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ABSTRACT. This paper analyzes a source-sink system with nonlinear asymmetric dis-
persal between two patches, where populations grow logistically in the source patch and
decays logistically in the sink patch. First, using the theory of cooperative differential
systems, we prove the global stability of the model. Next, applying the theory of singular
perturbations and Tikhonov’s theorem, we study the case of perfect mixing, i.e., when the
diffusion rate tends to infinity. In this regime, we compute the equilibrium of the model,
which differs from the carrying capacity of the source patch, and provide accurate approx-
imation of the solutions. Furthermore, a complete analysis of the model demonstrates a
mechanism by which nonlinear asymmetric dispersal may lead to: (i) an increase in the to-
tal population size across the two patches, (ii) a decrease in the total population size with
persistence in both patches, or (iii) extinction in both patches when the migration rate
becomes infinite. We also perform numerical comparisons, for specific parameter values,
between the total equilibrium populations of models with linear and nonlinear asymmetric
dispersal. These results show that the two populations are generally different, although
they may coincide for certain migration rates. Finally, we investigate the effect of rapid
growth in the source patch and rapid decline in the sink patch on the dynamics of the
total equilibrium population and on the coexistence of populations in both patches.

KEYWORDS: Population Dynamics, Nonlinear dispersal, Migration rate, Source-sink
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1. INTRODUCTION

Population dynamics is a wide field of mathematics, which contains many problems, for
example fragmentation of population and the effect of migration in the general dynamics
of population. Bibliographies can be found in the work of Levin [23, 24] and Holt [22].
There are ecological situations that motivate the representation of space as a finite set
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of patches connected by migrations, for instance an archipelago with bird population and
predators. It is an example of insular bio-geography. A reference work on mathematical
models is the book of Levin et al. [25], whereas Hanski and Gaggiotti [20] give a more
ecological account of the subject. The standard question in this type of biomathematical
problems, is to study the effect of migration on the general population dynamics, and the
consequences of fragmentation on the persistence or extinction of the population.

An ecological model is used to describe population changes in two habitats, both oc-
cupied by the same species. One habitat is of high quality and allows a population to
increase, leading to a surplus. This is the source. The other habitat is of low quality,
leading to a deficit that ordinarily would lead to the habitat being abandoned. This is
the sink. The source-sink model was first proposed by biologist Crick [7]. In population
ecology, the source-sink model is used to describe how variation in habitat quality may
affect the population growth or decline of organisms.

In 2019, Wu et al. [32] studied the following two-patch source-sink model:
d
% =riz1(1— %) + e(z2 — sz1),
1
s v (1.1)
e roxe | —1 — e + e(sx1 — x2),

where x1 and z2 represent population densities of the species in patch 1 and 2, respec-
tively. The parameters 7; > 0 and K; > 0 are respectively the intrinsic growth rate
and the carrying capacity of patch i. Parameter e represents the dispersal intensity while
the parameter s reflects the dispersal asymmetry. The authors show that the dispersal
asymmetry can lead to either an increased total size of the population in two patches, a
decreased total size with persistence in the patches, or even extinction in both patches.
They show also that for a large growth rate of the species in the source and a fixed disper-
sal intensity: (i) If the asymmetry is small, the population would persist in both patches
and reach a density higher than that without dispersal and the population approaches its
maximal density at an appropriate asymmetry, (ii) If the asymmetry is intermediate, the
population persists in both patches but reaches a density less than that without dispersal,
(iii) If the asymmetry is large, the population goes to extinction in both patches.

Arino et al. [5] also studied a source-sink model of n patches, where the source patch
follows a logistic growth rate, and the sink patch follows exponential decay and they proved
the existence of a threshold number of source patches such that the population potentially
becomes extinct below and persistent above the threshold.

In [2], Allen considered the n-patch general model given by the following equations:
dx; i ,
g = i (1—E) +Ti(z), i=1,...,n, (1.2)
where r; and K are positive constants; x = (z1,. .. ,xn)T where z; represents the popula-

tion density in the i-th patch. The function I'; represent one of the three types of different
mechanisms. The mechanism for linear diffusion is given by:
Li(x) = > ej(xy—0ym), ,i=1,...,n, (1.3)
J=1,j7i
where €;; and 6;; are positive constants. Dispersal by linear diffusion implies that the
species is able to move to all locations within its environment with equal probability. The
mechanism for biased diffusion is given by:
FZ(CL‘) = Z €ijTi (J,'j —01‘]‘331‘)7 ,i: 17...,11, (14)
J=1,5%i
where €;; and 6;; are positive constants. Note that, the term ’biased’ means that the diffu-
sion rate is a function of population density. The diffusion rate is regulated by population
density, increasing for large populations and decreasing for small populations. The third
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type of mechanism, is the directed diffusion which is formulated by Gurney and Nisbet
[19], given by:

n

FZ(ZE) = Z €ij (:L'? - 91]:13'?) ; ,i = 1, cee, Ny (15)

j=1,j#i

where €;; and 0;; are positive constants. Dispersal by directed diffusion implies that the
individuals move from high population concentration to low ones, i.e., the movement is a
function of species density. For more information on the biological interpretation and also
the continuous version of those types of diffusion, we refer the readers to [1] and [19]. The
objective of the work of Allen [2] is to study the effect of different types of the dispersion
on the persistence and extinction of the species. The persistence and extinction behavior
is completely determined in a two-patch model (1.2)(1.3) for n = 2 ( see Theorem 1 in [2]).
For model (1.2)(1.4), Allen [2, Theorem 2] showed that a population modelled with biased
diffusion is always persistent and in fact represents a strongly persistent population. For
more details on the results of persistence and extinction, see Theorem 3 of [2] for n-patch
model (1.2)(1.4) and Proposition 1 of [2] for 2-patch case; Theorem 4 of [2] for the n-patch
model (1.2)(1.5). In [27, 30], Lu and Takeuchi generalized some results of Allen for the
model (1.2) with generalized growth rate.

In [11], Elbetch and Moussaoui considered the following two-patch model coupled by
nonlinear terms of migration:

% =rix (1 — %) +e (623@22 _ 01m12) ’

dra T2 2 2
dt = T2x2 <1 Kz) +e€ (91.’1‘1 92I2 ) .

(1.6)

For system (1.6), the authors have given a complete classification of the model parameter
space as to whether nonlinear dispersal is beneficial or detrimental to the sum of two
carrying capacities. They studied also the model (1.6) in the case where one growth rate
is much larger than the second one. For general information on the effect of asymmetric
and nonlinear diffusion on the total population abundance for the n-patch model, the
reader is referred to [11].

This paper is organized as follows: In Section 2, some properties of Two-patch source-
sink model with linear asymmetric dispersal (Model (2.1)) are recalled as a function of
the two parameters 6; and 62, Theorem 2.1 for the global dynamic, Theorem 2.2 for the
effect of linear asymmetric dispersal on the dynamic of the total equilibrium population in
two patches, Proposition 2.2 give the perfect mixing formula and our first result for this
model is given in Theorem 2.3, which we studied the model in two time scales different
using Tykhonov’s theorem [26, 29, 31, 6]. In Section 3, we introduce the two-patch source-
sink model coupled by nonlinear asymmetric terms of migration. In Subsection 3.1, we
prove their global stability in the interior of the positive cone. Next, in Subsection 3.2,
we study the behavior of the model in the case when the migration rate goes to infinity
using singular perturbation arguments and Tykhonov’s theorem ( see Theorems 3.2 and
3.3 ). In Subsection 3.3, we compare the total equilibrium population with the carrying
capacity of source patch for all parameter space by using the same method as in the works
of Arditi et al. [4] and Wu et al. [32] ( see Theorem 3.4 and Corollary 3.2 ). In subsections
3.4 and 3.5, Two-patch model with the growth (resp. death) rate much larger than the
death (resp. growth) rate is considered. In Section 4, some numerical examples illustrate,
confirm and extend our results are given. Section 5 concludes the paper and describes the
future works suggestion. The rest of the paper contains appendices, in Appendix A, we
demonstrate nonnegativeness and boundedness of the solutions, we give also the detailed
proof of the existence and stability of the equilibrium point of (1.1). In Appendices B and
C, we have calculated the derivatives of the total equilibrium population of (2.1), 77", and
also of (3.1), T5 respectively, with respect of e.
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2. TWO-PATCH SOURCE-SINK MODEL WITH LINEAR DISPERSION

In this section, we consider the 2-patch system with source-sink dynamics given by:

ﬂ = ™11 (1 — ﬂ) —+ 6(92.’E2 — 91:1,‘1) 5
dt K, @2.1)
% = roxs | —1— %) +€(01l‘1 792%2),

where z1 and x2 represent population densities of the species in patch 1 and 2, respectively.
Patch 1 is assumed to be the source but patch 2 is the sink, i.e. r1,72 > 0. The parameter
a; := 1;/K; is the intraspecific competition degree. Parameter e represents the dispersal
intensity. We denote 62 the migration rate from source patch to the sink patch and 64
from sink patch to source patch, the dispersal is symmetric if 1 = 62. This system is
studied in [32]. We recall some essential results of [32] as function of the parameters 6;
and 6. Note that, Wu et al. [32] studied the model (1.1) as function of s = 61 /6,. First
of all, let’s start by recalling the global dynamics of System (2.1).

