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Abstract. In this paper, we consider a two-patch model coupled by migration terms,
where each patch follows a Richards law. First, we prove the global stability of the
model. Second, in the case when the migration rate tends to infinity, the total carrying
capacity is given, which in general is different from the sum of the two carrying ca-
pacities and depends on the parameters of the growth rate and also on the migration
terms. Using the theory of singular perturbations, we give an approximation of the
solutions of the system in this case. Finally, we determine the conditions under which
fragmentation and migration can lead to a total equilibrium population which might
be greater or smaller than the sum of two carrying capacities and we give a complete
classification for all possible cases. The total equilibrium population formula for a
large migration rate plays an important role in this classification. We show that this
choice of local dynamics has an influence on the effect of dispersal. Comparing the
dynamics of the total equilibrium population as a function of the migration rate with
that of the logistic model, we obtain the same behavior. In particular, we have only
three situations that the total equilibrium population can occur: it is always greater
than the sum of two carrying capacities, always smaller, and a third case, where the
effect of dispersal is beneficial for lower values of the migration rate and detrimental
for the higher values. We end by examining the two-patch model where one growth
rate is much larger than the second one, we compare the total equilibrium population
with the sum of the two carrying capacities.

Keywords: Population dynamics, Richards Model, Asymmetric dispersal, Singular
Perturbation.
2020 Mathematics Subject Classification: 92B05, 92D25, 34D15, 34DO05.

1 Introduction

Population dynamics is a wide field of mathematics, which contains many problems, among
them the effect of migration on the general dynamics of the population. Bibliographies can
be found in the work of Levin [18,19] and Holt [15]. There are ecological situations that
motivate the representation of space as a finite set of patches connected by migrations, for
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instance, an archipelago with bird populations and predators. It is an example of insular
biogeography. A reference work on mathematical models is the book of Levin, Powell and
Steele [20], whereas Hanski and Gilpin [13] give a more ecological account of the subject.
The standard question in this type of biomathematical problem 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.

The simplest realistic model of population dynamics is the one with exponential growth

dx

LY
where 7 is the intrinsic growth rate. To remove unrestricted growth, Verhulst [33] considered
that a stable population would have a saturation level characteristic of the environment. To
achieve this the exponential model was augmented by a multiplicative factor 1 — ¢, which
represents the fractional deficiency of the current size from the saturation level K. In Lotka’s
analysis [21] of the logistic growth concept, the rate of population growth dx/dt, at any
moment ¢ is a function of the population size at that moment, x(f), namely,

f;; = f(x).

Since a zero population has zero growth, x = 0 is an algebraic root of the function f(x). By

expanding f as a Taylor series near x = 0 and setting f(0) = 0, Lotka obtained the following
power series: f(x) = x(f'(0) + 5f”(0)), where higher terms are assumed negligible. By
setting f'(0) = r and f”(0) = —2r/K , where r is the intrinsic growth rate of the population
and K is the carrying capacity, one is led to the Verhulst logistic equation

Xy (1-3). (1.1)

Turner and co-authors [32] proposed a modified Verhulst logistic equation (1.1) which they
termed the generic growth function. It has the form

;ll); — pyltra(l—pa) [1 - (%)m} " , (1.2)

where py, y3 are positive exponents and pr <1+ %

Blumberg [4] introduced another growth equation based on a modification of the Ver-
hulst logistic growth equation (1.1) to model population dynamics or organ size evolution.
Blumberg observed that the major limitation of the logistic curve was the inflexibility of the
inflection point. Blumberg, therefore, introduced what he called the hyperlogistic function,

accordingly
3
Zl;tc = rxt (1 — %)y . (1.3)
Blumberg’s equation (1.3) is consistent with the Turner and co-author’s generic equation (1.2)
when 1 = 2 — p3, u3 < 2, and pp = 1. Von Bertalanffy [3] introduced his growth equation
to model fish weight growth. He proposed the form given below which can be seen to be a
special case of the Bernoulli differential equation:

Cf; = rx3 [1 — (Ii)%] . (1.4)
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The Turner model does not contain the Bertalanffy one, as the values of the exponents y; =
2/3,up = 1/3,us = 1, violate the condition p; = 1+ up(1 — u3) stipulated by Turner et al.
[32]. It cannot therefore be seen as a special case of Blumberg’s equation (1.3). Richards [27]
extended the growth equation developed by Von Bertalanffy to fit empirical plant data.
Richards’s suggestion was to use the following equation which is also a Bernoulli differ-

ential equation
fl’: =r[1- ()] (1.5)
Unlike its Von Bertalanffy antecedent however, the Richards growth function does follow
from the Turner model (1.2) in the case where 3 = 1. For yp = 1, (1.5) trivially reduces to
the Verhulst logistic growth equation (1.1), but for y, > 1 the maximum slope of the curve
is when x > K/2, and when 0 < y» < 1, the maximum slope of the curve is when x < K/2.
This allows a wider range of curves to be produced, but as y; tends towards zero, the lowest
value of x at the point of inflexion remains greater than K/e, where e represents the universal
constant, the base of the natural logarithm. In fact, as y, tends towards zero the Richards
growth curve tends towards the Gompertz growth curve, which can be derived from the
following form of the logistic equation as a limiting case:

= - (T - e ()

When p, — 0, we obtain the growth rate modeled by the Gompertz function given by:

‘Z =7rx [ln (%)} " , (1.6)

with 3 > 0 and p3 # 1. This special case is more usually known as the hyper Gompertz,
generalized ecological growth function, or simply generalized Gompertz function. For y3 =1
the equation (1.6) is the ordinary Gompertz growth ( see [12,24]).

In [31], Tsoularis et al. proposed a new growth rate that includes all the previous growth

rates given by:
21 M3
tr - - (T 0

where 1, pp and p3 are positive real numbers. Unlike Lotka’s derivation of the Verhulst
logistic growth equation from the truncation of the Taylor series expansion of f(x) near
x = 0, (1.7) cannot be derived from such an expansion unless j1, y and u3 are all positive
integers.

In 1977, Freedman and Waltman [9] consider a two-patch model with a single species in
logistic population growth as follows:

dx X
d—tl:mxl 1- 2L +m(xy — x1),

d
% =rx | 1— I% +m(x1 — x2),

(1.8)

where x; represents the population density in patch i, the parameter r; is the intrinsic growth
rate, K; is carrying capacity and m is the dispersal rate. Freedman and Waltman show that
under certain conditions, the total population abundance can be larger than the total carrying
capacities K; + Kp. Holt [15] generalized these results to a source-sink system. In 2015, Arditi
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et al. [1] gave a full mathematical analysis of the model (1.8) of Freedman and Waltman with
symmetric dispersal.

