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Abstract

Limiting resource is a angular stone of the interactions be-
tween species in ecosystems such as competition, prey-predators
and food chain systems. In this paper, we propose a planar sys-
tem as an extension of Lotka-Voterra competition model. This
describes two competitive species for a single resource which
are affected by intra and inter-specific interference. We give
its complete analysis for the existence and local stability of all
equlibria and some conditions of global stability. The model ex-
hibits a rich set of behaviors with a multiplicity of coexistence
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equilibria, bi-stability, tri-stability and occurrence of global sta-
bility of the exclusion of one species and the coexistence equilib-
rium. The asymptotic behavior and the number of coexistence
equilibria are shown by a saddle-node bifurcation of the level
of resource under conditions on competitive effects relatively to
associated growth rate per unit of resource. Moreover, we de-
termine the competition outcome in the situations of Balanced
and Unbalanced intra-inter species competition effects. Finally,
we illustrate results by numerical simulations.

Keywords: consumer-resource model; invariant manifolds; competition

outcome; Asymptotic behavior.
2010 AMS Subject Classification: 92D40, 34K19, 35B40.

1 Introduction

In nature, organisms of a species members live in a area with other
populations species and resources they need for their growth. When
a large number of organisms affect other populations species by their
presence or absence, in some cases of mixed populations species, two
or more species interact in a food chain and prey-predator systems
or compete for common resources such as food, light, space, etc. In
the situation of two species compete with each other for the same
resource, Hardin [1] argued that the Competitive Exclusion Principle
(CEP) formulated by Gause in [2] holds, this means that the "better'
competitor will eventually exclude the others. This principle has been
formally demonstrated in 3] with classical Lotka-Volterra competition
(LV) model analysis and set to theory [1].

Numerous evidences based on laboratory experiences and natural
observations are supporting the CEP. Among them, the complexity
of competitive situations make unclear the predictive strength of the
displayed species as Thomas Park and his collaborator experiments
showed in a closed universe under various conditions [5]. Beyond this
phenomena, the observed diversity of certain communities such as co-
existence of phytoplankton species competing for very limiting resource
is in apparent contradiction with Gause’s law. This paradox was origi-
nally described in aquatic biology by Hutchinson in [6], who suggested
that it could be resolved by factors such as vertical gradient of light or
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turbulence, symbiosis or commensalism, differential predation or suffi-
ciently frequent variations of the environment.

The generalization of (LV) model to more than two species have
led to deep ecological insights 7] and allowed to identify interesting
ecological phases and phase transitions [§] [9] without explain the phy-
toplankton paradox foundation. The implicit description of resources
in play for two or more competing species in such model apparently
hides the resources dynamics effects in competition outcome. There-
fore, recent works have proposed models taken account chaotic fluid
motion or water levels variations, spatio-temporal heterogeneity inter-
action with species to resolve the paradox |10]. These external factors
are well known to impact the densities of resources or heterogeneity
and availability.

The aim of this paper is to study the impact of resource level on
competition outputs in the overview of the CEP. MacArthur [11-15]
introduced first the class "consumer-resource models" which incorpo-
rate explicitly resource consummation in LV species equations.

MacArthur in [16] shows that a new species can compete on com-
munity if only its action of competition minimizes a quadratic function.
Also, a large number of competing species can coexist if the produc-
tive environment and the environmental variations can compromise
the CEP. Soon after, May and MacArthur in [17] tackle niches ecology
overlap problem by combining their quadratic functions.

Nevertheless, P. Chesson in [18] considered both exploitative com-
petition and interference competition in the model to generalize the
MacArthur’s [16] results and revealed that the arguments of Rough-
garden in [19] and [20] contrasted May and MacArthur [17] conclu-
sions on community structure. Specifically, he precises and reinforces
MacArthur’s [16] developments in the understanding and the empirical
measurements of LV coefficients that distinguish timescales of resources
and consumers in interaction.

Qualitatively, the MacArthur formulae is related to the Lyapunov
function which guarantied the global stability of the coexistence equi-
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librium of the model resource-consumer without necessarily having a
biological significance. In the literature, there exists a wide variety of
competition by interference which do not lead to a minimized quadratic
function form and the need to develop new models [19], [20,121]. But,
in a largest view of competition modeling subject, some mathematical
models including density-dependent accessibility description are de-
veloped in bioreactor, food chain and prey-predators systems [22,23],
[24-31].

In this paper, we propose and study a two species competition
model including explicit resource consumption and density-dependent
accessibility in the perspective to keep the effects of resource level vari-
ations and usual parameters relations with biological meaning on the
competition outcome. To shake to simplicity without loss general-
ity, the resource is assumed to be available in permanent regime and
its accessibility rate is density-dependent of competitive species. A
short description of biological parameters, assumptions, model equa-
tions and preliminary results such as positive and bounded solutions
are presented in section [2] In section [3] it is given preliminaries results
on two species Lotka-Volterra competition model as an occurrence of
the model according to balanced and unbalanced inhibitory effects of
two species intra and inter-specific inferences. The existence and sta-
bility analyses of coexistence and exclusion of one species equilibria of
the model are presented. Thereafter, an application of the general the-
oretical results obtained in section 3 in the circumstances of "Balanced'
and "Unbalanced" inhibitory effects conditions is devoted to section
Section [5| presents some numerical illustrations of analytical results.