2.1. Global dynamics. We consider the following regions in the set of parameters 6; and
02, denoted Dy, D1 and D2 depicted in Figure 1 and defined by:

Do:{(91,92)2 922291},

T1
T2 T2€
Dy =<(01,02): —0 (% —0 2.2
1 {(17 2) T11< 2<’I“17”2+€7"1 1}7 ( )
asze
Dy =< (01,02): 62> ———01 ;.
2 {( 1,02) 2 2 P p— 1}
% b = 20,
r1
Do
Dy er
02 = Tﬂzﬁﬁn O
Dy
0
01

FIGURE 1. Global stability of Model (2.1). In Dy and D; the
system has unique equilibrium E7(¢) which is GAS. In the region
Do, the system has the origin as unique equilibrium which is GAS.

The global dynamic of System (2.1) is described as follows.

Theorem 2.1 (Prop. 5.5 in [32]). Consider Model (2.1). Then, if (01,02) € Do U Dy,
System (2.1) admits unique equilibrium in R?\{0} denoted by Ei(c), which is globally
asymptotically stable (GAS), and if (01,602) € D, then the origin is GAS.

2.2. Total population abundance. In this section, we recall the comparison given in
[32, Proposition 5.11], between the total equilibrium population

Ti(e) = z1(e) + 22(e),  Ei(e) = (z1(e), w2(e)),

of (2.1) and carrying capacity K1, by analyzing the stable positive equilibrium E7 (e).
Note that, when there is no dispersal (i.e., ¢ = 0), the total equilibrium population is
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T7(0) = K. We consider the regions in the set of the parameters 6, and 02, denoted Lo,
L1,L2, L3 and L4, depicted in Figure 2 and defined by:

co={®,00: <2},

If 7o > r1 then
L= {(91,92) ;2 J}

1

IN

) (2.3)

T1

EQZ{(01702): z%
If ro < r1 then L3 = {(91,92) : 2

Lo={(016:):

02 ag(K1+K3)
01 < ’

T1—r2

[AVARRRWAN

s (K1+K>) } .

T1—T2

7> O _ 1o 0y _ as(K1+K>)
61 — 1 92 0, r1—To
L1 Ly
b2 _ T2
0, — m
L3
Lo

L2
0 01 0 01

Case 2 > 7. Case r2 < 71.

FIGURE 2. Regions Ly, £1, Lo L3 and L4 defined by (2.3).

Theorem 2.2. The total equilibrium population described by (2.1) satisfies the following
properties
(1) Ifra > r1, let Lo and L1 be defined by (2.3). Then we have:
o if (01,02) € Lo then T (¢) < K1 for all e > 0. More over, there is " =
Oamirs - oych that:

0172 —0271 7

{0<Tf(e)§K1 If e<e, (2.4)

T (e) =0 If e>e€".
° Zf (01,92) € Ly then 0 < Tl*(E) < K fOT‘ all € > 0.
(ii) If ra <1, let Lo, L3 and L4 be defined by (2.3). Then we have:
(a) if (01,02) € Lo then T (e) > K1 for € < eo, T (e) = K1 for e = eo and
T (e) < K1 for all € > €0, where
(r1 —re) (K1 + K2)
(B2 (rs —12) + 0101 (K1 + K2)) (ca™1 4+ aa™1)’

Moreover, there is € > €o such that T{ (¢) =0 for all € > €.
(b) if (61,62) € L3 then we have

with a; = Tl/Kl (2.5)

€0 =

(2.6)

T7(e) > K1 If e<er,
0<Ti(e) < Kx If e>¢€".

(c) if (61,602) € L4, then Ty (€) > K1 for all e > 0.
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Proof. All the results were established by Wu at al. [32, Proposition 5.11]. Note that,
the explicit expression (2.5) of egp was not given in [32].Indeed, the sum of the equilibrium
equations of (2.1) show the equilibrium (x7(¢), z5(€)) satisfied to:

12 (e) (1 - x}((f)) —razi(e) (14 ) =0. (2.7)

On other hand, T7 (¢) = K, implies that z7(e) + z5(¢) = K;. Combines this last equation
and (2.7) we get

* x roKy1 (Ko + K1) KK (r1 —12)
) = ) . 2.8
(@i (), 22(€)) < r1Ks + 12K r1Ks + 12Ky (28)
We replace (2.8) in the equilibrium equations of (2.1) we obtain €g given in (2.5). a

In biological terms, the results of the previous theorem for source-sink patch-model
shows that, the nonlinear asymmetry dispersal can lead to an increased total size of the
species in two patches, a decreased total size with persistence in the patches, and even
extinction in both patches. Comparing these results with that of [3, 4] for source-source
patch model, we deduce that the existence of a sink patch among the two patches, can
cause an extinction of the total population in the two patches.

Let us explain the result of Theorem 2.2 in the particular case where the dispersion is
symmetric i.e. Z—l = 1. We consider the regions in the set of the parameters r1 and ra,

denoted Ao, A1 and Az, depicted in Figure 3 and defined by:
AO:{(T17T2): 7’227"1},
A = {(T177'2) P <ra< ﬁh} (2.9)

— . Ko
A27{(T1,7’2). T22m7’1}.

o ro ="T1

Ao

_ Ko
T2 = Kok, 1

Ay

Az

FIGURE 3. Regions Ag, Ay and Ay defined by (2.9).

Corollary 2.1. Consider the model (2.1) with 01 = 02 = 1. Let Ao, A1 and A2 be defined
by (2.9). The total equilibrium population Ty of (2.1) satisfies the following properties

(i) if (r1,7r2) € Ao then, T7 () < K1 for all . More over, there is € = 222~ such

that: “ o
0<T(e) < Ky If e<e€”,
{ T7(e) =0 If e>¢€". (2.10)
(ii) 4f (r1,r2) € A1 then, there is €™ > 0, such that
Ty (e) > K1 If e<er, (2.11)
0<Ty(e) < K1 If e> €. ’

Moreover, T7 (¢) — T7 (c0) > 0 when € — co.
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(iii) if (r1,7r2) € Ag, then T7 (€) > K1 for all e > 0. Moreover, if :—; = %, then
Ty (00) = K for all e.
Proof. Direct consequence of the theorem 2.2. O

2.3. Perfect mixing. In this part, we study the model (2.1) with asymmetric dispersal,
in the case of perfect mixing (i.e when ¢ — 00), we have the following result [32, Proof
of Proposition 5.10]:

Proposition 2.2. We have:

0211 — 01712

* . " 01+ 6 if 01/0 ,
Tr(so) = lim Tr(e) = 0 gy W G/f<mre g )
e 0 otherwise.
Or, as function of s = z—;, (2.12) becomes
r1 — Sr2 .
. 1 ———— < )
Trco) =4 YT T v otk o 8 <T/ (2.13)

0 otherwise.

We can use the theory of singular perturbations and Tikhonov’s theorem [26, 29, 31, (]
to obtain a better understanding of the behaviour of the system (2.1) in the case of perfect
mixing and we find again the formula (2.12).

Theorem 2.3. Consider the system (2.1). Let (z1(t,€),z2(t,€)) be the solution of the
system (2.1) with initial condition (29, x3) satisfying «9 > 0 for i = 1,2. Let Z(t) be the
solution of the logistic equation

dx X

S @ (e —

a ( (91+02)K) (2.14)
X(0) = a9 + 3,

where r = % and K = 92m1=01r2 yyith oy = i Then, when € — 00, we have

9§a1+9%a2 ’ K;
z1(t, €) + z2(t,€) = Z(t) + 0e(1),  uniformly for t € [0, 400) (2.15)
and, for any to > 0, we have
o
z1(t,€) = ———Z(t) + 0c(1),
01 102 (2.16)
xa2(t,€) = L Z(t) 4+ 0c(1)  uniformly for t € [to, +00).

01+ 6,

Proof. Let X (t,€) = z1(t,€) + z2(t,e). We rewrite the system (2.1) using the variables
(X, z1). One obtains:

ﬁ = 71T 17ﬂ 77‘2(X*£L'1) 1+X7£L'1 s
dt Ky K>
dy o, (2.17)
g 11 I_E +e(—(01 + 02)z1 + 0:X).
When ¢ — oo, (2.17) is a slow-fast system, with one slow wvariable, X, and one fast
variable x1. According to Tikhonov’s theorem [26, 29, 31, 6] we consider the dynamics of
the fast variable in the time scale 7 = et. One obtains
dx1 1 T
=z 1— = —(61 + 0 02X.
dr 67‘1£U1< K1>+ (61 4 62)x1 + 02
In the limit € — oo, we find the fast dynamics
d
% = —(01 =+ 92)931 + 0> X. (2.18)

The slow manifold is formed by the equilibrium points of the fast equation (2.18), which

is given by:
] = 62 .
01+ 02

(2.19)
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Since z7 is locally asymptotically stable (LAS) for the system (2.18), the theorem of
Tikhonov ensures that after a fast transition toward the slow manifold, the solutions
of (2.17) are approximated by the solutions of the reduced model which is obtained by
replacing x7 into the dynamics of the slow variable, that is:

02 X ‘91
dX 02 61 + 0, 61 61 + 0o
ax _ 1-ht0 | N x|t 2.2
dt Tl@l + 02 K T291+92 + K> ’ (2:20)

which gives the equation (2.14). If 211 > 0172, (2.14) admits X* = (61 + 02)K as a
positive equilibrium point, which is LAS in the positive axis, and if f2r1 < 0172, (2.14)
admits the origin as unique equilibrium point, which is LAS. The approximation given by
Tikhonov’s theorem holds for all ¢ > 0 for the slow variable and for all ¢ > to > 0 for
the fast variable, where to is small as we want. Therefore, let Z(t) be the solution of the
reduced model (2.20) of initial condition Z(0) = X (0,¢) = x§ + 29, then, when ¢ — oo,
we have the approximations (2.15) and (2.16). O