In 2018, Arditi et al. [2] extended the model (1.8) by considering asymmetric dispersal,
i.e. the model:

dx x
e =Tr1X1 1-— -1 + m(muxz — m21x1),
de ’

W = T2X2 1-— % + m(m21x1 — mlzxz),

where mmyy and mmy; with m;; > 0,i # j and m > 0, are the migration terms which describe
the flows of individuals from the patch 2 to the patch 1, and from the patch 1 to the patch 2
respectively. These flows can for example depend on the distance between the patches. By
noting that the positive equilibrium (x7, x3) of model (1.9) is the unique positive solution to

X
r1X1 <1 — 2) + roX9 <1 — K22> =0,
X
Xy = %u <m21xl — %xl (1 — K11>) P

i.e., the intersection of an ellipse and a parabola, they used a graphical method to completely
analyze model (1.9) in order to determine when dispersal is either favorable or unfavorable
to total population abundance ( see Appendix B).

Wau et al. [35] studied the following two-patch source-sink model:

02;1 =7r1X] 1—;?) + m(xy — sx1),

; 1 (1.10)
2 e (-1-2 + m(sx; — x7)

T 2X2 5 1—X2),

where the parameter s reflects the dispersal asymmetry. The authors show that the dispersal
asymmetry can lead to either an increased total size of the species 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 dispersal
intensity:

¢ If the asymmetry is small, the population would persist in both patches and reach
a density higher than that without dispersal, in which the population approaches its
maximal density at an appropriate asymmetry.

¢ If the asymmetry is intermediate, the population persists in both patches but reaches a
density less than that without dispersal.

¢ If the asymmetry is large, the population goes to extinction in both patches, and asym-
metric dispersal is more favorable than symmetric dispersal under certain conditions.

Kang et al. [16] have considered a two-patch model with Allee effect and dispersal:

% =r1x1(x1 —0) (1 —x1) + m(x3 — x1), (@.11)
% =12x2 (X2 — 0) (1 — x2) + m(x1 — x2),

where x; and x, denote the population density in two patches. The parameters m € [0, 1]
and 0 represent the dispersal intensity and Allee threshold, respectively. It was shown that



Effect of dispersal in two-patch environment with Richards growth on population dynamics 45

the dispersal parameter m and the Allee threshold 6 will affect the global dynamics. Another
important two-patch model with additive Allee effect is proposed and studied in [5], given

by:

dx1

T —x1 + m(mipxy — My xq),

s (1.12)
2 (11— Xy — + m(myxq — mipxz)

dt 2 X2+ a ’

where the positive parameters ¢ and a are the Allee effect constants. Note that, the additive
Allee effect consists of two cases, i.e., weak and strong Allee effects. That is, if 0 < ¢ < g, it
is the weak Allee effect; if o > g, it is the strong Allee effect. The authors show that dispersal
and Allee effect may lead to persistence or extinction in both patches. Also, by mathematical
analysis with numerical simulation, they verified that the total population abundance will
increase when the Allee effect constant a increases or ¢ decreases. And the total population
density increases when the dispersal rate m, increases or the dispersal rate my; decreases.
The reader may refer to [16,22,23,25,28] for more references and details on the effects of
dispersal on the total population in discrete space additive Allee effect. For more details
and information on the maximization of the total population with logistic growth in a multi-
patchy environment, the reader is referred to [7,8,11] and the references therein.

This paper is organized as follows: in Section 2, we introduce Richard’s model in two
patches. Next, in Section 3, we study the behavior of the system (2.1) in the case when the
migration rate goes to infinity using perturbation arguments. In Section 4, we compare the
total equilibrium population with the sum of the two carrying capacities for all parameter
space by using the same method as Arditi et al. [2]. In Section 5, two-patch model (2.1)
where one growth rate is much larger than the second one is considered, we compare the
total equilibrium population with the sum of two capacities in this case. In Appendix A,
we analyze the existence of equilibrium point by geometrical method and we prove also the
global stability of the system (2.1) and in Appendix B, we recall some result on two-patch
logistic model.

2 Two-patch Richards model

Taking the case of two patches, coupled by asymmetric migration terms, and assuming that
each patch follows the same Richards law (1.5), the two-patch Richards model can be written
in the following form:

dx x1 \

==y {1 - <1> ] + m(mypxy — my1x1),

it K 21
dxz _ roxy |1— (22 ' + m(mp1x1 — Mipxy) .
3 = %2 5 21X1 12X2),

where x; is the population in the patch i, the parameters r; and K; are respectively the in-
trinsic growth rate and the carrying capacity in the patch i, and y is a positive number. The
parameters mmip and mmy; with mqp > 0 and my; > 0, represent the migration terms which
describe the flows of individuals from the patch 2 to the patch 1, and from the patch 1 to the
patch 2 respectively. For p = 1, the system (2.1) trivially reduces to Two-patch logistic model
(1.9). Note that the system (1.9) is studied in [1,6,9,10,15] in the case where the migration
rates satisfy myp = my1, and in [2,26] for general migration rates. Model (2.1) has always a
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unique positive equilibrium, again denoted by £*(m) := (x}(m), x5 (m)) which satisfies

0 = rpx; (m) [1 — <X§Ig1>>q + m(my x(m) — mipx; (m)).

)q + m(mpx; (m) — moyxj (m)),

The equilibrium £* is GAS in R?\ {0} (see Appendix A). We thus define the total equilibrium
population at the positive equilibrium under dispersal rate , i.e.

Xp(m) = x1(m) + x3 (m), (22)

as the total realized asymptotic population abundance.

The main aim of this paper is to study the effect of population dispersal on total popula-
tion size and to perform the mathematical analysis of the two-patch Richards model (2.1) in
the full parameter space. Thus, we extend [1,2] by considering the case y # 1.

3 The behavior of the model for a large migration rate

In this section, we aim to study the behavior of the system (2.1) for a large migration rate,
i.e. when m — co. We have the following result:

Theorem 3.1. Let £*(m) be the positive equilibrium of the system (2.1). We then have :

u
. M1211 + Mot
lim &*(m) = . 1 (map, my1) . (3.1)
m—00 ml it

12 K 21 K

Proof. Denote £*(o0) the limit (3.1). The equilibrium point £*(m) of the system (2.1) is the
solution of the equation F,, = 0, where:

Fn(x1,%2) = ( r1x1 [1 - (%y} + 120 {1 _ (I%)V} ,12X2 [1 - <%)y} + m(marx1 — miax2) ) ‘
When m — oo, Equation (3.2) becomes: (32)

Feo(x1,x2) = < r1x1 [1 — (I%)y} + 12X [1 — (%)V} , M1 X1 — M12X2 > . (3.3)

The solutions of the equation Fo, = 0 are given by 0 and £*(c0). Therefore, to prove the
convergence of £*(m) to £*(c0), it suffices to prove that the origin cannot be a limit point of
E*(m). We claim that for any m, there exists i € {1,2} such that x(m) > K;, which entails
that E*(m) is bounded away from the origin. If mq,x5(m) < mpix](m) then we have

s - (421 o

and since x; cannot be negative or 0, we have x}(m) > K,. Therefore, £*(m) — £*(+0c0) as
m — Q. O

