-v) =09  h=09 vi=sv(i-v)+deltav(u-v) h=09
14r 14r 14
12r 12r 12
1 1 s
08 08 08
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0 002 004 006 008 012 014 016 018 02 0 002 004 006 008 01 012 014 016 018 02 0 002 004 006 008 01 012 014 016 018 02
u .

0.1
u

(g) e > B, m € (my, m*)

(h)y e>B,m=m"

(i) e>B,m>m"

Figure 1. The phase portraits for model (2.1).

Applying the Bendixson-Dulac discriminant, model (2.1) has no limit cycle in the first quadrant.
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Since the solution of system (2.1) is ultimately bounded, we have that E, (u;, v;) is globally
asymptotically stable; hence, the proof of Theorem 2.7 is finished. O

Remark 2.1. Theorem 2.6 shows that the level of the Allee constant m has a large effect on the
extinction of the population in the first patch when the intensity of dispersal is low. In detail, when
B < e ie, 6 < (s > e), the species in the first patch will go extinct at any initial value when
m > m*. The ecological significance of this result is that when the intensity of dispersal is low, if the
birth rate of the population in the first patch is affected by the strong Allee effect such that the
population faces severe difficulties in finding mates, then it will not be able to avoid extinction.
However, when the intensity of dispersal is large, i.e., 6 > =(s > e) which implies that B > e, the
species in both patches will be permanent even though the species in the first patch has a strong Allee
effect. In other words, nonlinear dispersal can be beneficial to the survival of the species.

The phase diagram for model (2.1) is given in Figure 1 for the different parameter cases.

2.2. Saddle-node bifurcation

From Theorem 2.2, model (2.1) has two positive equilibria E (u;, v;) and E, (u;, v,) when B <
e < 1 and m < m*; However, if m = m”, it has a unique positive equilibrium Ej (13, v3). Saddle-node
bifurcation may be induced at here.

Theorem 2.8. Saddle-node bifurcation arises at E5 (u3, v3) when B < e < 1 and m = m".

Proof. From Theorem 1.5, we get that Det (Jg,) = 0 and Tr(Jg,) = —(B + %) uz — s < 0 when
B < e < 1and m = m*. Then Jg, has the unique zero eigenvalue y;. Let

. (07 _ 1 o ﬁl _ 1
we(m) =l ) eli)-(e )

be the eigenvectors of Jg, and J£3 corresponding to a zero eigenvalue. Next, we have

2
__
F, (Es; m") =[ 0"8”3)2 ),

PF1 2 &*F PF1 2
DZF Ev mt — W;al + zauaéo‘laz + WZIQ/Z
(E3; m") (@, @) &F &*F 0*F
202 + 2220 + L2202
au? 1 Auay C12 T T2 %2 Sy m)
[ —VYe—=B(h+B)
O 9
where F; and F, are given in Eq (2.9). It is easy to get
2
T . * u3
B Fy(Es; m") = ————— %0,
(m* + u3)

B D*F (E5; m") (a, @)=—Ve—B(h+ B)#0.

Applying the Sotomayor theorem [34], system (2.1) will experience saddle-node bifurcation at
E5 (u3, v3) when B < e < 1 and m = m*; Theorem 2.8 is proved. |

Besides, saddle-node bifurcation also occurs at E;, (i1, 0) when m = my, and its proof is analogous
to Theorem 2.8; thus, we omit it here.
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2.3. Impacts of Allee effect and nonlinear dispersal

From Theorem 2.7, the positive equilibrium point E; (u;, vy) is globally asymptotically stable when

e<Bore=Bandm = ﬁ. Then, the total population abundance is T = u; + v;, where v; = S:fgl and

1231

—e—huy+B(l—u)=0.
m—+ U

After a simple derivative calculation, we get

dM1 U

— = <y,
dm C(m+uy)

dV] o du]

— = — <0,

dm s+o0dm

where C := (h+ B) — ﬁ > (. Thus we have that % = ‘g—‘”; + % < 0. The above yields that the
stronger the Allee effect, the lower the total population density. Figure 2 is the bifurcation diagram for
parameter m, which was obtained by using MatCont [35].