Wu et al. [32] proved that large dispersal intensity (i.e., ¢ — 00), the intermediate
asymmetry 61 /62 can lead to population density higher than that without dispersal, and
extremely small asymmetry is still favorable, while extremely large asymmetry is unfa-
vorable: (i) When the dispersal asymmetry is small, the species can approach a density
larger than that without dispersal, while it reaches its maximum value at an intermediate
asymmetry % = (ii) When 6,/6; is extremely large, the species goes to

ri—T2
202 (K1+K2) "

extinction in both patches. Mathematically speaking, we can rewrite the following result
[32, Proposition 5.10]:

r

Consider the total equi-
T2

Proposition 2.3. [32, Proposition 5.10] Assume that % <
librium population T7 (€) for e — oo given by (2.12). We have:

- 61 r1—To
> K if 02 < az(K1+K2)’

* . 0 r1—T"
T (+o0) s =K1 if é = 7a2(}1<1+2}(2), (2.21)
. 0 rq—
< K1 if > 7@(;{1?1{2)'

Moreover, T (4+00) reaches its mazimum value

O3ry kDLt I ( L )2
4(03r1 K2 + 03r2K1) \ a2(K1 + Ka)

01 _ ri—r2
02 7 2a2(K1+K2)®
3. TWO-PATCH SOURCE-SINK MODEL WITH NONLINEAR DISPERSION

In this section, we consider the two-patch system with source-sink dynamics coupled
by nonlinear terms of migration ( see Fig. 4), which can be written in the following form:

@ = 7M1 (]. — ﬂ) + € (921‘22 — (91.1‘12) ,

dt Ki (3 1)
7d$2 = T2X2 -1 - 71:2 +€ (911'12 - 92.’E22) .
dt Ky ’

where z; and x2 represent population densities of the species in patch 1 and 2, respectively.
Patch 1 is assumed to be the source but patch 2 is the sink, i.e. 71,72 > 0. The parameters
a; = 1i/K; > 0 are the intraspecific competition degree. Parameter ¢ represents the
dispersal intensity. We denote 6, the migration rate from source patch 1 to the sink patch
2 and 62 from sink patch 2 to source patch 1, the dispersal is symmetric if 61 = 6.



NONLINEAR ASYMMETRIC DISPERSAL IN TWO-PATCH 25

602$§

€023
FIGURE 4. A Tow-patch source-sink coupled system

3.1. Global stability. We have the following result:
Theorem 3.1. The equilibrium E3 () of (3.1) is GAS in the positive cone R%. \ {0}.

Proof. The two-dimensional system (3.1) is cooperative. Indeed, the Jacobian matrix
evaluated at the equilibrium point F5(¢) is given by

. K1 269215*(6)
J(E. = ’
(Ez(e)) 201277 (€) K2
where
I a7 21z (6) Ko = 1y — 21 x3"(e) 2e0213” (€).
K1 ’ Kz
We also have
dHe 1 *K *k 1
O ) B e e
< 4o (xl (E),frz (6)) 2¢0, ’He’l(x’{*(e)) s
and dH
1
0 €,2 * ok * ok R .
< dxo (217 (€), 227(€)) 2e01 He2(x5*(€)) "

Hence, necessarily k1 < 0 and k2 < 0. It follows that the trace satisfies
tr(J(E3(€))) = k1 + k2 < 0.
Moreover, from Figure 5-(b), we observe that at the equilibrium E3 (e),

dZEf (E2(e) > (dZ;’? (E;(e))) - 7

which yields
K1 K2

- > — .
2€02 He,1 (277 (€)) 2e61 He,2 (257 (€))

Therefore,
det J(E3(€)) = kika — 4€°0102x7* (€)z3™ (¢) > 0.

By the Routh-Hurwitz criterion, the eigenvalues of J(E3 (€)) have strictly negative real
parts, which proves that E3 (¢€) is locally asymptotically stable. Finally, Lemma A.3 implies
that no non-trivial closed orbits exist in the interior of the positive quadrant, and thus the
asymptotic stability of E3(¢) is in fact global. O

According to Theorem 3.1, model (3.1) has always a unique positive equilibrium, again
denoted by E3(€) := (27" (e),z5%(€)) which is given by the positive intersection between
the ellipse E' and the hyperbola H. ( see Fig. 5), i.e satisfies to

i (e) (1 - xl?(le)) — 125" () (1 + @ng)) =0,

T n

x5 (e) = \/02 (91($T*)2(€) -z (1 B %Tfe)))

(3.2)

ri/e
01+r1 /€

E3 is GAS in R?\ {0}. Comparing these stability results with those of Wu et al. [32] for
the system (1.1), we conclude that the origin cannot be globally asymptotically stable as
in the case of linear diffusion.

where < z1"(e) < K. Note that, the origin is always unstable. The equilibrium
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T2 Hc T2
3 (0 E3(e)
X1 ‘::
@) K, -
O] 1
]El
(a) (b)

FIGURE 5. (a) The ellipse E! and the curve H,. for selected pa-
rameter values of the model. The equilibrium points correspond to
the intersections of E! and H, within the positive quadrant, which
include the origin and a second positive equilibrium point Fj(€).
(b) Possible configurations of the isoclines of system (3.1), shown
in red for xz; and in blue for zy, for certain parameter sets. The
equilibrium points are given by the intersections of these two iso-
clines, consisting of the origin and the positive equilibrium E3 (e).

We thus define the total equilibrium population at the positive equilibrium under dis-
persal rate , i.e.

Ty (€) = 21" (e) + 23" (€), (3.3)
as the total realized asymptotic population abundance.

In the next section, we consider the system (3.1) when the migration rate goes to
infinity, in other words, when there is no restriction whatsoever on travel.

3.2. Fast dispersal. Let we denote by s := Z—;, the dispersal asymmetry. In this case, we
can rewritten the model (3.1) as follow:

@ = r1T1 (1— g) +€($22 —83:12),
dt Ki (3.4)
% = 7ox9 (71 — %) + € (33512 _ m22) .

Let X (t,€) = x1(t,€) + x2(t,€). We rewrite the system (3.4) using the variables (X, z1).
One obtains:

X X -

df = 1Ty 1_£ _T,2(X_x1) (1+ Zl’1>7

dt Kl K2 (3 5)
dzn _ o (1= 2L +e((1—s)xf72Xx1 +X2). .
dt K,

When € — o0, (3.5) is a slow-fast system, with one slow variable, X, and one fast variable
z1. According to Tikhonov’s theorem [26, 29, 31, 6] we consider the dynamics of the fast



NONLINEAR ASYMMETRIC DISPERSAL IN TWO-PATCH 27

variable in the time scale 7 = e¢t. One obtains

dxr 1 T
cTrl = —ria (1 - ?11) +(1— )zt —2Xz + X2

In the limit e — oo, we find the fast dynamics

doy
dr
We will study the behavior of the model (3.4) distinguishing three following cases:

=(1-s)x; —2Xz1 + X°. (3.6)

0<s<1l, s=1, and s> 1.
First, let we start by the symmetric case (s = 1).

Theorem 3.2. Consider the system (3.4) with s = 1. Let (z1(¢,€),z2(t, €)) be the solution
of the system (3.4) with initial condition (x3,23) satisfying 2 > 0 for i = 1,2. Let Z(t)
be the solution of the logistic equation

@:rx(l X),

dt 2K (3.7)
X(0) = 29 + 9,
where 1 = 2572 and K = 2272 with o; = 7. Then, when € — oo, we have
ar+asg K;
z1(t,€) + z2(t,€) = Z(t) + 0e(1),  uniformly fort € [0,400) (3.8)
and, for any to > 0, we have
1
3:1(t7 6) = §Z(t) + 06(1)7
(3.9)

za(t,€) = %Z(t) +o0e(1)  uniformly for t € [to, +00).

Proof. The slow manifold is formed by the equilibrium points of the fast equation (3.6)
with s = 1, which is given by:

1
zi" = §X' (3.10)

Since z1* = 1 X is LAS for the system (3.6), the theorem of Tikhonov ensures that after
a fast transition toward the slow manifold, the solutions of (3.5) are approximated by the
solutions of the reduced model which is obtained by replacing x7* = %X into the dynamics
of the slow variable, that is:

dX 1 X 1 X

— ==X (1-=)—r=X|14+—- A1

at 2 ( 2K1) 23 ( +2K2)’ (3.11)

which gives the equation (3.7). If r1 > 72, (3.7) admits X* = 2K as a positive equilibrium
point, which is LAS in the positive axis, and if r1 < r2, (3.7) admits the origin as unique
equilibrium point, which is LAS. The approximation given by Tikhonov’s theorem holds
for all ¢ > 0 for the slow variable and for all ¢ > ¢t > 0 for the fast variable, where t¢ is
small as we want. Therefore, let Z(t) be the solution of the reduced model (3.11) of initial
condition Z(0) = X(0,¢) = 7 + 29, then, when ¢ — oo, we have the approximations
(3.8) and (3.9). O

Note that, in the case of perfect mixing, Approximation (3.8) shows that: if r1 > ro
then the total population behaves like the unique logistic equation (3.7) and then, when
t and ¢ tend to oo, the total population zi(t,€) + z2(t,€) tends toward 2% where
a; = ri/K;. If 11 < ra, then Equation (3.7) has the origin as unique equilibrium, and
then, when ¢ and € tend to oo, the total population z1(t, €) + x2(t, €) tends toward 0.