As a first corollary of the previous theorem we obtain the following result which describes
the total equilibrium population when m — oo:
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Corollary 3.2. Consider the total equilibrium population (2.2). We have:

"
X Mipt1 + Mo112
XT(—|—00> = (11112 + m21) V+1 - V‘H 3 . (3.4)
12 K" +m KV

Notice that, the formula (3.4) shows that the total equilibrium population depends on the
migration terms my, my1 and the parameter y . For y = 1, this formula was obtained for the
2-patch logistic model (1.9) by Freedman and Waltman [10, Theorem 1]. It was also obtained
by Arditi et al. [1, Formula (A.13)]. If the migration is symmetric (i.e. mip = mjy; ), then the
total equilibrium population (3.4) does not depend on the flux of migration m;, and my; and
(3.4) becomes:

1
}1
1+ 7’2

X5 (+o0) =2
i =2 23

n [1], Arditi et al. also obtained the formula (3.4), in the 2-patch case with logistic model
and symmetric migration, ( i.e. the system (1.9) with my; = my; = 1) by using singular
perturbation theory, see [1, Formula (A.13)]. They showed that, if (x1(t,m), x2(t,m)) is the
solution of (1.9), with initial condition (x¥,x)), then, when m — oo, the total population

x1(t, m) 4+ x2(t, m) is approximated by X(t), the solution of the logistic equation:

ax X
22X (1= 2
a ( 2K> ‘ (3.5)
X(0) = 2} + 19,
where r = 12 K = ;li:f and a; = ¢. Therefore the total population behaves like the

unique logistic equation given by (3.5). In addition, one obtains the following property: with
the exception of a small initial interval, the populations density x;(t,m) and x,(t, m) are both
approximated by X(t)/2, see [1, Proposition 3]. Therefore, this approximation shows that,
when t and m tend to oo, the density population x;(t,m) tends toward 71’2, and in addition,

wy a2’
x;(t, m) quickly jumps from its initial condition x? to the average Xo/2 and then is very close
to X(t)/2. Our aim is to generalize this result for the 2-patch model (2.1) for all y positive.
To avoid any confusion with X(t), which is the total population, we denote Z(t) the solution
of the equation (3.6), and we prove that X(t) is asymptotically equivalent, when m goes to
infinity, to Z(t). We have the following result

Theorem 3.3. Let (x1(t,m), x2(t,m)) be the solution of the system (2.1) with initial condition
(29, x9) satisfying x¥ > 0 for i = 1,2. Let Z(t) be the solution of the Richards equation

= [ (Gt ) |
ar (m1p + mp)K ’ (3.6)
X(0) = 2 +x9,

Mty
pA1 }l+1 rz

__ mipri+mpry
Wh re v — ————=—= an K
ere e a d

H"
. Then, when m — oo, we have
12 gF +itiy Kl

x1(t,m) + x2(t,m) = Z(t) + 0,,(1),  uniformly for t € [0, +o0) (3.7)
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and, for any fp > 0, we have

m

x1(t,m) - mlzn/lﬂz t +0m(1)/ (3 8)

xo(t,m) = AZ(t) + 0, (1) uniformly for t € [tg, +00). .
mip + My

Proof. Let X(t,m) = x1(t,m) + x2(t,m). We rewrite the system (2.1) using the variables
(X, x1). One obtains:

p _ p
dix = rnx|1- ad —|—7"2(X—X1) 1-— X—n ’
dx; x1 \" :
— rixp |1 —| — +m (mpX — (mip + ma1)x1) .
it K

When m — oo, (3.9) is a slow-fast system, with one slow variable, X, and one fast variable x;.
According to Tikhonov’s Theorem [17,30, 34] we consider the dynamics of the fast variable
in the time scale T = mt. One obtains

x I
— = —r1X1 |:1 — <1> :| - T’I’llzX — (mlz 4 m21)x1.
m K1

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

dx1

Fr mipX — (myp + myy)x1. (3.10)

The slow manifold is formed by the equilibrium points of the fast equation (3.10), which given
by:
mi2

x5 =
e -
mip + My

(3.11)

Since xj is GAS for the system (3.10), the Theorem of Tikhonov ensures that after a fast
transition toward the slow manifold, the solutions of (3.9) are approximated by the solutions
of the reduced model which is obtained by replacing (3.11) into the dynamics of the slow
variable, that is:

aX mip [ < mp X >y] ma1 [ < mo1 X >”]
i S Q) R (- S | R W) F Y (L CO b
dt Uiy + my (mip 4+ ma1)Kyq 21y + My (map + my1 ) Ky

(3.12)

which gives the equation (3.6). Since (3.6) admits

}4+1r71 }H—lrfz

X" = (mip 4+ mp )K = (mip + my1)
My, K + My,

I
Mgt + mo1r2 ]
K}

as a positive equilibrium point, which is GAS in the positive axis, the approximation given
by Tikhonov’s Theorem holds for all ¢+ > 0 for the slow variable and for all ¢t > ty > 0 for the
fast variable, where t( is small as we want. Therefore, let Z(t) be the solution of the reduced
model (3.12) of initial condition Z(0) = X(0,m) = x(l) + xg, then, when m — oo, we have the
approximations (3.7) and (3.8). |
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In the case where the migration rate tends to infinity, the approximation (3.7) shows that
the total population behaves like a unique equation of Richards (3.6) and then, when ¢ and
m tend to oo, the total population x;(t,m) + x(t,m) tends towards X7 (oo) defined by (3.4)
as stated in Corollary 3.2. The approximation (3.8) shows that, with the exception of a thin
initial boundary layer, where the density population x; (¢, m) and x; (¢, m) quickly jumps from
its initial condition x? and x3 to m1Xo/ (m12 + m12) and my1 Xo/ (m12 + myp) respectively. The
first ( resp. second) patch behaves like the single Richards equation

dz z \" dz z \"
ol ()] (o Eoro ()] o

where r and K are defined in (3.6). Hence, when t and m tend to oo, the density population
x1(t,m) and x,(t,m) tends toward m1,K and my; K respectively, as stated in Theorem 3.1.

4 Influence of dispersal on the total population size

In [2], Arditi et al. have considered the system (1.9) and they showed that there are only three
cases that can occur: the case where the total equilibrium population is always greater than
the sum of carrying capacities, the case where it is always smaller, and a third case, where the
effect of dispersal is beneficial for lower values of the migration rate m and detrimental for
the higher values. More precisely, it was shown in [2], that the following trichotomy holds

o If X4 (400) > Kq + K then X5 (m) > Ky + K; for all m > 0.

o If £X*(0) > 0 and X;(+00) < Kj + Ky, then there exists my > 0 such that X4 (m) >
Ky 4+ K; for 0 < m < my, Xf(m) < Ky + Ky for m > mg and X;.(mg) = K1 + Ko.

o If 2.X%(0) < 0, then X3 (m) < Ky + K, for all m > 0.