Consider the subsystem of model (2.1) without nonlinear dispersal:

E—M

du ( “ _e_h@, (2.10)
m+u

For model (2.10), it is well known that when the Allee effect is strong, it can lead to population
extinction under certain initial values. For example, in Figure 3, it can be seen that the population of
patch 1 becomes extinct in the absence of dispersal. However, it becomes persistent with the increase
of the dispersal coefficient 6, which reflects the positive effect of dispersal here. In Figure 4, the Allee
effect does not lead to extinction when the dispersal coefficient ¢ is large enough, which is completely
different from the model in which the Allee effect may lead to extinction of the population. Therefore
reasonable dispersal is necessary for the conservation of scarce animals.

stable E,
stable E,

> 02F > 0951

xsN
SN
unstable E,

J
i unstable E,

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
m m

(a) (m, u) plane (b) (m, v) plane

Figure 2. Saddle node bifurcation diagram for model (2.1), where the other parameters are
e=0=0.1and s = h = 0.9. The blue solid line and the red dashed line indicate the stable
and unstable equilibrium points, respectively. SN denotes the saddle-node point.
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Figure 3. For model (2.1), the curves of u over time for different values of ¢, where the rest
of the parameters were fixed as follows: m = 0.7,e = 0.04,2 = 0.9, s = 0.9.

0.25 ]
m=1.0
0.2 m=1.5 T
m=2.0
> 0.15 E
0.1 i
0.05 E
0 100 200 300 400 500

t

Figure 4. For model (2.1), the curves of u over time for different values of m when B < e < 1.
The rest of the parameters were fixed as follows: 6 = 0.1,e = 0.04,2 = 0.9, s = 0.9.

In order to better understand the role of nonlinear dispersal, we will present some comparison
between nonlinear dispersal and linear dispersal. We introduce the model with linear dispersal as

follows.

%
dr
dv
dr

sv(l=v)+o6(m—v)

—e—hu)+5(v—u),

(2.11)

For model (2.11), up to now, we cannot present the complete qualitative analysis such as the sufficient
and necessary condition for the existence of a positive equilibrium. We will obtain two sufficient
conditions which ensure that system (2.11) does not have a positive equilibrium and there is a unique
positive equilibrium, respectively. And, the complete qualitative analysis will be our future work.

Theorem 2.9. For model (2.11), if m > %, e > sand 6 > =, then there is no positive equilibrium and
the trivial equilibrium O (0, 0) is globally asymptotically stable.
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Proof. Let the right-hand sides of model (2.11) equal to zero to get

U= l[(—s+c5)v+svz] =H; (v),

‘15 2.12)
v:—u(— +e+6+hu)::H2(u).
0 m+u
It is easy to obtain that H;(v) is strictly monotonically increasing and concave. And

H,(0) =0, H1 0) = % > 0 and H, (0) = 0. Besides, we can obtain

e+0

, 1 [u@m+u) ] ,
HWw=—-—|—-¢e—-0-2hu|, H,(0) = > 0.
5 (u) 5[(m+u)2 » (0) 5
Andifhzi,then
" 2 m2 " 2 l
H =—|h- H,0)==(h-—]=0.
20 5[ (M+u)3]> = © 5( m)_

Thus H, (u) is also strictly monotonically increasing and concave. The above yields that if
H1 0) H; (0) > 1, two curves u = H;(v) and v = H,(u) will not intersect each other in the first
quadrant which implies that model (2.11) has no positive equilibrium. And the diagrams of curves
H; (v) and H,(u) are shown in Figure 6. Notice that when e > s and 6 > -=, it follows that

H1 0) H; (0) > 1. Summarizing the above, we can conclude that m > % and e > s, 6 > ==, model

(2.11) has no positive equilibrium, and it only has the trivial equilibrium O (0, 0).

(a) (t, u) plane (b) (¢, v) plane

Figure 5. Curves of u and v over time for model (2.11) for different values of 6 where the
rest of the parameters were fixed as follows: m =2,e =2,h=1,5s = 1.