Next, we consider the asymmetric case s # 1:
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Theorem 3.3. Consider the system (3.4). Assume that s # 1. Let (xz1(t,€),z2(t,€)) be
the solution of the system (3.4) with initial condition (3, x3) satisfying 9 > 0 fori=1,2.
Let U(t) be the solution of the following equation

X
X|{1l—- ——F ; 1
dX: R (1—)\</§)K if 0<s<1, (3.12)
dt RX (1- —— if s> 1,

1+ V5K

where X(0) = 2¥+x3, R = ’"111\/\/2’"2 and K = % with a; = 1T<1L . Then, when € — oo,

we have
z1(t,€) + z2(t,€) = U(t) + 0c(1),  uniformly for t € [0, +0o0) (3.13)

and, for any to > 0, we have

(%\EU(@+oé(1),1_7\/f/§U(t)+oe(1)) if 0<s<1
(ml(t’6)7x2(t7 6)) = ) \[
uniformly for t € [to, +00). .

Proof. The slow manifold is formed by the equilibrium points of the fast equation (3.6),
which given by:

xi = Vs = 1X and x5 =— 1+ \/EX. (3.15)

’ s—1 ’ s—1

If s > 1, then 275 > 0 and z1% < 0. As fo—: > 0 for all 7% < 21 < 27 and % <0
for all 1 < 27% and 1 > 277 then x77 is LAS and 77 is unstable . Since z7" is LAS
for the system (3.6), the theorem of Tikhonov ensures that after a fast transition toward
the slow manifold, the solutions of (3.5) are approximated by the solutions of the reduced
model which is obtained by replacing x77; into the dynamics of the slow variable, that is:

\/E—IX s—\/EX
dX Vs—1 s—1 s—+/s s—1
— = X|1- — X1+ =
at Vs —1 K f—] TR,

=% (1 5 mw )

which gives the equation (3.12).

If s <1, then 0 < 277 < z1%. As % > 0 for all 217 < 21 < 27’ and % < 0 for all
z1 < z1 and x1 > 27’ then 21% is LAS and 77 is unstable. Since z77% is LAS for the
system (3.6), the theorem of Tikhonov ensures that after a fast transition toward the slow
manifold, the solutions of (3.5) are approximated by the solutions of the reduced model

which is obtained by replacing z17% into the dynamics of the slow variable, that is:

\/§+1X s+\/§X
dX Vs+1 1—3s s+ /s s—1
2 = X|1- - X142t
a1 K I TR

:RXO‘ﬁféﬁﬂ’

which gives the equation (3.12). If 71 > /sr2 (3.12) admits X* = (1+/s)K if s > 1 and
X" =(1—+/s)K if s < 1 as a positive equilibrium point, which is LAS in the positive axis,
and if r1 < /sr2, (3.12) admits the origin as unique equilibrium point, which is LAS. The
approximation given by Tikhonov’s theorem holds for all ¢ > 0 for the slow variable and
for all ¢ > to > 0O for the fast variable, where to is small as we want. Therefore, let U(t)
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be the solution of the reduced model (3.11) of initial condition U(0) = X(0,¢) = ¢ + 29,
then, when € — 0o, we have the approximations (3.13) and (3.14). O

Note that, in the case of perfect mixing, Approximation (3.13) shows that: if r1 > /srs
then the total population behaves like the unique equation (3.12) and then, when ¢ and e

tend to oo, the total population T3 (¢, €) tends toward (1 + /s)™=Y2"2 if s > 1 and tends

altsag
toward (l—ﬁ)% if s < 1 where o; = r;/K;. If 11 < \/srz, then Equation (3.12) has
the origin as unique equilibrium, and then, when ¢ and € tend to oo, the total population
T5(t,€) = z1(t, €) + z2(t, €) tends toward 0.
As a corollary of the previous theorems we obtain the following result which describes
the total equilibrium population when ¢ — oo for all possible value of s:

Corollary 3.1. We have:

T1 — +/ST2 . r?

1 T2
If ro > r1 then T5 (400) = ", TS®S T3

T1 — /ST .
ﬁ[; if 0<s<l, (3.16)
Kq Ko

r1 — +/ST2 . r?

(1—+/s)

Ifro <ri then T3 (+o00) = ¢ (14++s)——F if 1<s< 3,
Kl TSR, , 2
) r
0 if s> T—;
2

3.3. Effect of nonlinear dispersal on total population. Our aim in this section is to
study Two-patch source-sink model coupled by nonlinear asymmetric migration terms (
same type of dispersion (1.5)) given by (3.1). In particular, we are interested in studying
the effect of nonlinear dispersion on the dynamics of population, more precisely, we are
looked the following question: is it possible, depending on the migration rate, that the
total equilibrium population be larger than the carrying capacity K17 Note that, this last

question has been studied by many researches, see [3, 4, 8, 9, 10, 11, 13, 14, 15, 16] for effect
of linear diffusion on the total biomass with logistic growth, [11] for nonlinear diffusion,
[5, 12, 32] for Source-Sink patch model and [17, 18] for susceptible-infected-susceptible

(SIS) patch-model).
Our aim is to compare the total equilibrium population

Ty(e) =21 (6) +27(c),  Ea(e) = (217 (), 22" (e)),

of (3.1) and carrying capacity K1, by analyzing the stable positive equilibrium FE3 ().
Note that, when there is no dispersal (i.e., € = 0), the total equilibrium population is
T5(0) = K1. We study the effect of nonlinear asymmetric dispersal on the total equilibrium
population for the two-patch source-sink system (3.1). Using the graphical method of
Arditi et al. [4] and of Wu et al. [32]. We describe the positional effects of the equilibrium
E5(€) as the migration rate e varies from 0 to +oo. We will give the condition whether
T5 is greater or smaller than the carrying capacity 75(0) = K;. We prove there are
only five cases as in the two-patch source-sink model with linear diffusion can occur. We
consider the regions in the set of the parameters 61 and 03, denoted Ao, A1, Az, Az and
Ay, depicted in Figure 6 and defined by:
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2

Ao—{91,92) ZTS%},
If ro > r1 then 0 .2

A ={0,02): >4}

Ar={(0,6:): <7}, (3.17)

7‘2 « 2
If ro < r1 then AsZ{(91792)1 ﬁ<%<(%) }7
2
Ba={(onon: 2z ()’

2
0, 0y _ 73 b0y _ ((2(K1tKa)
T 0, 7’% 92 6, r1—T9
Ay Ay
03 _ 73
01 — r2
Az !
AV
Ao
0 0, 0 61
Case ro > r1. Case ro < 71.

FIGURE 6. Regions Ag, A1, Ag, Az and Ay defined by (3.17).

We have the following results which gives the conditions under which fragmentation
and nonlinear asymmetrical migration can lead to a total equilibrium population greater
or smaller than the sum of the carrying capacities:

Theorem 3.4. The total equilibrium population Ty of (3.1) satisfies the following prop-
erties

(i) Ifra > r1, let Ao and Ay be defined by (3.17). Then we have:
(a) if (01,02) € Ao then T (¢) < Ky for all e > 0. Moreover, T5 (¢) — 0 when
€ — +00.
(b) if (61,02) € A1 then 0 < T5(e) < Ky for all € > 0. Moreover, T (¢) —
T5(c0) > 0 when € — +00.
(ii) If ro <1, let Ao, Az and Ay be defined by (3.17). Then we have:
(a) if (01,02) € Ag then, there is eg > 0, such that: T5 (€) > K1 for € < ey and
T5(e) < K1 for all € > €. Moreover, T (€) —> 0 when € — +o00.
(b) if (61,02) € As then, there is € > 0, such that: T3 (e) > K1 for e < ¢
and T3 (€) < K1 for all € > €. Moreover, T () — Ty (c0) > 0 when
€ — 4o00.
(c) if (01,02) € A4, then Ty (e) > Ki for all € > 0. Moreover, if G—f =

0
(W)2 then T§ —s T3 (00) = Ki.
Proof. Recall that, the equilibrium points of (3.1) are the non-negative intersection be-
tween the ellipse E' and hyperbola H.. There are two equilibrium points. The first is the
trivial point O := (0, 0) and the second is a non trivial point noted E*(¢) := (z1"(¢), 25" (¢))
whose position depend on migration rate € ( see Fig. 5-(a)). As our study is limited in the
positive cone, then we are interested only in the positive branch of H.. The hyperbola H.
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( shown in blue in Fig. 5-(a)) depend on the migration rate e. It always passes through
the origin and the point B := (Kl, z/ %Kl).

When ¢ — 0, the left branch of hyperbola #H. tend to the vertical line 1 = 0 and
the right branch into the vertical line Ho : 1 = Ki. Moreover, E'NHo = {(Kl, O)} In

the case when ¢ — c0, the hyperbola H. tend to the oblique line Hoo : z2 = ﬂ/%xl'
Moreover,

]Elm%oo:{(uo),(\/? Vo = Voirs e Voar = Vours )}

2927‘1/K1+1917“2/K27 192T1/K1+91T2/K2

The tangent space of the ellipse E' at O = (0,0) and A = (K1,0) is ToE" : 25 = %m,
and TAE! : zo = —%xl respectively.

To facilitate comparison between the total equilibrium population T3 (¢) and T5(0) =
K1, we define a straight line A : 1 + z2 = K. If the intersection of the ellipse E' and
the hyperbola H. , i.e., the equilibrium (z7*(¢), 23" (€)), is on or below the line A, then
T5(e) < T5(0), whereas if the intersection is above the line A, then 75 (€) > T5(0). We see
very simply that dispersal is favorable to T3 (¢) if E5(€) is above A, unfavorable if below
A. The equilibrium point F5 (¢) is always in ellipse, then, for € = 0, the equilibrium point
states at A, and when e increases, E3(€) describes an arc of the ellipse and ends at point
E*(00).