2 The Mathematical Model

We consider two species living together in a area with carrying capacity
K and consuming a single limiting resource. From James Mallet [32]
findings the carrying capacity is considered here to depend on habitat
conditions. We assume that the growth rate of each population is in-
hibited by members both of its own species and of the other species
as well as the accessibility of resource is affected by the presence of
the other species. Also, members of each population are assumed to
develop independently from each other. Let ¢t be a fixed time, we con-
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sider the density z;(t) and x;(t) of individuals of species i and species
j respectively and denote by Z, r; and s;; the amount of available
resource, the effective growth rate per unit of resource consumption
of species ¢ and the rate to which the presence of species j members
affects the growth of species i respectively. In addition, the food ac-
cessibility factor of species ¢ constrained by the presence of members
of species j is supposed to be 1/(1 + p;z;(t)) where the proportion p;
is assumed constant. According to their assumptions, we describe the
two species competition consuming a single limiting resource by the
following system of equations.

dx; Tz, 9
=\ 7| — Su®; — SijTiTy,
dt 1+ DT

(1)

de; ([ 1iZx;

For simplicity and without loss generality, the following model is con-
sidered throughout this paper

dx; < Tz,

2
> — Sjjxj — Sjil'il'j,

dt

/
doj (52w e
dt - ] 335 Jrr g

with initial conditions x;(0) = x¢; > 0 and

LE'](O) = LUOj Z 0.

This model parameters and variables definitions are listed in table [1}

In addition, we assume for parameters that r; > 0, % > 0, s;; > 0, s5; >
s

0,55 >0,8;>0 K>0,0<Z7Z<-K and s = min{s;;, s;;, Sji, Sij },
T

I, r.} and consider the domain of biological interest.

r = max{r;,r’

Q={(r,y) eRL, v +y < K}.
The well-posedness of the model is then given by the next theorem.

Theorem 2.1.
Assuming that the initial conditions lie in 2, the system of equations
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for two competitive species consuming a single limiting resource model
(@ has a unique solution that exists and remains in Q for all time
t>0.

Proof.

The right-hand side of Equation ([2)) is continuous with continuous
partial derivatives in {2, so the system of equation has a unique
solution. We now show that €2 is forward-invariant. If x; = 0 then

dﬂfi
dt

= (0 and the system 1| is reduce to one species j equation:

da. g
% = 1215 (1 — :”ij> (3)

J

It’s known that (z;-axis) is invariant such that % > Oifonlyifz; > K;
when Z > 0. If
x; + x; = K then

/

/ .
dr; dx;  rrZ T

dt  dt  1+z; 1+

- SjjJU? — 85%;@; — s;;7;7;. This implies

dv; dx; _ riaZ  rivgZ )
+— < + — sx; —

2
— Siidy

sa:? — 2sx;x; from the assumption

dl‘i d(L’j
< _
T < K(rZ-sK)<

s
0 from hypothesis 0 < Z < —K and r = max{rj,7;}. Therefore, none
r

of the orbits can leave () and a unique solution exists for all time
t>0. [

s = min{s;;, 8;;, Sji, Sij }- S0, it results that

The first part of this proof see equation provides the following
useful remark.

Remark 2.1.

As it was found for the Lotka-Volterra system , it states that in the
absence of one species the system (@ is reduced to the logistic equation
describing the living species when the limiting resource is available and
accessible for its species. For instance, if x; = 0 the system (@ s
reduced with r; = r;Z as growth rate and Kj; = rZ/s;; as its
limit growth when Z > 0.
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Table 1: Biological meanings of parameters used in the system and
their units.

Parameters Descriptions

t date

A density of resource

X density of the species i over time

T Consumption rate per unit of resource

Sii nuisance of the species ¢ on itself per unit of time and bio:
Sij nuisance of the species j on species ¢ per unit of time and b
Di fraction of species j affecting resource accessibility of an individua

3 Mathematical analysis

In this section, we determine the model equilibria and study their
local and global asymptotic stability.

3.1 Lotka-Volterra-MacArthur model outcomes: Com-
petitive effects relations

In the literature, two competitive species models outcomes are consid-
ered in the sense of asymptotic behaviors of the system under study.
Particularly, the developments in this subsection recall and focus on
existing equilibria asymptotic stability results according to usual rela-
tions between parameters of the model with biological sense.

The following types of equilibria have been intensively studied:

e FEy=(0,0) called the extinction equilibrium where both species
populations are extinct: z; = z; = 0.

o E; = (K;,0) called the exclusion of species j equilibrium where
species j population is excluded: z; > 0 and z; = 0.

« E; = (0, Kj;) called the exclusion of species i equilibrium where
species ¢ population is excluded: z; = 0 and z; > 0.
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o B* = (7}, 7}) called a coexistence equilibrium, where both species
populations survive: z7 > 0 and 7} > 0.

Note that in the p; — 0, p; — 0 limits,
r; =r;Z > 0and r; = r;Z > 0 the model (1)) is reduced to the classic
Lotka-volterra competition model in [3].

jfi = I‘i(T’i — S;i; — Sijxj)
(4)

&y = xj(rj — 8jiti — 8;52;)

In this case, the trivial equilibria Ey, F;, and E; always exist. But,
as it’s well known, the coexistence equilibrium existence and equilib-
ria stability of the system depend on relations between expressions
tir = Ski/Tk, (k1 € {7,j}) defined as the competitive effect of species [
on species k relative to the growth rate of species k. Under these no-
tations, the following four distinguishable cases were often considered:

(

(

a) t; > tji and tij < tjj

)
b) ti; < tj and t;; < tj;
(c) tii >t and t;; > t;
(d) ti < tj; and t;; > t;;

Some of these conditions, for instance (b), are known to hide an help-
ful supplementary condition (underlining by Renshaw in [33]) that is
the product of the within species inhibitory growth rates equals the
product of the between-species inhibitory growth rates, i.e.,

tiitjj = tijtji- (5)

Under only this additional condition , the system can be rewrit-
ten in the following form

& = x;[ri — sz + qxj)]
(6)

&j = xjr; — sj(xi + qzy)]
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where the constant ¢ (¢ = s;;/si; = s;;j/5;;) can describe the population
of species 7 make smaller demands on available resources when ¢ < 1
and otherwise ¢ > 1. From this system @, three distinguishable
biological behaviors are shown in [33] for any initial condition (x;, zo;):

o If Ki; > Kjj, then tl}er xj(t) = 0, i.e, the species ¢ wins the
competition.

o If Kj; < Kjj, then tlim x;(t) = 0, i.e, the species j wins the

—+00
competition.

jj» then neither lim z;(t) =0mnor lim z,;(t) =0, i.e,

——+00 t—+o0
the two species coexist.