Next, we will consider the local asymptotic stability of the trivial equilibrium O (0, 0) of model
(2.11). The Jacobian matrix at O (0, 0) is

—-e—0 0
Jo = ( s 5—6)' (2.13)

And
Det(Jp)=(e—5)0 —se >0,

Tr(Jp)=—-(e+s5s+20)<0.
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Therefore O (0, 0) is locally asymptotically stable. Also model (2.11) has no limit cycle since it has
no positive equilibrium when m > %, e > sand 6 > =.. The above yields that O (0, 0) is globally

asymptotically stable. Theorem 2.9 is proved. O

Theorem 2.9 shows that the impacts of nonlinear diffusion and linear diffusion are different. In
detail, high nonlinear diffusion intensity can make the species in both patches coexist (see Figure
3), while high linear diffusion intensity causes the species in the first patch to become extinct (see
Figure 5).

u=H ()

v=H}(0)u

X

‘,—"u =H{(0)v

= Haw) t

(@) (b)

Figure 6. Number of intersections between u = H; (v) and v = H, () in the first quadrant:
(a) no intersection; (b) one intersection.

Theorem 2.10. For model (2.11), if m > % and 0 < § < s, then a unique positive equilibrium E (i1, 9)
exists, where i and  satisfy Eq (2.12). And E (@, 9) is globally asymptotically stable when 0 < § < =L
Proof. From the proof of Theorem 2.9, if m > ,ll,
monotonically increasing and concave for u > 0 and v > 0. From H, (%‘S) = H,(0) =0and H1 (%‘S) =

we can obtain that both H; (v) and H, (u) are strictly

%5 >0, H2 (0) > 0, then two curves u = H{(v) and v = H,(u) will intersect each other once in the first
quadrant which implies that model (2.1) has a unique positive equilibrium. This is shown in Figure 6
(b). And a simple calculation gives us H 1 &) H2 () > 1.

From Eq (2.13), we get Det(Jp) = e(0 —s) — ds < 0. Thus O (0, 0) is a saddle. Next, we will
consider the stability of the positive equilibrium E (2, 9). From Eq (2.12), model (2.11) can rewritten
as follows:

d
A S -Hy,(w)] = 01,

dr
d
T = Olu—H ()] = Ox
The Jacobian matrix at E (i1, D) is
g o [H w6
0 -0H, (v)]"
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And
Det (Jz) = 8* [H, () H, (@) — 1] > 0,
Tr(Jg) = —6|H, (%) + Hy @] < 0.

Therefore E (i1, ) is locally asymptotically stable. Consider again the Dulac function g (i, v) = 14217

Applying 6 < 5S¢, we get

> 5

0(gQ1) 0(g0y) e+20-s5s _
= i
ou " ov u?y? <0,

1
uv3

where M = ++5(ﬁ+

(m+u)?12

Theorem 2.7, we can see that E (i1, ¥) is globally asymptotically stable. Theorem 2.10 is proved. O

) > 0. Using the Bendixson-Dulac discriminant in the same way in

Remark 2.2. In our manuscript, we focus on how dispersal can keep the species with an Allee effect
from becoming extinct. In detail, From Theorem 2.7 and Remark 2.1, we conclude that for the model
(1.2) with a nonlinear dispersal mechanism, a large amplitude of nonlinear dispersal can prevent the
species with a strong Allee effect from going extinct. However, Theorem 2.9 states that if the diffusion
between two patches is linear, the species in both patches may still go extinct when the Allee constant
is large, even if the dispersal intensity is large. Theorem 2.10 states that if the diffusion between
two patches is linear, the species in both patches can persist when the Allee constant is large and
the dispersal intensity is less. Through a comparison of Theorem 2.7, Remark 2.1 and Theorems 2.9
and 2.10, it is not difficult to obtain that linear and nonlinear dispersal have different impaces on
the species’ permanence. In all, a large amplitude of nonlinear dispersal or less intensity of linear
dispersal can keep the species with a strong Allee effect from becoming extinct. The above comparison
of nonlinear diffusion with linear diffusion has theoretical and practical significance.