Therefore, the condition X7.(m) = K; + K holds only for m = 0 and at most for one positive
value m = my. The value my exists if and only if £ X%(0) > 0 and X}(+00) < K; + Ko.

In this section, we generalize the result of Arditi et al. [2] by considering the case where
i # 1 in the system (2.1). We analyze the effect of dispersal on the total equilibrium pop-
ulation for the Richards system (2.1). Using the method of Arditi et al. [2], we describe the
position affects the equilibrium £*(m) of (2.1) when the migration rate varies from zero to
infinity. The total equilibrium population X7 (4o0), given by equation (3.4), play a vary im-
portant role in the characterization of the different possible positions of the equilibrium £*.
As for the 2-patch logistic model (1.9), we prove that exactly three cases can occur. More
precisely we have the following theorem:

Theorem 4.1. Consider the system (2.1). Let X} (c0) be defined by (3.4). Then,
1. If r; = rp, then X5 (m) < Ky + K; for all m > 0.
2. If r1 < 7y, then
K
(a) If % < &, then
i. If X;5(00) > Kj + Ky, then X7.(m) > K; + K5 for all m > 0.

ii. If X% (o0) < K; + Kp, there is an mgy > 0 such that:
A. If m < my, then X35 (m) > K; + K.
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B. If m > my, then X5 (m) < Ky + K, .
(b) If 221 > ¥, then Xj(m) < Ky + K; for all m > 0.

(c) If % = %, then X% (m) = Ky + K for all m > 0, i.e. the equilibrium £* does not
depend on m.

3. If 1 > ry, then

() If 220 > &, then
i. If X3(c0) > Ky + Ky, then Xi(m) > Ky + Ka.
ii. If X5 (00) < Ky + K, there is a my > 0 such that:
A. If m < my, then X;(m) > K; + Ko.
B. If m > my, then X7 (m) < K1 + Ka.

(b) If % < %, then X7.(m) < K; + K for all m > 0.

2

(c) If % = %, then X7 (m) = Ky + K for all m > 0, i.e. the equilibrium £* does not
depend on m.

Proof. First, we consider the line A with Cartesian equation x; + x» = K; + K3, of slope —1
and passing through the point A = (Kj, Ky). The equilibrium point £* is always on the curve
Cu (see Appendix A). For m = 0, £* coincides with A. When m increases, £* describes an arc
of the curve C,, and ends at point £*(c0) given in equation (3.1).

1. The equation of the tangent line to the curve C, at the point A is given by:

0P 0P
K ) —Ky)—* = 4.1
(x1 — Ky) o (A) + (x2 — Kz) P (A) =0, (4.1)
where the function ®, is given by the equation (A.2). Since %%”(A) = —ury and
aaq;;’ (A) = —pury, Equation (4.1) becomes simply
rx1 + raxp = 11Ky + r2Ko. (4.2)

If r1 = rp in the equation (4.2), the tangent space to the the curve C, at A is the line A.
By the concavity of C,, any point of C, lies below the line A. Therefore £*(m) satisfies
xj(m) + x5(m) < Ky + Ky, for all m > 0 ( see figure 4.1), which completes the proof of
item 1.

2. We suppose now that r; < r;, then the line A makes a second intersection with the

curve C, at a point noted C. This intersection is below the line & : x, = le (as
shown in the figures 4.2, 4.3 and 4.4). When m — oo, the curve M, defined by (A.3),
goes to the oblique line My, : X2 = %xl. The intersection points between the line
M, and the curve C, are the origin and £*(c0). If the line M, is below the line
Y, that is mp; /myp < Ki/Kp, we have two possible cases for the relative positions of
the point £*(o0) and the line A. In the case where £*(o0) is above the line A, that is
X%(o0) > Kj + Ky, then the equilibrium point start at point A and when m increases
from 0 to co, £*(m) moves along the curve C, and ends at the point £* (o). Equivalently,
the total equilibrium population start, for m = 0, with the value K; + K, and satisfies
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X1
Figure 4.1: The illustration of item 1 of Theorem 4.1. The curve C, is shown in red for some

values of i and the straight line A in blue. The total equilibrium population is always smaller
than K; + K; for all m because it belongs to the curve C,,.

X9l 2

O K1 X1

Figure 4.2: The illustration of item (2.a.i) of Theorem 4.1. The curve C, is shown in red
for some values of y, the straight lines A, % and M, are shown in blue, cyan and green
respectively. The total equilibrium point is always greater than K; + Kj for all m, because it
belongs to the curve C, and the limit point £*(c0) is above A. As the migration rate increases
from 0 to oo, the equilibrium point varies along the curve C;, from A to £* (o).
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the inequality xj(m) + x5(m) > K; + K for all m, which completes the proof of item
(2.a.i). ( see figure 4.2).

In the case where £*(o0) is below the line A, that is X (c0) < Kj + Kp, the equilibrium
point £*(m) start, for m = 0, at point A and when m increases from 0 to oo, it moves
along the curve C,, passes through the point C for a certain my and ends at the point
E*(o0). Therefore, the total equilibrium is greater than K; + K; for m < mp and smaller
than K; + K; for all m > mg, which completes the proof of item (2.a.ii) ( see figure 4.3).

X7l h¥
A
K A
C Mooy
y & 5*(&&
K X1

Figure 4.3: The illustration of item (2.a-ii) of Theorem 4.1. The curve C, is shown in red
for some values of y, the straight lines A, and Mo,y are shown in blue, cyan and green
respectively. As the limit point £*(c0) is above A, then, when the migration rate increases
from 0 to oo, the equilibrium point varies along the curve C, from A to £*(c0), passing
through the point C which is the other point of intersection between the curve C, and the
line A.

If the line M, is above the line X, that is m31/m12 > K1/Kj3, then the total equilibrium
population is smaller than the sum of carrying capacities for all m. This completes the
proof of item (2.b). ( see figure 4.4).

It is clear that if the two lines X and M, are identical, i.e. A = £*(0), then the total
equilibrium population does not depend on migration rate m. Therefore, x;(m) = K;
and x;(m) = K, for all m > 0. This gives the proof of item (2.c).

. As the role of the variables of the system (2.1) is symmetrical, this case is analogous to

case 2.

O

According to the previous theorem, we concluded that, the dispersal can lead to an in-

creased or decreased the total equilibrium population with persistence in each patch.

Proposition 4.2. The derivative of the total equilibrium population X7} at m = 0 is given by:

dX: 1 1 1
am (0) = ﬁ (m12K2 — m21K1) (1’1 — 7’2> . (43)
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XQ\< Moo,y >
K& e (00) WO
(@) Ky X1

Figure 4.4: The illustration of item (b) of Theorem 4.1. The curve C, is shown in red for some
values of y, the straight lines A, % and My, are shown in blue, cyan and green respectively.
The total equilibrium is always smaller than K; + Kj for all m.