Moreover, it stated in [3] that:

o if case (
(

a) holds then the two species coexist;
o if case (b) holds then species i wins the competition;

o if case (c) holds then species j wins the competition;

o if case (d) holds the species i or j wins the competition with basin
of attraction separated by the stable manifold of the coexistence
equilibrium.

Throughout this work, the condition is called "balanced intra-
interspecific competition effects" condition as well as when it is not
considered the term "balanced" is replaced by the word "unbalanced".
So, there are two distinct "unbalanced intra-interspecific competition
effects" conditions:

tuts; > tijti, (7)
and

tiitjj < t”tﬂ (8)

According to expressions of competitive effects relatively to growth
rate, notice that when Z > 0, the difference between 7 and r}, is
displayed in the conditions (f)), and as well as in the cases (a),
(b), (¢) and (d). In addition, two species Lotka-Volterra competition
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model and its Mac-Arthur Model [14] equivalent form that suppose
unrestrained resource accessibility for each species:

t; = riZx;(1 — tyx; — tix))
(9)

i = r;ij(l — tjiw; — tj;x;),

have the same conclusions ( see e.g [3L/4]).

In the further pursuit of theoretical and numerical studies of the model
, we consider the definitions, the relations and the notations in-
troduced in this current subsection. Moreover, we will use, for con-
venience, the abbreviations (LAS) for Locally Asymptotically Stable
equilibria (U) for Unstable equilibria and (GAS) for Globally Asymp-
totically Stable equilibria in all the following.

3.2 (General properties of the model

In this subsection, we consider unavailable and available of the limiting
resource conditions to study the general properties of the model .

Theorem 3.1.

If Z =0 then the system (@ admits an unique equilibrium point Ey =
(0,0) which is globally asymptotically stable. Else, for any Z > 0 the
extinction equilibrium Eq = (0,0) is a repeller point of the system .

Proof.

First, if Z = 0 then Ey = (0,0) is the only equilibrium point of the
system . To show its global asymptotic stability, let

V. RZ — R, the lyapunov function defined by

V(xi, ;) = x; +x;. V is obviously C'(R3) and satisfies the following
conditions:

V(0,0) =0,V (x;,z;) # (0,0),

V(l’i, Ij) > 0, V(IZ,J}]) =T; + ij < 0 and

V(x;, xj) — o0 as ||(zs, ;)| — oo.

Thus, by Barbashin & Krasovskii [34], the origin is globally asymptot-
ically stable for the system (2)).
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Second, let’s suppose Z > 0, then the Jacobian Matrix of the sys-
tem (2)) at any point (x;,z;) € Q is

Ji(ws, z5)  Ja(wi, x5)
J(thj) = (10)

Ja(zs, ;) Jolws, xj)

. riZ
where j1<l’i,$j) = 1 g — 28“1'1 — Sz'j.’L’j,
J
. VD
]3(%&%‘) = —m — Sij Ty,
J
. i X;
Ja(wi, z;) = —7(1:_;)2 — sjx; and
i i/
jg(l’i,.flfj) = 1 —Jl— . — 25]']'33]' — Sjixi-

Particularly, the Jacobian matrix at Ey has two positive eigen-
values 1;Z > 0 and r;Z > 0. Therefore, Ej is an unstable and repeller
point for the system . O

Remark 3.1.

The results of the theorem corresponds to two species extinction
scenario in the absence of resource (Z = 0) while the presence (Z > 0)
of accessible limiting resource leads to competitive exclusion principle
or coexistence of two species outcome.

Now, since the asymptotic behavior of the model is summarized in
theorem when Z = 0, it is then supposed throughout in the rest of
this paper that two species live both at the beginning of the experiment
and consume permanent limiting resource (Z > 0) thereafter.

Lemma 3.1.
T

Z
Let Z >0 and Ky = max {k} Then the set:
kle{ii} U Sk

Q= {(wi,7;) €RY; 3 + 7, < K}

is a global attractor for the system (@
Moreover, the extinction Equilibrium Eoy = (0,0), the exclusion of one
species equilibria E; = (K;;,0) and E; = (0, K;;) exist and lie all in
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Proof.

It’s obvious that )4 is a compact set and invariant for the system
by the main ideas developed in the proof of the Theorem Thus, it
remains to show that ) attracts any neighboring trajectory starting
in Q. Let P = (z;,z;) € Q so that

l’i—f—fﬂj

ri +x; > K, ie, 1 — < 0. Therefore, from the inequalities

S

dxz; T €T
< riZx; |1 — = — 22
at =" ( K K)

T; + T
< r;Zx; 1—l”><0
ST x( I%

S

and similarly for z;, it results CZZ + dd? < 0.

By setting #; = 0 and x; = 0, we have

x; = mZ’ i.e, E; is an equilibrium point for (2). This completes the
proof. i O]

Lemma 3.2.
There is no periodic orbit for the system (@ lying entirely in the
interior of €.