Suppose r1 < 72. Then the slope of ToE!, —:—; > —1, which means that the ellipse
E' is below the line A in the first quadrant and T3 (¢) < T3 (00), as shown in Fig. 7. If

0
the slope of Heo, é,

below the line A in the first quadrant. Thus, there is €, such that, when 0 < € < €*, the
equilibrium E5 (€) changes from point A to O. When e > €*, we have F5(e) — O and

is bigger than the slope of ToE?, i.e. ,/g—; > :—;, the ellipse is

T5(e) — 0 when ¢ — oo ( see Fig. 7-(a)). If 4/ % < 7L, the ellipse and the line Hoo has
an intersection B. Then we have T5 (¢) — T5 (c0) > 0, as shown in Fig. 7-(b).

In the case when 71 > ry, direct calculation finds that the ellipse E' and the line A
have two intersections:

A:(Kl,O), andC: (OAQK1+K2 T1—T2>.

b
al + a2 a1+ 2

We denote by X the straight line joint the origin and C. The slope of ¥ is equal to
%. We distinguish three cases relative position of the points O, B = E5(c0), and

C, or equivalently, the three lines ToE!, Ho, and ¥ whose slopes respectively are

N

Ty’ 02 az(K1 + Ka)'
By using the graphical method of Arditi et al. [4] (see also [32]), and by discussing the
relative positions of the three lines ToE', Hoo, and ¥, we complete the proof. (see Figures 8

and 9).
]

Speaking biologically, the result of the previous theorem show that the nonlinear asym-
metric dispersal can lead to either an increased total size of the population in two patches,
a decreased total size with persistence in the patches, or even extinction in both patches
when the growth of migration goes to infinity. Let us explain the result of Theorem 3.4 in

the particular case where the dispersion is symmetric i.e. Z—; = 1. In this case, the system
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02
0o
He He
Hoo
A
B
E! E!
(7AL 0 01

Case (1) — (a). Case (1) — (b).

FIGURE 7. This illustrates the cases (1)-a and (1)-b in Theorem
3.4. Case (a) (01,02) € Ag and the case (b) (61,02) € Ay. The
ellipse E! and the hyperbola H, are shown in red and blue respec-
tively for some parameters of the model (3.1), the straight lines
A and H, are shown in green and orange respectively. As the
migration intensity € increases from 0 to oo, the equilibrium point
E3(e) moves counterclockwise along the ellipse from A = (K7,0)
to O in the case (1)-a, from A to B in the case (1)-b. The total
equilibrium population is always smaller than K; for all € > 0.
02

7’[00 A

01 0 01

Case (2) — (a). Case (2) — (b).

FIGURE 8. This illustrates the cases (2)-a and (2)-b in Theorem
3.4. As the migration intensity € increases from 0 to oo, the equi-
librium point E3(e) moves counterclockwise along the ellipse from
A = (K1,0) to O in the case (a) from A to B in the case (b), pass-
ing through the point C' which is the other point of intersection
between the ellipse and the line A. The dispersal is favorable when
E;(e) is between A and C, and unfavorable when E3 (€) is between
C and B .

(3.1) becomes

d
% = T1T1 (1 — %) + € (3322 — xlg) 9
% = roxo (71 — %) +€ (1’12 _ x22) ’

(3.18)
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02 92
Hoo
A
He
He =
Hoo
C#~B
El
E!
0 01 0 01
Case (2) — (). Case (d).

FIGURE 9. This illustrates the case (2)-c in Theorem 3.4. As the
migration intensity € increases from 0 to oo, the equilibrium point
E3(e) moves counterclockwise along the ellipse from A = (K7, 0) to
B. The total equilibrium point is always greater than K; for all €,
because it belongs to the ellipse and the limit point B is above A.
The figure (d) is a particular case of (2)-(c), where Ty — K; =

T (50) for f = (eliuzia))”

r1—r2

Corollary 3.2. Consider the model (3.18). Let Ao, A1 and Az be defined by (2.9). The
total equilibrium population Ty of (3.18) satisfies the following properties
(i) #f (r1,7m2) € Ao then, T3 (e) < Ky for all e. Moreover, Ty () — 0 when e — oco.
(ii) if (r1,72) € A1 then, there is € > 0, such that

{hosm 1 e 319)
Moreover, T3 (¢) — T5 (c0) > 0 when € — 0.
(iii) of (r1,7r2) € A2, then Ty (€) > K1 for all € > 0. Moreover, if % = ﬁ, then
T5(00) = Ki.
Proof. Consequence direct of the theorem 3.4. O

Comparing the effects of linear and nonlinear asymmetric dispersal on the persistence
or extinction of the population, we observe the following phenomena. In the nonlinear
symmetric case, the symmetry between patches ensures that if the derivative of the
total equilibrium population at € = 0 is negative, then the population goes to extinction
in both patches. By contrast, in the nonlinear asymmetric case, it is possible that
the derivative of the total equilibrium population at € = 0 is negative without leading to
extinction in both patches.

A second difference concerns the threshold phenomenon. In the nonlinear symmetric
case, if there exists a migration rate € such that T5(e*) = K;i, then the population
persists in both patches. However, in the nonlinear asymmetric case, one may also have
T5 (') = K, for some value of the migration rate €, but the population nevertheless
goes extinct in both patches. Hence, we conclude that nonlinear dispersal without the
condition of symmetry increases the probability of extinction of the population across the
two patches.

In the remainder of this section, we investigate the effect of rapid growth in the source
patch and rapid death in the sink patch on the dynamics of the total equilibrium population
and on the coexistence of populations in both patches. These particular situations were
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not analyzed in [3, 4, 32]. Here, we study the total equilibrium population as a function of
the migration rate in the case where the growth rate (resp. death rate) is much larger than
the corresponding death rate (resp. growth rate). In particular, we explicitly compute the
total equilibrium population in both scenarios, determine its derivative at the absence of
migration, evaluate its limit as the migration rate tends to infinity, and compare the total
equilibrium population with the carrying capacity of the source patch. We begin with the
following situation:

3.4. The death rate is much larger than the growth rate. In this part, we consider
the two-patch model (3.1) and we assume that the death rate r2 is much larger than the
growth rate r1. One can write the model in the following way:

ddmtl = rmz (1 — —Kl ) +€ (923@% — 01:5%) ,

dr , 11: (3.20)
2 2 2 2 2

&2 2 122 _

i " T2 ( K2> + € (91x1 92362) ,

where 7 is assumed to be a small positive number. First, we have the following result:

Theorem 3.5. Let (x1(t,n), z2(t,n)) be the solution of System (3.20) with initial condition
(29, 29) satisfying x9 > 0 for i =1,2. Let z(t) be the solution of the differential equation

d
d—i =rz (1 — Kil) — 012> =: (2), (3.21)

with initial condition z(0) = z3. Then, when n — 0, we have
z1(t,n) = z(t) + oy (1), uniformly for t € [0, +00) (3.22)
and, for any to > 0, we have
z2(t,n) = oy(1),  uniformly for t € [to, +00). (3.23)
Proof. When n — 0, System (3.20) is a slow-fast system, with one slow variable, z1,

and one fast variable, z2. Tikhonov’s theorem [26, 29, 31, (] prompts us to consider the
dynamics of the fast variables in the time scale 7 = %t. One obtains

dx x
T: = roxs <71 - ?22) + en(0127 — 0223). (3.24)
In the limit n — 0, we find the fast dynamics
dl‘z T2
— = —1-—=1. 2
dT T2I2 ( Kg) (3 5)

The slow manifold is given by the equilibrium of System (3.25), i.e. x2 = 0, which is LAS

in the positive axis. When 7 goes to zero, Tikhonov’s theorem ensures that after a fast

transition toward the slow manifold, the solutions of (3.20) converge to the solutions of the

reduced model (3.21), obtained by replacing x> = 0 into the dynamics of the slow variable.
The differential equation (3.21) admits as a positive equilibrium

r1Ki
ri+ed1 Ky

As @(x1) > 0 for all 0 < z1 < z}*(¢,0") and @(x1) < 0 for all z1 > z}*(¢,0") then,
the equilibrium z7*(e,0") is LAS in the positive axis, so, the approximation given by
Tikhonov’s theorem holds for all ¢ > 0 for the slow variable and for all ¢ > to > 0 for
the fast variable, where to is as small as we want. Therefore, let z(t) be the solution of
the reduced model (3.21) of initial condition z(0) = 9, then, when n — 0, we have
Approximations (3.22) and (3.23). a

1 (e,07) = (3.26)

We have the following result which gives the conditions for which patchiness is beneficial
or detrimental in System (3.20) when € goes to zero.
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Theorem 3.6. The total equilibrium population x3*(e,0") of System (3.20) whenn — 0,
given by (3.26) is decreasing. Moreover, 0 < z7*(e,07) < K1 for € and x5*(¢,07) — 0 as
€ — 00.
Proof. The derivative of (3.26) is given by:
*k 2
dCL‘l (E,0+) _ T1K1 91 -
(r1+e€01K1)

which is negative for all e. O

(3.27)

3.5. The growth rate is much larger than the death rate. In this part, we consider
the two-patch model (3.1) and we assume that the growth rate 7 is much larger than the
death rate r2. On can write the model in the following way:

dey _om (1 _ £> 4 e (0223 — 010%),

dt n K (3.28)
dl?z T2 .
o= () et oo,

where 7 is assumed to be a small positive number. We prove the following result:

Theorem 3.7. Let (x1(t,n),z2(t,n)) be the solution of System (3.28) with initial condition
(29, 29) satisfying x9 > 0 for i =1,2. Let z(t) be the solution of the differential equation

d
d% =roz (-1 - K%) T (01 K2 — 022%) = (2), (3.29)

with initial condition z(0) = 3. Then, when 1 — 0, we have

z2(t,n) = z(t) + oy(1), uniformly for t € [0, 400) (3.30)
and, for any to > 0, we have

z1(t,n) = K14 0y(1),  wuniformly for t € [to,+00). (3.31)

Proof. When n — 0, System (3.28) is a slow-fast system, with one slow variable, 2,
and one fast variable, x1. Tikhonov’s theorem [26, 29, 31, (] prompts us to consider the
dynamics of the fast variables in the time scale 7 = %t. One obtains

dx T
CT; =z (1 - ?11) + en(—0127 + O213). (3.32)

In the limit » — 0, we find the fast dynamics

dxy x1
— = 1-—]. .
dr 121 ( K1> (3 33)

The slow manifold is given by the equilibrium of System (3.33), i.e. x1 = K1, which is
LAS in the positive axis. When 7 goes to zero, Tikhonov’s theorem ensures that after a
fast transition toward the slow manifold, the solutions of (3.28) converge to the solutions
of the reduced model (3.29), obtained by replacing z1 = K1 into the dynamics of the slow
variable.