In particular, %(O) = 0 if and only if, 1 = rp or % = %

Proof. The equilibrium point £*(m) satisfies the system

0 = i (m) [1 = (S5 )]+ momrzs (o) = e (), s
0 = rpxj(m) [1 - (%) ] + m(may x5 (m) — mipx;(m)).

Dividing the first and the second equation by 2}x7 (m) and %3 (m) respectively, one obtains
1 2

==

5 — My XX (m
xj(m) = (Ki‘+mml2x2<m> i )) ,

i (m) 45)

1
. Moy x5 (m) — mypxs(m) \ "
x3(m) = | Ky +m 1Lz* 2
K" x2 (m)
2
Hence, the total equilibrium population X7 is given by

1

1
"
. mapxs (m) — moyx; (m) moy x5 (m) — mypxs(m) \ "
Xip(m) = | K + m——27"— ! + | K +m———F— 2 . (4.6)
K$x1<m) K,lez(m)

By differentiating the equation (4.6) at m = 0, we get:

dXikw 1 mlzx; (0) — 71’121%1F (0) 1—pu 1 m21xi‘ (0) — mlzx; (0) 1—p
0) = — - Ky F 4= — K @)
an ¥ = ( A0 VT o :

which gives (4.3), since x}(0) = K; and x3(0) = K. ]
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Note that, the derivative (4.3) is dependent on all the parameters of the model. it is equal
to zero if and only if both patches have the same growth rates or m,Ky = my;Kj, positive if
r1 < rp and mpKy > my Ky, or r1 > rp and m,Ky < mpyKj.

As a corollary of the previous theorem, we have the result:

Corollary 4.3. Let y;,i = 1,...,n, be a positive number such that 0 < yp < ... < p,. Consider
the following systems:

dx1 X1 Hi
=rixp [1— (- + m(mipxy — my1x1),

dt K
@—rx 1— (2 : + m(myx1 — Mipx7) o
TR K 21X1 12X2),

where the parameters r;, Kj, mi, and my; are as in (2.1). Let Xj(m, p;),i = 1,...,n be the
total equilibrium population of (4.8). Then, the sequence (X7.(m, j1;))1<i<n is increasing. In
particular, when m — oo, we have:

Xi(oo, 1) < ... < X7(00, py).

Proof. The equilibrium point of the system (4.8) is always on the curve noted C,, given by

x Hi x Hi
C%. ToriX [1 — <K11> ] + 72X [1 — <Ki_> ] =

These curves intersect at four points (0,0), (0,Kz), (K1,0) and (K1, Kz). If p; < pj for some i
and j, then the curve C, is below the curve C, as shown in the figure A.1 and in the others
figures 4.1, 4.2, 4.3 and 4.4. Therefore, the total equilibrium population X7(m, u;) < X7(m, ;)
forallm > 0and foralli,j e {1,...,n}. i

5 Two-patch model where one growth rate is much larger than the
second one

In this section, we consider the two-patch model (2.1) and we assume that the growth rate
in the second patch is much larger than in the first. For simplicity we denote my := mjp > 0
the migration rate from patch 2 to patch 1 and m; := mjy; > 0 from patch 1 to patch 2.
Mathematically, the model (2.1) is written under this assumption as follows:

H
ddel = rx [1 - (1%) ] +m (maxy —mix1),
6.1)
K
d;tz = Iy [1 - (%) } + m (myx1 —maxz),

where € is assumed to be a small positive number. We denote E*(m, €) = (x7(m, €), x5 (m, €)),
the positive equilibrium of (5.1), which is GAS, and X;.(m, €) := x{(m, €) + x;(m, €) the total
equilibrium. The behavior of the model (5.1) for perfect mixing (i.e. m — o) is given by the
following formula:

€Myry + mqr; i
X1(+00,€) = (m1 + m2) ( p+1 p ptl %) ! (5:2)
em, r1/Ky +m| r/K;
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and the derivative of the total equilibrium population X7 .(m,€) at m = 0 becomes

axXr 1 1 €
T (0,€) = " (m12Ky — ma1Ky) <r1 - r2> : (5.3)

First, we have the result:

Theorem 5.1. Let (x1(t,€), x2(t,€)) be the solution of the system (5.1) with initial condition
(x9,x9) satisfying x? > 0 for i = 1,2. Let z(t) be the solution of the differential equation

dx x1 \ ¥
cTt1 =r1x [1 — <K11) ] + m(maKy — myxq) =: @y (x1), (5.4)

with initial condition z(0) = x?. Then, when € — 0, we have

x1(t,€) = z(t) + 0e(1), uniformly for t € [0, 4+o0) (5.5)
and, for any fp > 0, we have

x2(t,€) = Kz +0¢(1), uniformly for € [tg, +00). (5.6)

Proof. When € — 0, the system (5.1) is a slow-fast system, with one slow variable, x;, and one
fast variable, x,. Tikhonov’s Theorem [17,30,34] prompts us to consider the dynamics of the
fast variable in the time scale T = %t. One obtains

d M
ﬁ = T2X2 |:1 — <Xz> :| + em(m1x1 — m2x2).

dt Kz
In the limit e — 0, we find the fast dynamics
de . X2 #
di'[ — rzxz |:1 - <I<2> :| . (5.7)

The slow manifold is given by the positive equilibrium of the system (5.7), i.e. x = K>, which
is GAS in the positive axis. When € goes to zero, Tikhonov’s Theorem ensures that after a
fast transition toward the slow manifold, the solutions of (5.1) converge to the solutions of
the reduced model (5.4), obtained by replacing x, = K; into the dynamics of the slow variable.

The differential equation (5.4) admits unique positive equilibrium, which is GAS. Indeed,
we distinguish two cases according to sign of r; — mm;. First, note that, if r; —mm; = 0, then

ZZ;‘ (x1)=—(pu+ 1)1%119(’14 +r1 —mmy = 0 if and only if x; = 0.
If ry — mmy < 0, then fiif (x1) = —(p+ 1)12—1,149(? +7r; —mmy < 0, for all x; > 0. In addition,

¢1(0) > 0 and ¢, — —oco when x; goes to infinity. So, there exists a unique positive solution
of ¢, (x1) = 0. Denote xj(m,0") this solution. As ¢, (x1) > 0 forall 0 < x; < xj(m,0") and
@u(x1) <0 for all x; > xj(m,0") then, the equilibrium x7 (m,0") is GAS in the positive axis.