Proof.
Consider for any point P = (z;,z;) in the interior of the bounded set
2, the functions

1
B(x;, xj) = and
il
1 2
T2 T T — Suky — SijTiT5,
f(thj) = 1% )
T'jZ (1 i $Z) ZL‘]‘ — SijEj — Sjixixj

Then, by calculation, one obtains the divergence of Bf:

Hence, by Lemma and Dulac criteria (see [35]), there can be no
closed orbit entirely in the interior of €2. This ends the proof.

]
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The above Lemma|3.2| will be used in the proof of our global asymp-
totic stability result of exclusion or coexistence equilibrium.

3.3 Coexistence equilibrium point

It’s obvious that a so called equilibrium of coexistence E* = (7, x})

(z; > 0 and zj > 0) of the system ({2) satisfies the following system of
equations

riZ . .
T T Sul; — Sl'jiL'j = O,
T,
I — 557 — sa; = 0.
1+ a3

Then, after little algebra from , a useful necessary condition for
being a coexistence equilibrium E* states in the following Lemma.

Lemma 3.3.
Let Z > 0. If E* = (x},x%) is a coexistence equilibrium then these

R
coordinates (x},x%) satisfy the following set of equations:

i, ]
as(x))* + as(x)® + ao(z))? + arx} +ap =0, (12)
ay(2;)" + a5(z5)° + ay(2})* + ayaf +ap =0, (13)
where
* 4 = 550, ai; = =S80

with Qe = 54555 — S4iSij,
— A
® (3 — (2(‘5]'1' — Sjj)@c; CL3 = _<25ij — Sn’)OZC

o (U9 — €Z'Z -+ (—28]']' — T;Z + Sji>CYC,
ay = ez — ( 25 — T2 + sij)
where eZ = SJJTZ + sﬂs”r >0 and
e = siirj + 545851 > 0,

e 1 = €Z'Z — (Sjj + T;-Z)Oéc + dzZ,
ay = e,z + (si —H“ Z)a.+ d.Z
where d; = 5477 Z and d; = sjirz/-Qch
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e Qg = SijT}Q(ZCi —2)Z,
ay = sjiri(Ze, — Z)Z

with Z,, = S (tu - 1) and

/ s
% Ju

7. =2 (tﬂ _ 1) .
7 7”;- tij
Proof. see Appendix [A] ]

Remark 3.2.
Since the polynomial coefficients ay and a) are opposite sign as well as
asz and af do, the study of the corresponding Polynomial’s roots may
be equivalent.

For analytical pursuit of coexistence equilibrium studies, the system
(11)) can be rewritten as

0= a;(¢s(w:) — fi(x;))

(14)
0= z;(¢;(z;) — fi(xi))
where for k,l € {i,j} ¢p(T) =1y (1 — K;k) )

filr) =i (1_ 141FT+KTM>
with r, = .2, Vk # 1.
In the system (14), ¢ : [0;+oo[—] — oo;7] is continuous, straight
line, decreasing and invertible function satisfying
qbk(()) =Tk, gbk(Kkk:) = O, gbk(T) Z 0iff 7 S Kkk and Vo S Tk, gb,;l(oz) =
Ky (1 = O‘).
Tk

Moreover, f : [0,+o0o[— [0,+00[ is continuous, increasing, con-
cave
(fil(r) < 0, Vr > 0) and invertible function. Therefore, the system

becomes

r; = gi(z;)
(15)

z; = g;(7;)
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where

g = ¢£110 f,L : [0,1’?12”(] — [O,Ku] and
gj = fj 0@ [O?ij} - [Oarj]

are both convex, strictly decreasing and continuous functions.

The properties of these functions will be useful in the study of
coexistence equilibrium point. For instance, it will be used in the proof
of the following lemma which gives upper bounds of E*’s coordinates.

(16)

Lemma 3.4.

Let Z > 0. A necessary condition for E* = (x},x}) being a coexistence

equilibrium of the system (2) is that (x}, %) €]0, min (K, 277)[x]0, min (K, 27
where
14+ /1 +4K;
P = SR (17)
and
14 114K,
Ty = 5 . (18)
Proof.

Let Z > 0. Since g; is continuous, strictly decreasing and g;(0)g;(K) <
0, there exists an unique

z7** €]0, K| solution of g;(7) = 0, equivalently,

fi(x;?”ax) = r;. By solving this last equation, one can obtain:

e L 1H4E

JTJ B

and thereafter g; : [0, 27 — [0, K] is invertible since ¢; : [0, K] —
[0, ;] is positive and invertible. But, the coordinates of a coexistence
equilibrium E* = (z7, z7) must be the solution of (15), i.e, z} = g;(«7)
with z7 > 0 and

x; > 0. Therefore, since g; : [0; 257 — [0; K] is invertible, it results
that

vy = g; '(a7) €]0, min(Kj;, 2],

In the same manner, we obtain

x} €]0, min(Ky;, ). This complete this proof. O
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As it’s well known, an intersection of nullclines curves in the interior
of the domain €2 represents a coexistence equilibrium existence and one
species exclusion equilibrium E; or F; is represented by the intersection
point between a nullclines curves and (z; —axis) or (z;—axis), the
nullclines properties give typical situations as it is depicted in Figure

and Figure

max Xi

2

1;1;; X s o TTax > X
(c) z; Ei ' Ei(dj i
Figure 1: (a) and (b): none coexistence steady state, (¢) and (d):
one coexistence steady state £* according to resource and competition

effects.

Jnax

&

X

(g) Ei pmax ‘ (h) _,p'i;u;u Ei !