The differential equation (3.29) admits as a positive equilibrium

—ro Ko + \/T22K22 + 46K201K12T2 =+ 4€2K2201K1292

r2 + € K02 '
As (z2) > 0 for all 0 < z2 < 23*(¢,0") and ¥(x2) < 0 for all zo > 23*(¢,0") then,
the equilibrium x3*(¢,07) is LAS in the positive axis, so, the approximation given by
Tikhonov’s theorem holds for all ¢ > 0 for the slow variable and for all ¢ > t; > 0 for
the fast variable, where t¢ is as small as we want. Therefore, let z(t) be the solution of
the reduced model (3.29) with initial condition z(0) = x93, then, when n — 0, we have
Approximations (3.30) and (3.31). O

3 (e,07) :=1/2

(3.34)

As a corollary of the previous theorem, we have the following result which give the limit
of the total equilibrium population 75 (¢,0") of System (3.28) when 1 goes to zero:
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Corollary 3.3. We have:

—ro Ko + \/7“22K22 +4eKo01Ki2ro +4€2K2201 K120,
ro + € K20- ’

T (e,07) := K1 +1/2

(3.35)

In the following proposition, we calculate the derivative of 75 (¢,0") at ¢ = 0 and the
formula of perfect mixing (i.e. when ¢ — 00) of the total equilibrium population defined
by (3.35).

Proposition 3.4. Consider the total equilibrium population (3.35). Then,

T3 o oty = KT
(0,07 = =2 (3.36)

and

V01 +\/92K
YVATVRE.
V2

Proof. The derivative of the total equilibrium population T35 (¢, 0") defined by (3.35) with
respect to € is:

T5 (400,07) = (14 /s)K, = (3.37)

(—TQKQ + \/T22K22 + 46K291K12T2 =+ 4€2K2291K1202) K>0o
(r2 + 6K292)2

dTy
de

(,07) = —1/2

(3.38)
4 K291K127‘2 + 8¢ K2201K1292
(7‘2 + € K202) \/T22K22 + 4€K291K127‘2 +4 E2K2291K1292
In particular, the derivative of the total equilibrium population at e = 0 is given by the
formula (3.36).
By taking the limit of (3.35) when ¢ — oo, we get that the total equilibrium population
T3 (¢,0") tends to (3.37). O

+1/4

We have the following result which gives the conditions for which patchiness is beneficial
or detrimental in model (3.28) when 71 goes to zero.

Theorem 3.8. Consider the total equilibrium population Ts (e,07) given by (3.35). Then,
Ty (e,01) > K1, for all € > 0.

Proof. First, we try to solve the equation T5 (¢,0") = K7 with respect to ¢, the solutions of
this last equation give the points of intersection between the curve of the total equilibrium
population € — T5 (¢,0") and the straight line e — K;. For any € > 0, we have

* —ro K 2K5% 4+ de K20, K12 4e2 K020 Ko 2
T3 (e,0%) = Ky ==1/2 —2 2+ Vro?Ko? + 4e K>01K1ra + 4 K20, 102:0
ro + € K262
= Vra?Ko? + 4 e K201 K1ra + 4 2K2201 K120 = ra K>
=4 K200K1” (12 + € K202) = 0

<—e=0.

Therefore, since %(0, 0") > 0, the curve of the total equilibrium population intersects

the straight line e + K in a unique point which is (0, K1). Therefore, T3 (¢,0") > K,
for all € > 0. O

4. NUMERICAL SIMULATIONS

In this section, we present several numerical examples that illustrate the results of
Proposition 2.2, Corollary 3.1, and Theorem 3.4. We begin by examining the functions
s P1(s) := T7 (+00), s+ Pa(s) 1= Ts (+00),

defined in (2.13) and (3.16), respectively. Figure 10 displays the graphs of ¢ (in red)
and 12 (in green) as functions of the dispersal asymmetry parameter s, for a selection of
parameter values specified in Table 1.



TABLE 1.

NONLINEAR ASYMMETRIC DISPERSAL IN TWO-PATCH

Parameters values of the four cases used in Fig. 10. .

Figure | r1 ro Ki Ko
10-a 1 2 2 3
10-b 2 1 2 3
10-c 4 1 1 2
10-d 7 1 1 2

37

4.1. Asymmetric dispersion. In this part, we plot in the figures 11, 12, 13, 14, 15 and
16, the curves of the total equilibrium populations € — 77 (¢) and € — T5 (€) as a function
of migration rate €, and the line K, for the sets of parameters (61,02) € A; N L; for
i =0,..,4, where £; and A; are given by (2.3) and (3.17) respectively, choosing in Table
2. The intersection between £; and A; is defined as follows:

Aoﬂ£0:{91792)1 Z—f_% )
If ro > 71 then 0 2
Alﬂ[,l:{(el,ez)Z f>é}
T2
BanLy={(01,02): 2 <5},
2
If ro < 1 then A3m£3:{(91792); %<%<(%) },
— .0 az (K1 +K)
AinLo={(01,60:): 2> c2lutis
TABLE 2. Parameters values of the six cases used in Fig. 11,
12, 13, 14, 15 and 16. The derivatives ddTel (0), ddTEz (0) and the
perfect mixing abundances 75 (c0) and Ty (o0) are calculated with
the expressions given in (B.1), (C.1), (2.12) and (3.16) respectivly
Figue | 11 re Ki  K» 61 62 “0(0) Ti(0) “2(0) T5(c0)
Fig. 11 | 1 3 05 1.5 5 11 -1.76 0 -0.83 0
Fig. 12 | 1 3 05 1.5 05 11 -1.67 0.45 -0.83 0.22
Fig. 13|15 1 0.5 5 12 4 2.00 0 0.99 0
Fig. 14 {15 1 0.5 0.083 1 4 0.16 0.42 0.08 0.29
Fig. 15 | 7 1 05 6 1 14 0.42 0.58 0.21 0.6
Fig. 16 | 12 2 0.5 0.125 2 2 0.41 0.5 0.20 0.5
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Depending on the values of the migration rate €, the numerical simulations reported in
Figures 11-16 illustrate several possible inequalities between the total equilibrium popu-
lations 77, T5', and the carrying capacity K1, represented by the horizontal blue line.

Figure 11. For the parameter values given in the first row of Table 2, we observe that
Ty < T5 < K. In addition, there exists a migration rate eg ~ 0.84 such that 77 (e) = 0
for all e > 0.84. Meanwhile, T5(e) —> 0 as € —> oco. This example shows that linear
asymmetric dispersal can lead to extinction in both patches for relatively small values
of the migration rate. Moreover, this extinction occurs more rapidly than in the case of
nonlinear asymmetric dispersal, where extinction only appears for large values of e.

Figure 12. For the parameter values given in the second row of Table 2, Ty < Ty for
0 < e <0.82, while 77" > Ty for € > 0.82, with both remaining below K;. At e ~ 0.82,
the two equilibria coincide, 77 (0.82) = 7% (0.82) ~ 0.47. Compared to Figure 11, this case
illustrates the persistence of the population in both patches under nonlinear symmetric
and asymmetric dispersal.

Figure 13. For the parameter values given in the third row of Table 2, TT" > T3 for 0 <
€ < 0.03, whereas T7" < T3 for € > 0.03. At € ~ 0.03, we have T7(0.03) = 75 (0.03) ~ 0.52.
Moreover, there exist two migration rates e; ~ 0.05 and ez ~ 0.12 such that 77 (0.05) =
75(0.12) = 0.5. Finally, extinction occurs for 77 (€) = 0 whenever ¢ > 0.26.

Figure 14. For the parameter values given in the fourth row of Table 2, Ty > T5 for
0 < e <0.06 and € > 0.77, while 77 < T35 for 0.06 < ¢ < 0.77. At € ~ 0.06, we
have 77 (0.06) = 75 (0.06) ~ 0.51, and at € ~ 0.77, we obtain 77 (0.77) = T3 (0.77) ~ 0.47.
Furthermore, there exist two migration rates e; ~ 0.13 and ez ~ 0.22 such that 77 (0.13) =
75(0.22) = 0.5. As € —> 00, the equilibria tend to the limits 77" — 0.42 and 75 — 0.29.

Figure 15. For the parameter values given in the fifth row of Table 2, Ty > T for
0 < € < 0.08, while T < Ty for € > 0.08. In both cases, the equilibria remain strictly
greater than K.

Figure 16. Finally, for the parameter values given in the sixth row of Table 2, we obtain
the convergence Ty, T5 — 0.5 = K;.