If ry — mmy; > 0, then ‘;ﬂ(xl) = 0 implies X7 := (

ry—mm
on [0, %[ and decreasing on |, c0[. In addition, ¢,(0) > 0 and ¢, — —co when x; goes
to infinity. So, there exists unique positive solution of ¢, (x1) = 0 denoted xj(m,07). As
¢u(x1) > 0 forall 0 < x; < xj(m,07) and ¢@,(x1) < 0 for all x; > xj(m,0") then, the
equilibrium xj(m,0") is GAS in the positive axis. Therefore, the approximation given by
Tikhonov’s Theorem holds for all ¢ > 0 for the slow variable and for all t > t; > 0 for the
fast variable, where f is as small as we want. Therefore, if z(t) is the solution of the reduced
model (5.4) of initial condition z(0) = x(l’, then, when € — 0, we have the approximations
(5.5) and (5.6). O

X1

1
)" > 0. So ¢y is increasing
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As a corollary of the previous theorem, we have the following result which gives the limit
of the total equilibrium population X% (1, €) of the model (5.1) when € goes to zero:

Corollary 5.2. We have:

X5(m,07) := }:11}1’(1) X5(m,e) = lim(x}(m,€) + x5(m,€)) = x5 (m,07) + Ky, (5.8)

e—0
where x(m,0") is the equilibrium of the reduced model (5.4).
Proposition 5.3. Consider the total equilibrium population (5.8). Then,

dX;- 1 —m Ky + moKy

i
dm (O’O ) T V r ’ (59)
and
X3 (+o0,0%) 1= ML EM2 40 (5.10)
nmq
Proof. The equilibrium x7 (m,0") satisfies:
* ’0+ H
rxin,0%) [t (SR ) | ke = iz 0%) <o (511)
1

Dividing (5.11) by %xf(m, 0"), we obtain:
1

1
13
myKy — myxi(m,0")
xi(m,07) = |K3# +m . (5.12)
' %‘ﬂ(mroﬂ
The derivative of (5.12) with respect to m, gives
ax; 1 d [ myKy — myxt(m,0")
Am,0M) == |m— 1 5.13
dm (m, 07) 1 " am ( %x{(m,oﬂ (5.13)
%—1
moKy — myx¥(m,0" MoKy — myxt (m, 0
+22r1 *11(§+ ) Kly—i_mzzﬁ *11(§+ )
KT'xl(m/ ) Kjt’ﬁ(m/ )

For m = 0, we have x;(0,0") = Kj, therefore, the equation (5.13) gives the derivative (5.9).
For the formula of perfect mixing, dividing (5.11) by m, and taking the limit when m — oo,
we get:
myKy — myxi(+00,07) =0,

Hence, as x3(+00,0") = Ky, the sum of x}(400,0") and x}(+00,0") gives the formula (5.10).
O

Remark 5.4. We can deduce the formula of perfect mixing X7 (+o0,0") and the derivative of
the total equilibrium population % (0,07) by computing the limit of the equations (5.2) and

(5.3) when € goes to zero respectively.
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We consider the regions in the set of the parameters m; and m;, denoted Jy and J;
defined by:

Jo:{(mlfmz)!mZ>Kl}, le{(ml,mz):m<K1}. (5.14)

mp Ky my  Kp

We have the following result which gives the conditions for which patchiness is beneficial or
detrimental in model (5.1) when € goes to zero.

Theorem 5.5. Let Jp and J; be the domains defined in (5.14). Consider the total equilibrium
population X7 (m,0") given by (5.8). Then, we have:

o If (my,my) € Jo then X4 (m,0") > K + Ky, for all m > 0.
o If (my,my) € Jp then X4(m,0") < K; + Ky, for all m > 0.

o If % = %, then xj(m,07) = K; and x3(m,07) = K, for all m > 0. Therefore
X%(m,0"7) = Ky + Ky for all m > 0.

Proof. First, we try to solve the equation X% (m,0") = K; + K, with respect to m, to obtain
the intersection points between the curve of the total equilibrium population m — X7(m,07)
and the straight line m — K; + K. For any m > 0, we have

1

13

myKy — myx;(m,0") _x

2 (m,07)

xj(m,07) =Ky < | K/ +m

<=myKy = myxj(m,0")

dxs
—=myKy = Kymy <= me (0,07) = 0.

So, if %(O, 0%) # 0 then m = 0 and the curve of the total equilibrium population intersects
the straight line m — Kj 4+ K; in a unique point which is (0, K; 4+ K). Therefore, we conclude
that the first and second items of the theorem hold. |

Biologically speaking, according to the result of the previous theorem, the existence of
a faster growing sub-population compared to the second one causes the critical value of
migration rate m (see Theorem 4.1) to disappear.

6 Conclusion

The goal of this paper was to generalize to some general growth rates the results obtained
in [2] for a two-patch logistic model. In particular, we considered the model of two patches
with Richards growth rate.

In Section 3, we looked at the case when migration rate goes to infinity. We computed the
equilibrium in this situation (Theorem 3.1) and we proved that the dynamics of the system
(3.6) provide a good approximation of the model (2.1) by using singular perturbation argu-
ments (Theorem 3.3). In Section 4, we have given a complete classification of the conditions
under which dispersal is either beneficial or detrimental to total equilibrium population. The
important result is, even with more general dynamics, the effect of migration is the same as
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with logistic dynamic: either patchiness always has a beneficial effect on the total equilib-
rium population, or this effect is always detrimental, or there exists a critical value m of the
migration rate m, such that, the effect is beneficial for m < mg, and detrimental for m < mg
(see Theorem 4.1). In Section 5, we considered the two-patch model (2.1), in the case where
one growth rate is much larger than the last. First, by perturbation arguments, we have given
an approximation of the solutions of the system in this case. Next, we compared the total
equilibrium population with the sum of two carrying capacities.

Some question remains open: how do our results generalize to situations with more than
two patches? If we consider a more general growth dynamic than the growth of Richards
(1.5), this has an effect on the total equilibrium population. I think these questions are
difficult to answer, and require a lot of work and mathematical tools.

Appendix
A Equilibria and stability of (2.1)

In this section, our goal is to prove the global stability of the positive equilibrium of the
system (2.1). In the absence of migration, i.e. the case where m = 0, the system (2.1) admits
(K1,Kz) as a non trivial equilibrium point, which furthermore is globally asymptotically
stable (GAS) in the interior of the positive cone R? . The problem is whether the equilibrium
continues to be positive and globally stable for any m > 0 or not. We first prove the non
negativity of the solution of System (2.1). We have the following proposition:

Proposition A.1. The positive cone R? is positively invariant for the system (2.1).

Proof. Suppose that, at a given time f, one of the state variables of the system (2.1) is at a
boundary of RZ, meaning that at least one population is at 0. We suppose first that x; = 0,
and xp > 0, then the dynamics of x; is given by dditl = myxp > 0, and, if x, = 0, and x; > 0,
then we have % = mypx1 > 0. So each trajectory initiated at a boundary of ]R%r either remains
at the boundary or goes to the interior of R3. According to [29, Proposition B.7, page 267],

no trajectory comes out of R%. Therefore, R? is positively invariant for (2.1). m|

The equilibrium of the system (2.1) is the solutions of the following algebraic system:

p
0=rx [1 — (%) } + m(mypxy — Mmp1x1),

Y (A1)
0= T2X2 [1 — (Ié) } + m(m21x1 — mlzxz).