3. The PDE case

In this section we will study the effect of dispersal rate ¢ for spatially explicit PDE versions of
systems (2.1) and (2.11).

3.1. Notations and preliminary observations

Lemma 3.1. Consider an mxm system of reaction-diffusion equations , where each equation is defined
as follows: foralli=1,...,m,

o — diAu; = fi(uy, ..., uy) in Ry X Q, d,u; =0 on dQ, u;(0) = uy, 3.1

where d; € (0,+), f = (fi,..., fm) : R™ — R™ is continuously differentiable on Q and u;y € L™(Q).
Then, there exists a time interval T > 0 within which a unique classical solution to Eq (3.1) exists, i.e.,

the solution is well-defined and smooth on [0,T). Let T* be the maximum value for all such intervals
T. It follows that

sup  |ui(®)lle) < +oo| = [T7 = +o0].
t€[0,7*),1<i<m

If the non-linearity (f;)1<i<m is also quasi-positive, i.e., if

Vi=1,....,m, Yup,..,u, >0, fi(ur,...;ui1,0,Ujs1,...itty,) =0,
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then
Vi=1,..mup>0] = [Vi=1,..,m, Yt €[0,T"),u;(t) > 0].

Lemma 3.2. Under the same notations and assumptions as in Lemma 3.1, let us consider an additional
condition. Suppose that f exhibits at most polynomial growth and there exist b € R™ and a lower
triangular invertible matrix P with nonnegative entries such that for any r € [0, +00)™, we have

Pf(r) <

1+ r,-]b.
i=1

Then, for any initial value uy € L*(Q,RY), the system (3.1) admits a strong global solution.

Based on the given assumptions, it is widely recognized that the following local existence result,
originally presented by D. Henry in [36], holds true:

Theorem 3.1. The system (3.1) possesses a unique and classical solution (u, v) defined over the interval
[0, Tinax] X Q. If Tnax < o, then

i {t, o + 1062l = o0, (32)

max

where T, denotes the eventual blow-up time in L™ (Q).

3.2. A case of linear dispersal

Consider the following spatially explicit PDE version of the linear dispersal system motivated by
ODE system (2.11), resulting in the following reaction diffusion system, defined on Q = [0, L]:

0

3—1: = 01Uy, + S1(X)u (ﬁ —e(x) — h(X)l/l) 5

ov v

7 =0V, + s(x)v(m -e1(x) — hl(X)V) ) (3.3)
ou v

™ = Ew =0 on 0Q;

u(x,0) = ugp(x) >0, v(x,0)=vy(x)>0

Here

m(.X),x € [O’ Ll]a e(X),.x € [07 Ll]a
my(x) = { » e(x) = {
m(x) =0,x €[L, L] e(x)=0,x€[L;,L].

h(x), x € [0, Ly], s(x) =1,x€[0, L],
hi(x) ={ , o s1(x) :{
h(x)=1,x€[L;,L]. s(x),x € [L, L]

In this framework the patch structure is in a simple one dimensional domain [0, L], where the region
from [0, L] is where the population is subject to an Allee effect, and the region from [L;, L] is where
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the population is not subject to an Allee effect. Here linear dispersal is assumed for the populations
modeled by the standard Laplacian operator.

One can typically think of the species u as the population starting in the [0, L,] patch, where it
is subject to an Allee effect and will move via linear dispersal into the [L;, L] patch. Once it enters
this patch, it is no longer subject to an Allee effect. Similarly we can think of the species v as the
population starting in the [L;, L] patch, where there is no Allee effect in place. However it moves into
the [0, L;] patch via linear dispersal and upon entering this patch, it is immediately subject to an Allee
effect. We consider the problem in the spatial dimension n = 1. Also the above mentioned functions
m(x), m;(x), h(x), hi(x), s(x), s1(x), e(x) and e;(x) are all assumed to be in L*[0, L]. We can state the
following result.