4.2. Symmetric dispersion. In this part, we consider the case of symmetric migration,
i.e., when 0; = 02 = 1. We plot the total equilibrium populations € — T7 (¢) and € — T3 (¢)
as functions of the migration rate €. Several examples are provided to illustrate the three
cases described in Corollaries 2.1 and 3.2. Figures 17, 18, and 19 display the curves of
the total equilibrium populations 77 and T3, together with the line K5, for the parameter
sets given in Table 3.

TABLE 3. Parameters values of the three case used in Fig. 17, 18
and 19. The derivatives %(O) and dde (0) and the perfect mixing

abundances T} (00) and T4 (00) are calculated with the expressions
given in (B.1), (C.1), (2.12) and (3.16) respectivly.

Figure | Case 1 ro K1 Ks d;g (0) Ty (o0) di; (0) T35 (00)
Case A 0.25 1 0.5 20 —1.5 0 -0.75 0.2
Fig. 17 | Case B 0.25 1 1 20 -3 0 -3 0.24
Case C  0.25 1 2 20 —6 0 -12 0.2
Case A 0.25 1 0.5 20 3 0.56 1.5 0.57
Fig. 18 | Case B 0.25 0.1 1 2 6 1.04 6 1.04
Case C 0.25 0.1 2 2 12 1.82 24 1.79
Case A 0.14 0.06 0.5 20 18 1.72 36 1.71
Fig. 19 | Case B 0.14 0.06 1 2 9 0.97 9 0.97
Case C 0.25 0.1 2 2 4.5 0.49 2.25 0.55
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Depending on the values of the migration rate €, and as illustrated in Figures 17, 18,
and 19, we obtain three representative examples describing the inequalities and equalities
between the total equilibrium populations T35, T5, and the value K1, represented by the
horizontal blue line. Each figure contains three cases corresponding to the three possible
regimes of the carrying capacity: K1 < 1, K1 =1, and K; > 1. Note that

ary . dT3 B B
i (0) = I 0) & Ki=1orr=r

which motivates the analysis of these three regimes.

Figure 17 (first three rows of Table 3):
e Ki<1: Ty < Ty < Kj.
o K1 =1: Ty < Ty, with T} ~ Ty for small e.
e K; > 1: there exists €g ~ 0.16 such that T} > T% for € < €9, and Ty < T3 for
€ > €o. Moreover, T7(0.16) ~ 73 (0.16) ~ 1, and 77 vanishes for € > 0.4.

Figure 18 (second three rows of Table 3):

e K; < 1: there exists e ~ 0.2 such that Ty > T5 for € < 0.2, and Ty < T5 for
e>0.2.
e K1 =1: TY =1T% for all e > 0.
e K > 1: there exists ¢o ~ 0.04 such that T} < Ty for € < 0.2, and T} > T5 for
e > 0.2, with 77(0.2) ~ 75 (0.2) ~ 2.2.
Figure 19: shows the same qualitative behaviors as Figure 18, confirming the robustness
of these patterns.

Hence, when K crosses the threshold value 1, the relative positions of the curves T}
and Ty switch, while they coincide exactly for K7 = 1.
When 6; = 02 = 1, the total equilibrium populations satisfy

710 = K+ <(e3(© - 5309) (55 - e ) (42)

arzi(e) 1o+ asxi(e)

and
* K
T2 (6) = *% *% 1 1 ’
1- 6({1)2 (6) - (6)) (alz’l‘*(e) - r2+a21’2‘*(e))
Although proving these behaviors analytically is very difficult, numerical simulations

strongly suggest that only the above configurations occur under symmetric migration.
This motivates the following conjecture.

(4.3)

Conjecture 4.1. Consider the models (2.1) and (3.1) with 61 = 6, = 1. Let Ty and T5
be the total equilibrium populations of (3.4) and (3.18) respectively. Let Ao, A1 and Az be
defined by (2.9). Then TT and T35 satisfy the following properties:
(i) If (Tl,TQ) € Ag:
(a) If K1 <1, then T7 (¢) < T5 (€) for all e > 0.
(b) If Ky =1, then there exists €* > 0 such that T1 (€) = T5 (€) for all0 < e < €,
and T (€) < T5 (€) for all e > €.
(¢) If K1 > 1, then there exists € > 0 such that Ty (e) > T5 (€) for all0 < e < €”,
and T (¢) < T3 (€) for all € > €.
(ii) If (7‘1, 7‘2) € A:i:
(a) If K1 <1, then there exists €* > 0 such that Ty () < Ts (€) for all0 < e < €*,
and T (€) > T5 (€) for all € > €.
(b) If K1 =1, then Ty (€) = T5 (€) for all e > 0.
(¢) If Ky > 1, then there exists € > 0 such that T1 (€) > T5 (€) for all0 < e < €,
and Ty (¢) < T3 (€) for all € > €.
(iii) If (7‘1, 7‘2) € Ag:
(a) If K1 <1, then there exists €* > 0 such that Ty () > Ts (€) for all0 < e < €*,
and T (¢) < T5 (€) for all € > €.
(b) If K1 =1, then Ty (e) = T5 (€) for all e > 0.
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(¢) If K1 > 1, then there exists € > 0 such that Ty (€) < Ty (¢) for all0 < e < €",
and Ty (¢) > Ts (€) for all e > €*.

Conjecture 4.1 highlights a rich interplay between the diffusion rate e, the carrying
capacity K1, and the regions Ao, A1, A2 of the parameter plane (r1,7r2). The main phe-
nomenon described is the possible switch of dominance between the total equilibrium
populations 77 (€) and 75 (€) as e varies.

e The role of the parameter K; is critical: the threshold case K1 = 1 yields exact
coincidence T7 (e) = T5(€) for all € > 0 in A; and A2, and a finite interval of
equality in Ag. Thus, K; = 1 acts as a bifurcation value separating the cases
where the inequality between 77 and T3 is strict.

e For K; # 1, the conjecture predicts the existence of a critical diffusion rate e* > 0
at which the ordering of 77 (¢) and 75 (€) reverses. This suggests that diffusion
may induce a transition from one system configuration to another, reminiscent of
threshold phenomena commonly observed in patch-structured population models.

e The partition into Ag, A1, A2 reflects how the relative growth rates (ri,72) in-
fluence the sign and monotonicity properties of the equilibrium comparison. In
particular, Ag exhibits a more constrained behaviour where T} eventually falls
below Ty for sufficiently large e, while A; and As allow for more symmetric
switching dynamics.

Therefore, Conjecture 4.1 encapsulates a fundamental structural property of the two-
patch models (2.1) and (3.1): the total biomass at equilibrium is not monotone with
respect to diffusion, but undergoes parameter-dependent reversals, governed by the key
threshold K1 = 1 and by the location of (r1,72) in the regions A;.

5. CONCLUSION

This work aims at find out whether the total equilibrium population of the two patches
source-sink connected by nonlinear asymmetric migration can be greater than the carry-
ing capacity of the source isolated patch, i.e. at equilibrium. The system has a unique
positive equilibrium, which furthermore is globally asymptotically stable in the interior
of the positive cone, and the origin as trivial equilibrium which is unstable, unlike in the
symmetric case, which can be globally asymptotically stable ( see Prop. 5.5 in [32] and
Theorem 2.1).

In Section 3.2, we considered the particular case of perfect mixing, i.e. when the
diffusion rate goes to infinity, that is, individuals may travel freely between two patches.
We compute the total equilibrium population in that case, and by perturbation arguments,
we proved that the dynamics in this ideal case provides a good approximation for the case
when the diffusion rate is large. Rigorous analysis on the model demonstrate a mechanism
by which the nonlinear dispersal asymmetry can lead to either an increased total size of
the species in two patches, a decreased total size with persistence in the patches, or even
extinction in both patches for large migration rates. In Subsections 3.3 and 3.4, we study
the total equilibrium population of the source-sink patch model (3.1) as a function of the
diffusion rate in the case where the growth (resp. death) rate is much larger than the death
(resp. growth) rate. Some numerical simulations are given which we confirm and extend
our results. We also compare our present results with the result of previous work [32] for
linear asymmetry dispersal. Finally, comparison of the present results with those of Wu et
al. [32] suggests that this nonlinear asymmetric dispersal mechanism has the same impact
as in the case of linear asymmetric dispersal. However, comparing the conditions (2.3)
and (3.17) shows that this nonlinear asymmetry dispersal can have a strong quantitative
influence on the effect of dispersal. In the case symmetric 61 = 62, the conditions (2.3)
and (3.17) are the same, and becomes (2.9).

Several questions remain open for future investigation. For instance, it would be of
particular interest to examine how our results extend to systems with more than two
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patches, such as the three-patch source-sink model with nonlinear and asymmetric migra-
tion. In this context, fundamental issues remain unresolved, including the characterization
of global stability, the qualitative behavior of the system under large migration rates, and
the impact of nonlinear asymmetric dispersal on the total population abundance. Extend-
ing the present analysis to a general n-patch framework (n > 2) appears to be highly
nontrivial, both from a biological and a mathematical perspective. Such a generalization
represents a significant challenge and a promising direction for future research.

APPENDIX A. EQUILIBRIA AND STABILITY OF (3.1)

In this section, our goal is to prove the global stability of the system (3.1). In the
absence of migration, i.e. the case where € = 0, the system (3.1) admits (K1,0) as a non
trivial equilibrium point, which furthermore is globally asymptotically stable (GAS) in the
positive cone ]Ri. The problem is whether the equilibrium continues to be positive and
globally stable for any € > 0 or not. We first prove the non negativity of the solutions of
System (3.1). We have the following proposition:

Proposition A.1. The positive cone Ri is positively invariant for the system (3.1).