Figure 2: (e) and (f): one coexistence equilibrium E* (g) and (h);:
two coexistence equilibria E* and E** according to resource and com-
petition effects.
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3.4 Local asymptotic stability of equilibria
In this subsection, we study the local stability of model equilibria.

3.4.1 Exclusion of one species equilibria

Proposition 3.1.
Let Z > 0. If t;; < tj; then E; is LAS. Else, the following assertions
holds:

(i) If t2 > t;i(ty + ;K) then E; is unstable;

(ii) If t2 < tj;(ti + fK) then there exists Z., > 0 so that E; is LAS
for the system if
Z > Z,, else E; is unstable.

Moreover, when E; is unstable it holds that

e its unstable subspace:
Aiz — it

Sij(Kij+1)

(EY): xj=B(Z)x; +

>\7J2 - >\7,’1

where (Z) = oK T,
ij ij i

< 0, cross the domain )

e and its stable subspace (E?) is the (x; — axis).

Proof.
Let Z > 0. Note that first, the eigenvalues of Jacobian matrix at E;
Appendix (B.36|) are

>\i1 = —TZ'Z < 0 and )\Z'Q =

eigenvector associate to

Ai1 < 0. Tt follows (x; — axis) is the stable subspace of the exclusion
equilibrium FE;.

For the eigenvalue Mo, if t;; < t;; then A\js < 0. This implies F; is LAS
for the system . Else, i.e, t;; > t;; (Z., > 0), one can be pursuit the
following additional hypotheses.

(i) If t2 > tj(ty + ;K) then A\;» > 0. By H. Grobman Theorem

S5l K

m(ZCZ — Z) SO7 v = .Tz(l,O) is a
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[39], E; is then unstable for the system (2). Moreover, it’s clear that
iz > 0 provides the equation (E}) of the subspace unstable associated
to /\l'g > 0.

(ii) It’s obvious that if ¢ < t;;(ty + ;K ) then It remains the case
Z = Z., > 0 to conclude for the hypothesis (ii).

Now, suppose that Z = Z, > 0. This implies \j» = 0. By setting
x; = x; — K and x; = x5, it’s clear that the origin is a equilibrium
point of the following system:

dx; VA
it <1+x> (& K
—si(i + Ki)? — sij(2; + Kz, (19)
dz; _ ( 2 >x _ e
dt 1+ x; + Kn J I3
—Sji(fﬂi + Km)ilfj

From the jacobian matrix Appendix (B.39)) of system ([19) at origin, we
give the two eigenvectors v; = (1,0), v; = (=, 1), and the following

matrix
pPl= (é Y) . (20)

©)-r)

with v = &(Kij + 1), we obtain:

"

Setting

X = 27X — ;X2 4+ Y + hY?
(K + X —vY
+77Z)3XY—81'1'KZ-22-+T ( 1—:-Y 7 )
r; 7Y
1+K¢Z‘+X—’YY (22)
Y = _SjiKiiY + (Sji"}/ — Sjj)Y2 — SjiXY
i T’jZY
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where X —~Y =2x; > 0,

U1 = (2857 — Si5 — 8i7) Kii, Y2 = (845 — Si — 555)7,

Y3 = 28,7 — s;; — s;i7y. This system (22)) can be rewritten in this useful
form:

V=AV+Q(V)+o(ll(X,Y)]])
with V = (i/() , Q(V) = @E“;g) where

o —1; 4 ()
A= ( 0 _SjiKii> ’

G(X, Y) = (Sji’y — Sjj)YQ — SjiXY
and

F(X, Y) = — SZ'Z'XQ + wQYQ —|—”Lp3XY

0

with @(0,0) = (0,0) and JQ(0,0) = 0 8> where J@Q denotes the

jacobian matrix of @) Appendix (B.37).
Thus, since the matrix A has negatives eigenvalues then F; is LAS for
the system . This ends the proof.

O

Remark 3.3.
Changing © and j roles in Proposition. it can be obtain similarly
results for the exclusion equilibrium state F; as a corollary.

These results will be useful for proving the global asymptotic sta-
bility of equilibria in section [4]

3.4.2 Coexistence equilibrium E*

Let Z > 0 so that a coexistence equilibrium point £* exists, it derives
that the trace and the determinant of the Jacobian matrix of the system
at E* (see Appendix (B.38))) can be expressed as

Trace(J(E")) = —(suz] + s5;75) < 0. (23)

and
ziwy(1+ 2] +17)

et E) = i o)

e — aZ(E*)} (24)
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respectively, where

ae = 1y (tit; — tijts) (25)
- flat. )
1
(B = = 26
ox(B7) = 77 P (26)
with

f(xz ’ [E]) 25”8]7«( ) + 23]]81] (27 )2
+ sji(sii + si5)2; + 31] SJJ + Sﬂ 451153135 T

These expressions , . and obviously allow to give
the behavior of the system . nelghborhood of E* in the following

Proposition.

Proposition 3.2. (Coezistence of species)
Let Z > 0 so that a coexistence equilibrium point E* exists. Then, the
following assertions hold for the system .

(i) If a. < 0 then E* is unstable.

(i) For anya. >0, if a,(E*) < a, then E* is LAS. Flse, if o,(E*) =
a. then E* is stable, else E* is unstable.

(177) if E* is unstable then it admits a stable
manifold lying in the interior of €.

For simplicity, we will use the notations of conditions given in table
2 in the following sections.

Table 2: Notations of some Hypotheses.