Lemma 3.3. Consider the reaction diffusion system (3.3); then, there exist global in time non-negative
classical solutions to this system, for certain positive bounded initial data.

Proof. The non-negativity of solutions follows via the quasi-positivity of the right-hand-side of
Eq (3.3). Next, via a simple comparison for the u equation we have,

u(mb_:u—e—hu)Su(z—e—hu):u(l—e—hu) (3.4

u
This follows by using the positivity of the parameter m. Comparison with the logistic equation, via the
use of Lemma 3.2 yields the result. The analysis for the v equation follows similarly. O

3.3. A case of non-linear dispersal

Consider the following spatially explicit version of nonlinear dispersal system (2.1), resulting in the
following reaction diffusion system, defined on Q = [0, L]:

ou u

i 01Ul + S1(X)u (m —e(x) — h(x)u) ,

@ =0V, + s(x)v(é —e1(x)—h (x)v)

(')t 2VVixx ml(x) Ty 1 1 ) (35)
ou Ov

g = E/ =0 on (9!2,

u(x,0) = ug(x) >0, v(x,0)=vy(x)>0

m(x)a X € [09 Ll]9 e(X),.X € [09 Ll]9
my(x) = { , el(x)= {
m(x) =0,x € [Ly, L] e(x)=0,x€[Ly, L]

h(.X'),X € [07 Ll]a S(X) = 17x € [0’ Ll]’
hyi(x) ={ , o s1(x) ={
h(x)=1,x€[Ly,L]. s(x),x € [Ly,L].

In this framework the patch structure is in a simple one dimensional domain [0, L], where the region
from [0, L] is where the population is subject to an Allee effect, and the region from [L;, L] is where
the population is not subject to an Allee effect. Here nonlinear dispersal is assumed for the populations
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Figure 7. Numerical simulation illustrating the impact of a small linear dispersal parameter
(01 = 04,6, = 0.004) on the dynamics of system (3.3) in Q = [0,n] for intial data
[uo(x), vo(x)] = [3 + x%,2 + x*]. (a) Population density distribution vs space (b) functional
reponses used for simulation (c) surface plot of u (d) surface plot of v.

modeled by a non-standard Laplacian operator. We consider the problem in the spatial dimension
n = 1. Again the functions m(x), m;(x), h(x), hi(x), s(x), s1(x), e(x) and e;(x) are all assumed to be
nonnegative functions in L*[0, L]. Furthermore, since the s(x), h(x) functions have to mimic the A, s
parameters from the ODE systems considered earlier, we assume that there exists a positive constant
C; such that 0 < C; < min(A(x), h(x), s(x), s1(x)).

We state the following result.

Theorem 3.2. Consider the reaction diffusion system (3.5); then, there exist global in time nonnegative
classical solutions to this system for certain positive bounded initial data.

Proof. Consider the u equation for the reaction diffusion system (3.5). Dividing through by u we
obtain, the following equivalent equation:

% (logu) = 61uy + s1(x) —e(x) — h(x)u) . (3.6)

"%
m(x) +u

This follows by formally dividing through by u and v assuming positivity. Integrating the above
equation over Q yields,
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Figure 8. Numerical simulation illustrating the impact of a small linear dispersal parameter
(01 = 0.4,06, = 0.004) on the dynamics of system (3.3) in Q = [0, 7] for non-flat intial data

_ _(x;l,S)Z —( x=0.4 )2 —( x=1.8 )2 _(ﬂ)Z . . . . .
[to(x), vo(x)] = [e "VOB° + e Vo' e "Voos' 4+ ¢ Vo' |. (a) Population density distribution

vs space (b) functional reponses used for simulation.
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Figure 9. Numerical simulation illustrating the impact of a small linear dispersal parameter
(01 = 0.4,06, = 0.004) on the dynamics of system (3.3) in Q = [0, 7] for non-flat intial data

_ _(ﬂ)Z —( x=0.4 )2 —( x=1.9 )2 _(M)Z . . . . .
[to(x), vo(x)] = [e "VOB" + ¢ Vo' e "Vos' 4+ ¢ Vo' |. (a) Population density distribution

vs space (b) functional reponses used for simulation.

i f log(u)dx + f st (h(X)udx < s1(x)|(1 — e(x))||Q.