The sum of the two equations of (A.1) shows that the equilibrium points are in a curve noted
Cu, which its equation is given by:

M H
Dy (x1,x2) 1= 1117 [1 — (2) ] + 1% [1 — <;Z) } =0. (A.2)

The curve C;, passes through the points (0,0), (Ky,0), (0,Kz) and A := (Ky,K3) for all value
positive of parameter . Note that, it is independent of migration rate m and m;;. For the

particular value y = 1, the curve C; is an ellipse centered in (%, %) ( shown in black in

Figure A.1). For u > 1, the curve C,, is below the ellipse C; ( shown in green and brown in the
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figure A.1) and for 0 < u < 1, the curve C, is above the ellipse C; ( shown in red and blue in
Figure A.1). The function ®,(x1,x2) = ®,,1(x1) + Py2(x2), with &, ;(x;) = 7;x; {1 _ (I%)V]
is concave since @, 1 and @, are two concave functions. Another property of the curve C,
if is that if a point (x1,x2) belongs to C;, with x; < Kj (resp. x2 > Kj) then x > Kj (resp.
x1 < Kj) (see figure A.1).

Solving the first equation of system (A.1) for x; yields a curve noted My, of equation
X2 = Qmp (x1), where the function @m,u is given by the following equation:

iz
Prpu(x1) = mllz <m21x1 - %xl {1 - (2) ]) : (A.3)

The curve My, (shown in the figure A.1 for some values of 1) depends on the migration rate

mi2
So, the equilibrium points are the non-negative intersection between the curves C, and M, ;.
There are two equilibrium points. The first is the trivial point (0,0) and the second is a non
trivial point noted £*(m) := (xj(m), x5(m)) whose position depend on migration rate m (
see Figure A.2).

m and the parameter y. It always passes through the origin and the point B := (Kl, mKz).

X7 X2
Wm,y
Ky A
O %
@) K X1

Figure A.1: The curves C, (left) and M, (right) for r; = 3,1, = 2,K; = 5,K; = 4,myp =
my; = m = 1and u = 0.001 ( green curves ), 4 = 0.2 (gold curves ), y = 1 (black curves ),
# =4 (red curves ) and p = 7 (blue curves ).

In the following, our aim is to show the global stability of the equilibrium £*(m). For
this, we need some results. First, for the non-negativity and boundedness of the solution of
the system (2.1), we have the following result:

Lemma A.2. For any non-negative initial condition, the solutions of the system (2.1) remain
bounded, for all t+ > 0. Moreover, the set
X = {(x1/x2) €ERA/x1+x < gi},
1
where ¢ = pmin{ry,r} and & = u(r1K; + r,Ky), is positively invariant and is a global
attractor for the system (2.1).
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X3 %
K
(@) Ky X1

Figure A.2: Intersection between C;, and M, ,, which are drawn in the same color.

Proof. To show that all solutions are bounded, we consider the quantity defined by Xr(t) =
x1(t) + x2(t). So, we have

Xr () = rx (1) [1 _ (ﬁé”)”] + raxa(t) [1 _ (x;(zt)ﬂ . (A4)

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

Ny
riX [1 — <IJ§Z> ] <wpri(Ki—x;), i=12 (A.5)

i
Substituting Equation (A.5) into (A.4), we get
Xr(t) < =& Xr(t) + & forall t >0,

which gives

Xr(t) < (XT(O) - ?) e it 4 Q for all t > 0. (A.6)
1

1

Hence,
Xr(t) < max <XT(0), ?‘) , for all t > 0.
1
Therefore, the solutions of System (2.1) are positively bounded and defined for all t > 0.

From (A.6), it can be deduced that the set X is positively invariant and it is a global attractor
for the system (2.1). O

We have also the following property:

Lemma A.3. System (2.1) admits no periodic solution.
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Proof. The isoclines of the system (2.1) are given by the two equations:
B
Pi(rr) =~ [1- ()] + 22w,
B
Pas) =~ [1— ()] + 22,

Let f; be the right hand side of the system (2.1). Then, for all m we have:

9fr 9 _ _ x x )"
ax1+ax2—r1+1’2 (h+1) [h(Kl) + 1 K

— m(THzl + mlz) = —m <7TZ12 + m21) < 0.
X1 d

So, by Dulac’s Criterion [14, Theorem 4.1.1], the system (2.1) admits no periodic solution. O

Theorem A.4. The equilibrium £*(m) of (2.1) is GAS in the positive cone R3 \ {0}.
Proof. The Jacobian matrix of the system (2.1) at £*(m) is given by:

J(€) = [ oo } :

nimipq K2
* 14 * I
where k1 = r1 — (u+ 1)y (%:ﬂ)) —mmy, and kp = 12 — (p+1)ra (%Zl)) — mmyy. We
have: 0 < ‘;%(x;ﬁ(m),x;(m)) = —W}mkl, and 0 < %(x;ﬁ(m),xg(m)) = _rm}m 2. Therefore,

k1 < 0 and xp < 0. This implies that tr(J(£*)) = «1 + k2 < 0, where tr means the trace.
—1
It's clear that, in the figures A.3, at the equilibrium £*, we have: @(5 ) > (‘7% (€ *)) ,

dxq dx;
which gives % > %’2"21 Thus, detJ(E*) = kiky — m?myamay > 0.
Hence by the Routh-Hurwitz criteria for stability, the real parts of the eigenvalues value of
the Jacobian matrix J(£*) are negative, proving that £* is asymptotically stable. Lemmas A.2
and A.3 imply that there cannot be any non-trivial closed paths lying in the interior of the
positive quadrant and hence the asymptotic stability must be global. ]

B Two-patch logistic model

We consider the 2-patch logistic equation with asymmetric migrations. We denote by 111, the
migration rate from patch 2 to patch 1, mp; from patch 1 to patch 2, and m is the dispersal
rate between two patches. The model is written:

dx X

i = rxi 1-— s +m (muxz — m21x1) ,

dxa roxs (1— 22 + m (mp1x1 — M12x2) .
dt 242 K2 2141 1242) -

Note that the system (B.1) is studied in [1,6,9,10,15] in the case where the migration rates
satisfy mp; = mjp, and in [2] for general migration rates. If we denote v = %, then the
system (B.1) becomes:

dx X

i r1X1 1- 2L +m (yx2—x1),

dt K (B2)
dxs ’

T T9Xo 1—% +m (x1 —yx2),
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X2
Py
P>
£*(m)
O X1
X2 'Pl X2 Pl
2 P2
e (m) *(m)
O X1 0] X1

Figure A.3: All possible configurations for the isoclines of the system (2.1) (in red for x; and
in blue for x;) for certain parameters. The equilibrium points are the intersection between
these two isoclines: the origin and the positive equilibrium £*(m).