Notations Conditions
B; Lis < 1ji
B; tjj < tij
A t%<@ﬂﬁ+;K)

&

S
t?j < tij(tjj -+ ;K)

N« N
=
Q
A
~—
N
-

min {Z,, }

kedi,j}
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4 Asymptotic Behaviors: Resource Based
Model Outcome

In this section, we consider that Z > 0 and determine the local and
global asymptotic stability of system equilibria that exists. For this
purpose, we will use the following auxiliary function

g [0, min(Kj;, 2**)] — R defined by

9(x) = gi(x) — g;(). (27)

4.1 Balanced intra-inter specific competition ef-
fects

In this subsection, we assume that the condition is satisfied, i.e.,
titjj = tijt;;. This condition is equivalent to o = 0 (cf. (25)) and
implies that the condition B; is equivalent to B;. In addition, the
system becomes

a2(x;‘)2 + a1z +ap =0,

(28)

where ay = €;Z > 0, a; = (e; + d;)Z and
ag = SijTJZ-(ZCi — Z)Z with dz = sijrszCi.

Therefore, the z7-Equation in admits at most one positive root

given by
—ay +y/a? — 4asa
x; = ! 21 2Oifonlyifao<0.
a2

This equivalence will be useful in the proof of following theorems.

Theorem 4.1. B

Suppose that the conditions B; and A; are satisfied. Then for the sys-
tem , there exists a bifurcation value Z > 0 of the resource Z such
that:

(i) for any Z > Z , there exists a unique coexistence equilibrium E*
which is unstable with the stable manifold is in interior of 2 and
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the two exclusion of one species equilibria E; and E; are both

LAS.

(ii) for any Z < Z , there is no coexistence equilibrium, FE; is unstable
and E; is LAS.

Proof.

Let B; and A; are satisfied. Notice that from B; we have Z.. > 0 and
B;. Furthermore, A; implies Z;, < Zpqz.

(i) Suppose that Z > Z,,. This means ag < 0, then there exists at most
one E*.

From B; and it holds that

9(0) = Kj; — 2> > 0. But, by calculation, we have both g(x}*) =
—g;(z7*) < 0 and B; implies that 27 < Kj;. In addition, according
to g : [0;27*] — R is continuous, there exists z; €]0, x| such that
g(x}) = 0 when Z > Z,.. Thus, E* exists and is unique. The results
in Lemma and complete the proof of this assertion (7).

(ii) If Z < Z., then aqp > 0. Therefore, there exists no coexistence
equilibrium E* in 2. This complete the proof. O]

Therefore, from local asymptotic stability of equilibria states of sys-
tem ([2)) summarized in tables to |§|, it holds that balanced competition
effects condition gives the CEP.

Table 3: Existence and local stability of steady states according to B;,
By, A;, Z and Z are defined in the table 2

Conditions E; E;, FE¥
BiA(Z < 2) U LAS
BA(Z=172) LAS LAS
BA(Z>Z) LAS LAS U
BA; U LAS
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Table 4: Existence and local stability of steady states according to B;,
B;, A;, Z and Z are defined in the table .

Conditions E; E; FE*
BjA(Z<Z) U LAS
B;A(Z=17) LAS LAS
BjA(Z>7Z) LAS LAS U
Bj A, U LAS

Table 5: Existence and local stability of steady states according to B;,
B, Aj, Z and Z are defined in table .

Conditions E; E; FE*
BA;(Z<Z) LAS U
BiAj(Z=17) LAS LAS
BiAj(Z>27) LAS LAS U
BiA,; LAS U

Table 6: Existence and local stability of steady states according to B;,
Bj, Aj, Z and Z are defined in table .

Lemma 4.1.

Conditions E; E; FE*
BjA(Z<Z) LAS U
B;jA;(Z=127) LAS LAS
BjA(Z>7) LAS LAS U
B;A LAS U

<.

J

Suppose that 353 < Sij satisfying s;; # sij. Then W*(E;)\{E;} C
R*\Q where W*(E;) denotes the stable manifold at E;.
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Proof.

To determine the stable manifold from Taylor expansion of the system
(119), we consider:

x; = h(x;) where

W) = Qa(wi) + o(x}), with Qs(z;) = ax? + ba}.

Thus, from Qj(z;) =2az; + 3bx?
T’iZ
f(@i, Qs(s)) 1+l +ba?
— sii(x; + Ki)®
— sij(zi + Ky)(az? + ba}),
riZ 2 3
— 7 a4 b
7o, +Kii<axz + bx;)
— sjj(ax} + b)?

— sji(z; + Kii)(aa:? + bx?),

(@i + Ky)

g(xz‘, Q3($z‘))

the manifold invariance:

Qé(l'i)f(l'i’ Qs(r:)) = g, Q3(7s)),

and the hypothesis s;; €]0, 2s;;[\{s;;}, it consecutively holds —3s;;b* =
—38jjb3,

bS(Sjj — Sz’j) =0=b=0

and a2(sjja — 25450 — 284 K;;) = 0

i < 0. Thereafter, we obtain the stable manifold at

— q =
Sjj = 25ij

EZ'Z

(W5(Ey)) : v; = az? (a < 0)
is outside of Q\{E;} when s;; €]0,2s;;[\{s;;}. This ends the proof. O
Theorem 4.2. (CEP)

Suppose B;, A; and the assumption of Lemma holds. Then there
exists a bifurcation value Z > 0 such that:

(i) for any Z < Z, E; is GAS in Q\(z; — axis) for the system @)

(ii) for any Z > 7, the coezistence equilibrium E* is unstable and the
two exclusion equilibria F; and E; are both LAS for the system

2)-
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Proof.