From this, it follows that

d
7 f log(u)dx + (Cy)? f udx < ||s1(0)]|eoll(1 = €(x))|leo €2l
tJo Q

It follows, by using the earlier estimate on the right-hand-side of the u# equation in Lemma 3.3, that
0 < C; < min(h(x), hy(x), s(x), s1(x)). Now, by using the inequality log(x) < x, x > 0, we obtain

d
= f log(u)dx + (Cy) f log(u)dx < C,|Q).
dt Jo Q
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Population density

(a) (b)

Figure 10. Numerical simulation illustrating the impact of a small linear dispersal parameter
(01 = 04,06, = 0.004) on the dynamics of system (3.3) in Q = [0, n] for non-flat intial

x=1.9 )2

J(x19 )2 _(x04y (204 ) :
data [up(x), vo(x)] = [e o)+ 0.65¢Voos ,e Qo)+ 0.65¢ Voos) ]. (a) Population density
distribution vs space (b) functional reponses used for simulation.

An application of the Gronwall inequality yields

f log(u)dx < c2|§2| + log(uo(x))
o c

1

Similar analysis follows for the v equation. Thus the L'(Q) norms of the log(«) cannot blow-up at
any finite time 7" < oo for suitable initial data u,(x) such that the log(u((x)) is well defined. This in
turn yields control of the L'(Q) norms of the solution. Here C, is a pure constants that could absorb
the other parameters in the problem. This, in conjunction with classical theory [36], where essentially
one needs to control the right-hand-side of Eq (3.5) in L? for p > Z, yields the result. O

3.4. Numerical simulations

The numerical simulations for both the linear Eq (3.3) and nonlinear Eq (3.5) in the context of
dispersal PDEs were executed by using MATLAB R2021b. The simulations employed the built-in
function pdepe, specifically designed to solve one-dimensional parabolic and elliptic PDEs. The
spatial domain was set as the unit-sized interval [0, 1], which was discretized into 100 sub-intervals. It
has been numerically validated under some parametric restrictions, and for some given data, a large
magnitude of nonlinear dispersal or less intensity of linear dispersal may prevent species impacted by
the Allee effect from becoming extinct (See Figures 5—13).

4. Conclusions

In this paper, the interplay of the Allee effect and nonlinear dispersal in a two-patch model have been
studied. Our goal was to determine whether nonlinear diffusion between the two patches contributes
to overcoming the Allee effect.

When the dispersal intensity is low, we have concluded that a population u will go extinct when
B < e < 1and m > m*. Besides, we also proved that the two positive equilibrium points E; (uy, v;)
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Figure 11. Numerical simulation illustrating the impact of a large nonlinear dispersal
parameter (6; = 2,9, = 3) on the dynamics of system (3.5) in Q = [0, ] for intial data
[to(x), vo(x)] = [5,5]. (a) Population density distribution vs space (b) functional reponses
used for simulation (c) surface plot of u (d) surface plot of v.

and E, (up, v,) of model (2.1) will undergo saddle-node bifurcation when m = m*. These findings
suggest that the Allee effect has a major impact on the extinction of the population in patch 1 when
the dispersal intensity is very weak. However, the positive equilibrium E; (i, v;) is always globally
asymptotically stable when e < B, i.e., 6 > 5. The above result shows that both species will persist
when the nonlinear dispersal intensity is high. In other words, under large nonlinear dispersal, the
persistence of both species seems independent of the Allee effect.

Besides, for the corresponding model with linear dispersal, we have obtained two interesting results
corresponding to when the Allee effect is strong. The results show that when the linear dispersal is high,
both species will go extinct. However, the species with low linear dispersal will persist. We declare that
a large magnitude of nonlinear dispersal or a lower intensity of linear dispersal may prevent species
with a strong Allee effect from becoming extinct.