The system (B.2) has always a unique positive equilibrium, still denoted by E*(m,y) =
(x;(m,7),x3(m, 7)), which is GAS in the interior of positive cone R? \ {0}. We thus define the
total population abundance at the positive equilibrium under dispersal rate m and dispersal
asymmetry y by

Xt(m,y) = xi(m,v) + x5(m,7y),

as the total realized asymptotic population abundance.

B.1 Total population size for fixed y

In all of this part, we assume that 7 is positive and fixed parameter and m varies in [0, /.
We recall that the derivative of X7.(m, ) with respect to m at m = 0 is given by the following
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formula [8]:
Xz
dm

1 1

(0,7) = (vK2 — Kq) < - ) : (B.3)
o n

The behavior of the model (B.2) for perfect mixing (i.e. m — o0) is given by the following

formula [2,8]:

Y1t

Xi(c0,v) = (14+)— L2
7(00,7) = ( 7)72a1+az

where a; = r;/K;. (B.4)
We consider the regions in the set of the parameter y denoted 7y, J1 and 7>, defined by:

j1:{757>%},

K
If r, > r{ then :%27>K—;},

:%>'y}.

{7
{7
{viv<i},
{7
{7

(B.5)

If r, < rq then

.o K
e <y<f},

:%<7}.

Jo
T2
(7
Jo
N/

We recall the following result of Arditi et al. [2] which gives the conditions for which
patchiness is beneficial or detrimental in model (B.2).

Proposition B.1. The total equilibrium population X7 of (B.2) for + fixed satisfies the follow-
ing properties

1. If r1 = rp then X5 (m,v) < Ky + K; for all m > 0.
2. If ro # 11, let Jo, J1 and 7, be defined by (B.5). Then we have:

e if vy € Jp then X (m,y) > Ky + K, for all m > 0

e if vy € Jq then X} (m,v) > K1+ Kp for 0 < m < mp and X5(m,y) < K1 + K; for
m > mg, where
rp —11 1

b 1 ’
n a1+ ap

noy =

e if y € J> then X (m,y) < Ky + K; for any m > 0

o If v = %, then xj(m,v) = K; and x5(m,y) = K, for all m > 0. Therefore

X4 (m,y) = K; + K; for all m > 0.

B.2 Total population size for fixed m

In all of this section, we assume that m is fixed parameter and <y varies from 0 to co.

B.2.1 The model when v — 0

We have the following result
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Proposition B.2. Consider the system (B.2). Then,
(0,K2), if m>r,

lim E*(m,y) = j B6
i (m, ) {((12>K1,5K2+2}“2\/r§+4ma2(1’,f)K1>, if m<r. (B.6)

Proof. Denote E*(m,0") = (x5(m,07),x5(m,07)) := lim,_,0E*(m,y). When v — 0, the
equilibrium equations of (B.2) take the following form:

* +

0 = rixj(m,0%") (1 — xl(m,O)> —mx;(m,07),

NI
0 = roxi(m,0") <1 - 21<> + mx}(m,0%),

2
which implies

0= (r1 —m)xj(m,07) —ay(x}(m,0%))* =0, (B.S)
—aq (x5 (m,07))% + mx; (m,0%) + rpx5(m,07) = 0. :

If m > rq, then the system (B.8) admits (0,0) and (0, Ky) as solutions. Since (0,0) is unstable
for (B.2), then E*(m,y) — (0,Ky) as v — 0.

If m < 4, the first equation in (B.8) gives x{ (m,0%) = 0 or x7(m,07) = "= If we replace
x}(m,0") = 0 in the second equation of (B.8) we get x5 (m,0") = 0 or x5 (m,0") = K, and if
we replace x; (m,0") = % in the second equation of (B.8) we obtain the following equation:
m (ry — m)

—ap(x5(m,07))? + roxh (m,07) + ”

=0, (B.9)

which admits as positive solution

1 1 m
x;(m,0+) = EK2—|— 27@ \/r% + 4dmay <1 — 7’1) Kj.

Therefore, if r; > m, then the system (B.8) admits three solutions: (0,0), (0,K>) and

m 1 1 m
E* ) .= 1-—)Kq, =K —_— 244 1—-— K B.1
(m,07) (( 71) U5 2+2“2 \/Vz‘f’ m“2< 71) 1>, (B.10)

Since, (0,0), and (0, Ky) are unstable, so E*(m, A) converge to E*(m,0") as v — 0. O

As a corollary of the previous proposition, we obtain the following result which describes
the total equilibrium population X7 (1, ) when ¢ — 0.

Corollary B.3. we have:

Ky, if m>r,
(B.11)

lim X5 (m, ) := X5(m,07) = {
v—0
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B.2.2 The model when v — oo
In the next theorem, we give the behavior of the model (B.2) when 7y — co.

Proposition B.4. Let (x1(t, ), x2(t,)) be the solution of the system (B.2) with initial condi-

tion (x9, x9) satisfying x¥ > 0 for i = 1,2. Let z(¢) be the solution of the differential equation

== X <1 - > , (B.12)

with initial condition z(0) = x? + x¥. Then, when 7 — oo, we have
x1(t,7) + x2(t, ) = z(t) + 0,(1), uniformly for t € [0, +-o0) (B.13)

and, for any tp > 0, we have

x1(t,7) = 2(t) +04(1), .
{ x;(t,'y) — 0, (1), i uniformly for t € [ty, +0). (B.14)

Proof. Let X = x1 + x2. We rewrite the system (B.2) using the variables (X, x1), and get:

X
—— =r1X] <1—K1> +m(y(X—x1)—x1),
1

dt

B.15)
ax X B _(X=xn) (
E =T1X1 <1 I<1> —|—1’2(X Xl) (1 ‘K2> .

When ¢y — oo, (B.15) is a slow-fast system, with one slow variable, X, and one fast variable
x1. As suggested by Tikhonov’s Theorem [17,30, 34] we consider the dynamics of the fast
variable in the time scale T = <t. One obtains

c;le =m(X — x1). (B.16)
The slow manifold, which is the equilibrium point of the fast dynamics (B.16), is given by
x1 = X. As this manifold is GAS for the system (B.16), the Theorem of Tikhonov ensures that
after a fast transition toward the slow manifold, the solutions of (B.15) are approximated by
the solutions of the reduced model which is obtained by replacing x; = X into the dynamics
of the slow variable, which gives (B.12).

Since (B.12) admits X = Kj as a positive equilibrium point, which is GAS in the positive
axis, the approximation given by Tikhonov’s Theorem holds for all ¢ > 0 for the slow variable
and for all t > ty > 0 for the fast variable, where t( is small as we want. Therefore, let z() be
the solution of the reduced model (B.12) of initial condition z(0) = X(0,7) = x(l) -+ xg, then,
when m — co, we have the approximations (B.13) and (B.14). O

According to previous proposition, when ¢ — oo, the equilibrium E*(m, ) converge to
(K1,0) and Xj.(m, +00) = Kj.

For more details on the effects of dispersal intensity and dispersal asymmetry on the total
population abundance, the reader may refer to the recent work of Gao et al. [11].
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