(i) Let 2o = (z0;,xo;) be an initial condition inside of 2. The orbit
07 () is positively bounded, since the domain (2 is positively invariant.
Thanks to the Poincaré-Bendixson type trichotomy [36], the w — limit
of xy contains either:

i1) an equilibrium point or

iz) an closed orbit or

i3) an equilibrium point and a homoclinic orbit of that point or a chain
of unstable points.

If B;, A; and Z < Z,, then the system admits three hyperbolic
points Fy, E; and Fj;.

In one hand, applying the Lemma [3.2] it follows that the system has
no periodical orbit. The statement i) is not then satisfied.

Otherwise, the Lemma according
w(zg) # {F;}. Indeed, E; is a hyperbolic point thus, by Theorem
(Butler-McGehee) in [38] there exists z # F; such as z € w(zg) which
is absurd because w(zg) C €. It yields that E; is not admissible to be
a w — limit set of an initial condition belonging to 2. In other terms,
there is no chain of equilibrium points and E; has no homoclinic orbit.
Besides ,E; has no homoclinic orbit since it is LAS. The statement 3)
is not satisfied. Consequently w(zq) = {E£}}.

We have shown that the w — limit set of xy contains only F; equi-
librium which is attractive. We conclude that E; equilibrium is GAS
in

O\ (z; — axis) for the system (2).

The statement i5) has been verified in the Proof of the Proposition
3.2 This completes this proof. O

Remark 4.1.

Under balanced competition effects condition, only the CEP is valid
for the model in two ways. Indeed, in lowest levels of resource, a
exclusion of a species holds when its intra-specific competition effects is
greater than its inter-specific competition effects on the other competing
species. In sufficient level of resource, the exclusion of one species
depend on two species initial densities.
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4.2 TUnbalanced intra-inter specific competition ef-
fects

Throughout this subsection, we assume that t;t;; — t;;t;; > 0, this
is equivalent to a. > 0 (cf. (25)). Then, the density z} of species
i at a coexistence equilibrium (when it exists) satisfies the equation
P(z}) = 0 where

P(x7) = ac(@])" + as(2})” + az(27)” + a1z + ag

Theorem 4.3.

Suppose B;, Bj, A; and A; holds. Then for the system there ex-
ist two bifurcation values, Z and Z, of the resource Z that are both
positives such that:

(i) for any Z < Z or Z > Z, the system admits a unique coex-
istence equilibrium in interior of €.

(ii) for any Z < Z < Z, the system admits at most two coexis-
tence equilibria in the interior of €).

Moreover, the local asymptotic behavior of E* or E** is given by as-
sertion (ii) in Proposition 3.3,

Proof.
Notice that from B; and B;, we have Z,, and Z, are both positive.
Furthermore, A; and A; implies 7., < Zpax and Z., < Zpyax respec-
tively.

(i) Suppose that Z < Z. This means
Ky < 22, Vk € {i, j} which implies:
9(0) = gi(0) = g;(0) = Kii — 2" < 0. But, g(Kj;) = g:(Kj;) —
9;(Kj5) = gi(K35) > 0.
Then, from g : [0, K;;] — R is continuous so that g(0)g(Kj;) < 0,
there exists 5 €]0, Kj;[ such as g(zj) = 0. Consider x;/ €, Kl
such as g(z7) = 0. Then, there exists € > 0 so that g(z] —¢) > 0 and
g(x;/ +€) < 0. Therefore, by the intermediate value theorem, there
exists x;‘-” E]x’;' + €, Kj;[ satistying g(z;) = 0. So, from ag/as > 0, the
polynomial P(x) admits fourth positive roots. Using Descartes
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criteria (see Appendix [C]), this obvious contradicts sign of P(xz) coeffi-
cients when Z < Z. Thus, the system (|2) admits an unique equilibrium
when Z < Z.

In the same manner, contradiction of P'(x) (13) coefficients sign
holds for any Z > Z.
Thus E* exists and is unique for the system for Z < Zor Z> 2.
The results in lemma [3.3] and lemma [3.4] complete this proof of asser-
tion (7).
(ii) Without loss generality, set 7= Z., and suppose that Z, < Z <
Z.;. This means
P — Kj; < 0 and @™ — Ky > 0.
By calculation, g(0) = K — 2 < 0 and g(2}*) = —g;(27*) < 0.
If for any
v €J0; 27 g(v) < 0, then there is no coexistence equilibrium for the
system (). Else, suppose that there exists 7o €]0; 27**[ /g(v0) = 0
and g(y) < 0, Vv # 7. Then, the system admits a unique co-
existence equilibrium. Finally, when it exists vy, €]0; 27 so that
g(7) > 0. Applying twice the intermediate value theorem, there exist
two points x} €]0,91[ and z7* €]y, 27| solutions of g(7) = 0. Com-
bining the necessary conditions in Lemma [3.3] relations between roots
and Descartes criteria (see Appendix it follows that only E* and
E** exist for the system . This completes the proof of assertion
(17). O

Therefore, the conclusions on local asymptotic stability of equilib-
ria of system when unbalanced competition effects hypotheses is
supposed, are summarized in tables [7] to [T}
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Table 7: Existence and local stability of steady states according to
Bi, Ai, Z = Z.; and Z = Z., which are defined in the table 2| when

a. < a,(E*) and a, < a,(E™).

Conditions E; E;, E* E™
Bi(Z<0<Z<2) U LAS
BiAi(Z<0<Z<Z) LAS LAS U
Bi(0< Z < 2) U U U
Bi(0< Z=2) U LAS U
BA(O<Z<Z<Z) U LAS U U

Table 8: Existence and local stability of steady states according to B;,
Ai, Z = Z.; and Z = Z., which are defined in tablewhen a. > o, (EY)

and a. > a,(E*).