The above are results derived in the ODE case. We have derived analogous results in the PDE case
as well. Herein, we set up a one dimensional domain to have two explicit patches, i.e., one patch in
which the populations are subject to an Allee effect and the other patch in which they are not. The
species move in and out of these patches via linear diffusion, as well as nonlinear diffusion. What
we observe in the PDE case is that high nonlinear diffusion can eliminate the impact of the strong
Allee effect so that populations do not become extinct; see Figures 11-13. This complements the ODE
model’s findings for continuous patch models. We also observe that, in the case of linear diffusion,
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Figure 12. Numerical simulation illustrating the impact of a large nonlinear dispersal
parameter (0; = 2,0, = 3) on the dynamics of system (3.5) in Q = [0, 7] for non-flat
intial data [uo(x), vo(x)] = [5,5]. (a) Population density distribution vs space (b) functional
reponses used for simulation.
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Figure 13. Numerical simulation illustrating the impact of a large nonlinear dispersal
parameter (6; = 2,0, = 3) on the dynamics of system (3.5) in Q = [0, ] for non-flat intial
data [uo(x), vo(0)] = [0.0001 +¢ Vo 4+ & Vo, 0.0001 + ¢ Vo8 +¢ @], (a) Population
density distribution vs space (b) functional reponses used for simulation.

a low intensity of diffusion can also lead to coexistence. This again is in accordance with our ODE
findings. This is also true, even if we take an initial condition in the patch that is subject to an Allee
effect, such that the ||ug|l. < M, that is the peak of the initial data is below the Allee threshold. Thus
the small linear diffusion allows the species to disperse into the second patch, and escape the Allee
effect before it can cause local extinction; see Figure 10.

Another important use of the PDE model is its applications to habitat fragmentation due to human
intervention and exploitation. Some fragmented patches are large while others are small in area.
Although ODE models with a patch structure are powerful, all in all they are not spatially explicit and
thus cannot capture this effect of patches of different sizes. They cannot explicitly model the case of a
patch, which is actually say 10, 20 or 30 percent of the entire domain. However, in the PDE case with
a patch structure we can model this situation. We included this in our simulations in the PDE case.
You will see that we attempted patches which are both one-third the size of the entire domain and 1/2
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the size of the domain. We note that in both cases we can obtain coexistence. Thus patch size does not
seem to play a part in achieving the coexistence dynamics; one can see this by comparing
Figures 11-13 or Figures 7 and 8. Proving this rigorously will make for very interesting future work.

Recent studies by Srivastava et al. [37] and Chen et al. [38] have inspired further exploration.
These studies investigate the impact of fear in a purely competitive two-species model, where one
species instills fear in the other. To advance our understanding, it would be valuable to enhance future
research by extending the incorporation of the fear effect into both linear and nonlinear dispersal
systems, considering both ODE and PDE formulations. In summary, future investigations that modify
the ODE and PDE versions of linear and nonlinear dispersal systems to incorporate the fear effect
build upon recent work and have the potential to deepen our understanding of ecological dynamics.
By exploring the role of fear in species interactions, we can uncover new dimensions and pave the
way for more accurate modeling and conservation approaches. Other future directions in the PDE
cases will include investigating edge effects with a patch structure [39] and investigating blow-up
prevention with patches [40,41].

As 1s known, the traditional growth rate of species is logistic and an Allee effect in place may cause
a species to become extinct. To this end it is interesting to propose a model with two patches, i.e., one
where there is logistic growth and the other where there is an Allee effect. Thus, in this manuscript, we
have explored a suitable dispersal strategy which can benefit species in both patches. In other words,
we discuss the rolet of dispersal in keeping the species subject to an Allee effect from extinction. Our
results show that a large magnitude of nonlinear dispersal or a lower intensity of linear dispersal may
prevent species that are subject to a strong Allee effect from becoming extinct. We point out that it
is also meaningful to investigate a two patch model, where the form of the Allee effect in the various
patches could change, such as a strong effect in one patch versus a weak effect in the other patch. We
leave such an investigation for future work.
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