Proof. Suppose that, at a given time ¢, one of the state variables of the system (3.1) is at
a boundary of Ri, meaning that at least one population is at 0. We suppose first that
z1 = 0, and x2 > 0, then the dynamics of z; is given by dft = 923:% > 0, and, if zo2 = 0,
and x1 > 0, then we have dstz = 0122 > 0. So each trajectory initiated at a boundary
of R% either remains at the boundary or goes to the interior of R2. According to [28,
Proposition B.7, page 267], no trajectory comes out of R2. Therefore, R is positively

invariant for (3.1). O

The equilibrium of the system (3.1) is the solutions of the following algebraic system:
0=riz1 (1 — F) + (6223 — 0123),
L (A1)

2

0= —raz2 (1 + %) + e(@wv% — 02:@).

The sum of the two equations of (A.1) shows that the equilibrium points are in a ellipse
noted E', whose equation is given by:

E': =rm (1 — %) — T2T2 <1 + E) =0. (A.2)

The ellipse E' passes through the points (0,0), (K1,0), (0, —K>) and A := (K, —K>).
Note that, it is independent of migration rate e and 6; (shown in red in Fig. 5-(a)).
Solving the first equation of system (A.1) for z2 yields a hyperbola noted H. defined

by
Heo hewn) =) = (0102 — Tay (122
T g \TMT T e K

As our study is limited to the positive cone, then we are interested only in the positive
branch of H.. The hyperbola H. ( shown in blue in Fig. 5-(a)) depends on the migration

rate €. It always passes through the origin and the point B := (Kl, \/ ot K1> So, the

equilibrium points are the non-negative intersection between the curves E' and #..

have he(x1) = 0 implies 1 = 91:}7{16/6 < Kji. Thus, the hyperbola H. intersect the axis
[Ox1) at 0 and at a second positive point which always smaller than K;. Hence, there are
two equilibrium points. The first is the trivial point (0,0) and the second is a non trivial
point noted E*(€) := (21" (€¢), x5 (€)) whose position depend on migration rate € ( see Fig.

5-(a).
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Remark A.2. The isoclines of the system (3.1) are given by the two equations:

T x 9 r1/€
He1(z1) = \/6912171 (1 - *1) + 921717 with 2i"(€) > 5,

0 . *k
He2(x2) = \/;21332 <1 + %) + iw% with z5*(e) > 0.

The equilibrium points are the intersection between these two isoclines: the origin and the
positive equilibrium E3(¢) (see Fig. 5-(b)).

In the following, our aim is to show the global stability of the equilibrium E*(e). For
this, we need some results. Recall that, a matrix A = (a;;) is called cooperative if a;; > 0
for all ¢ # j. Let us consider the autonomous system:

i = ®(x), (A.3)

where & denote the derivative of = with respect to time t, & = (®1,...,P,) is ¢! on
a domain R%. System (A.5) is called cooperative if the Jacobian matrix of (A.5) is a
cooperative matrix for all x € R’}.

Recall that, for general two-dimensional cooperative differential system, we have the
following result, which guarantees that all solutions converge to equilibria/infinity without
periodic oscillation (see page 28 Hofbauer and Sigmund [21]). The solutions of a two-
dimensional cooperative system converge either to an equilibrium or to infinity.

First, for the non-negativity and boundedness of the solutions of the system (3.1), we
have the following result:

Lemma A.3. For any non-negative initial condition, the solutions of the system (3.1)
remain bounded, for all t > 0. Moreover, the set

Y= {(x1,x2) €R+/$1 +x2 < gz}

where £ = min {rl,rg} and & = r1 K1 + roKa, is positively invariant and is a global
attractor for the system (3.1).

Proof. To show that all solutions are bounded, we consider the quantity defined by Xr(t) =
z1(t) + z2(t). So, we have

Xr(t) = rizi(t) (1 - x}(—(lt)) — roxa(t) <1 + w;(—(j)) . (A.4)

For all r; and K;, we have the inequality:

riey (1 — E) <ri(Ki—z), and rox2 ( 1-— %) < —roxa. (A.5)

Substituting Equation (A.5) into (A.4), we get
Xr(t) < -G Xr(t)+&  forallt >0,

which gives

Xr(t) < (XT(()) ?) a8 a0, (A.6)
1 1
Hence,
Xr(t) < max (XT( ), 22) for all ¢t > 0.
1

Therefore, the solutions of System (3.1) are positively bounded and defined for all ¢ > 0.
From (A.G), it can be deduced that the set 3 is positively invariant and it is a global
attractor for the system (3.1). O
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APPENDIX B. DERIVATIVE OF THE TOTAL EQUILIBRIUM POPULATION T} AT € =0

Proposition B.1. The derivative of the total equilibrium population T7 at € = 0 is given
by:

dTy 1 1

del (0) = 61 K4 (7 - 7) : (B.1)

T2 T1

In particular, %(0) =0 if and only if, 1 = r2.

Proof. The equilibrium point E7 (¢) of (2.1) satisfies the system

i (e)

0=rax3(e) | —1— %@) + €(0127(€) — O225(€)).

0=rai(o (1- + (623 (6) — 0121 (6)),

(B.2)

Dividing the first and the second equation by I’;—lle(e) and ro + %aﬁ (€) respectively, one
obtains
O223(¢) — Ohai(e)
ol
® L1
0127 (e) — O2z5 (€) (B-3)

rat 7 a3(0)

zi(e) = K1 +e¢

x3(€) =€

Hence, the total equilibrium population 77 is given by

T} (€) = K1 + e(0:23(c) — 01 (6)) (alxlf(e) S ;2I5(6)> 7 (B.4)

where a; = r;/K;. By differentiating the equation (B.4) at € = 0, we get:
drTy " " 1 1
= (0 -0 - B.
1 0) = 030 - 0510) (5o~ a0 (B5)

which gives (B.1), since 7(0) = K and z3(0) = 0. O

Note that, the derivative (B.1) is dependent on the parameters r1,72,61 and K. It is
equal to zero if and only if both patches have the same growth rates and positive if and
only if, 71 < ro.

APPENDIX C. DERIVATIVE OF THE TOTAL EQUILIBRIUM POPULATION T% AT € =0

Proposition C.1. The derivative of the total equilibrium population Ty at € = 0 is given
by:
dTy
de

(0) = 0, K> (i - i) . (1)

T2 T1

dTy
de

In particular, (0) = 0 if and only if, 1 = ra.

Proof. The equilibrium point F3(¢) of (3.1) satisfies the system

Oznﬂﬂd1—xr@>+d%@?@V—&wY@»?
ﬁl*(e) (C.2)
0 = raai"(9) (1 - 2 ) Fe(01(217 () — Ba(3" (€))2.

Dividing the first and the second equation by z-z1"(€) and r2 + 223" (€) respectively,
one obtains
02(25"(€))* = 01(x1"(¢))®
=i (e) ’
01 (21" (€)* — 2(25" ()
€ T2 k% *
ro + King (E)

1" (e) = K1 +¢
(C.3)

37 (e) =
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Hence, the total equilibrium population 75 is given by

* _ ok *ok *ok _ sk 1 _ 1
T30 = Ky + (VB (0) + VBt () (Ve (0 = VOt O) (b — ez )
(C.4)
By differentiating the equation (C.4) at € = 0, we get:
Y () = (VBaws™ (0) + Vorai (0) (VB3 (0) — VBrai* (0) s — ——
e 2T 171 2T 171 e (0) 72+ oz (0) )
(C.5)
which gives (C.1), since £1*(0) = K; and z3"(0) = 0. 0

Note that, the derivative (C.1) is dependent on the parameters r1,72,601 and K. It is
equal to zero if and only if both patches have the same growth rates, and positive, if and
only if, r1 < ra.
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FIGURE 10. The graphs of the functions s — t1(s) := Ty (+00)
(red) and s — ta(s) := T5(+00) (green) defined by (2.13) and
(3.16) respectively as function of s for the parameters given in Table
1. The function v, is continuous for all s. If ro < 71, at symmetric
case (s = 1), ¥ is discontinuous as shown in case (b), (¢) and (d).
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FIGURE 13. Total equilibrium population T} (shown in green) and
Ty (shown in red) for linear and nonlinear dispersal respectively as
a function of the migration rate e for the sets of the parameter
values given in Table 1 with (61,602) € Ay N Ly where Ay N Ly is
given in (4.1). The horizontal line shown in blue is Kj. .
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F1curE 14. Total equilibrium population 7 (shoth in gfden) antf
Ty (shown in red) for linear and nonlinear dispersal respectively as
a function of the migration rate e for the sets of the parameter
values given in Table 1 with (61,602) € Az N L3 where Az N L3 is
given in (4.1). The horizontal line shown in blue is Kj. .
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as a function of the migration rate e for the sets of the parame-
ter values given in Table 1 with the condition %f = w2(fit+Ks)
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FIGURE 17. Total equilibrium population 75 (shown in green) and
T35 (shown in red) of the system (2.1) and (3.1) respectively as a
function of the migration rate € for the sets of the parameter values
given in Table 3. The horizontal line shown in blue is K;.
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F1Gure 18. Total equilibrium populations 77 (shown in green)
and T5 (shown in red) of the system (2.1) and (3.1) respectively
as a function of the migration rate € for the sets of the parameter
values given in Table 3. The horizontal line shown in blue is Kj.
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F1Gure 19. Total equilibrium populations 77 (shown in green)
and T3 (shown in red) of the system (2.1) and (3.1) respectively
as a function of the migration rate e for the sets of the parameter
values given in Table 3. The horizontal line shown in blue is Kj.
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