Conditions E; E; J A D
Bi(Z<0<Z<2) U LAS
BiA(Z<0<Z<Z) LAS LAS LAS
Bi(0< Z < 2) U U LAS
Bi(0< Z=2) U LAS LAS
BiA(O<Z<Z<Z) U LAS LAS LAS
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Table 9: Existence and local stability of steady states according to
conditions By, Aj, Z = Z., and Z = Z., which are defined in table
a. < a(E*) and a, < a,(E™).

Conditions E; E;, E* E™
Bj(Z<0<Z<2Z) LAS U

BjA(Z<0<Z<Z) LAS LAS U
B;(0<Z< 2) U U U
Bj(Z=7>0) LAS U U
BjAj(0<Z<Z<Z) LAS U U U
B;jA;(Z <0< 2Z) LAS U

Table 10: Existence and local stability of steady states according to
Bj, Ay, Z = Z., and Z = Z.; which are defined in table 2{ a. > a.(E*)
and a. > a,(E™).

Conditions E; E; E* E*
Bi(Z<0<Z<Z) LAS U
BjAj(Z<0<Z<Z) LAS LAS LAS

B;(0< Z < 2) U U LAS
Bj(Z=7>0) LAS U LAS
BjAj(0<Z<Z<Z) LAS U LAS LAS
B;jA;(Z <0< 2Z) LAS U
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Table 11: Existence and local stability of steady states according to
Bj, Aj, Z = Z,, and Z = Z,, are defined in table |2 a. < a,(E*) and
a. > o, (E).

Conditions E; E, FE* E*
Bj(Z<0<Z<2Z) LAS U

BjA(Z<0<Z<Z) LAS LAS U
B;(0<Z< 2) U U U
Bj(Z=7>0) LAS U U
BjAj(0<Z<Z<Z) LAS U U LAS
B;jA;(Z <0< 2Z) LAS U

The following theorem gives a result on global asymptotic stability
of the coexistence equilibrium.

Theorem 4.4. (Paradox of phytoplankton)

— 1 v
Suppose B;, Bj, 55U < sVl # k € {i,j} and Z < Z are satisfied.
Then there exists a bifurcation value o such that:

(i) for any a,(E*) < ., the unique coexistence equilibrium E* is
GAS in Q\(z; — axis) U (z; — axis) for the system (2).

(ii) for any a,(E*) > ., although the coexistence equilibrium point
is unstable, the system is persistent.
Proof.
Suppose B;, Bj and Z < Z then the exclusion equilibria are unstable.
Furthermore,

1
55” < su, Yl # k € {i,7} implies that the stable manifold at each
exclusion equilibrium satisfies W*(Ey)\{Ex} C R*\Q.

(i) In same manner that we shown in the Proof of Theorem [4.2|the
w — limit set of any initial condition zy contains only E* equilibrium
which is attractive. We conclude that E* equilibrium is GAS in Q\ (z;—
axis) U (z; — axis) for the system (2).
The statement of (ii) has been verified in the proof of the Proposition
3.2 O
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5 Numerical simulations

In this section, we present some numerical simulations of the model
that collaborate the theoretical results obtained in the previous
sections. They concern numeric solutions of equations derived from
the model by using the software Matlab R2015a. The parameters
values defined in the table Tab[I2] and those satisfying conditions and
hypotheses are used to show graphical results.

Table 12: some parameters and their values.

Parameters r; Tj K
Values 0.04 0.03 1000

Figure 3: Illustration of the attraction basins of E; (yellow color) and
E; (grey color) separated by the stable manifold of E* (W*(E*) C Q)
corresponding to the case that F; and E; are LAS when E* is unstable
for the model with the parameters values a,. = 0, s;; = %, 555 = %,
Sij = %, Sj; = 1 Z =200 and those in the table .

29
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z z

Figure 4: Illustration of the unique coexistence equilibrium is unstable
under Balanced competition effects condition (a. = 0) when t;; < t;;
and t; > tj; by plotting the function Z — az(E*) (blue color)and
o (red color) for Z > Z with the same parameters values which give

Figure [3]

Figure 5: Populations z; and z; trajectories from initial conditions:
(@i, xj0) = (0.2,0.2) ; (0.4,0.4); (0.16,0.16); (0.55,0.55); (0.35,0.35)
for a. = 0 with parameters values given in Figure [3| and the resource
Z =1 for (a), (b) and Z = 6 for (c), (d).
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Figure 6: Populations x; and x; trajectories satisfying balanced compe-
tition effects (a, = 0) and the resource Z = 11 for (e), (f) and Z = 16
for (g),(h) with the same parameters values and initial conditions given

in Figure [5]

Using the routine fsolve of Matlab in the program AbasinMacArthur2.m
(available under request from the authors), the Figure 3| shows the
attraction basin of each exclusion equilibrium point when condition
of Balanced competition effects (a, = 0) is satisfied with Z = 200,
ti; = 8.3333 > tji = 166667, tjj = 16.6667 > tij = 8.3333. These
values provide Z., = —4.1667 < 0, 7 = Z., = 16.6667 as critic value
of resource and the estimations of £* = (1.3609,3.7218), E; = (24,0)
and
E; = (0,12) as unique coexistence, exclusion of species j and exclusion
of species 7 equilibrium points respectively. It can be seen in this figure
(Figure 3)) that the attraction basin of E; = (24,0) (yellow color) and
the attraction basin of
E; = (0,12) (grey color) are separated here by a surface (white color)
of neither stable nor attractive points instead of the intending curve of
the stable manifold at E*. Clearly, this indicates that the system
converge towards to one exclusion equilibrium point as time goes to
infinity according to the initial condition. In addition, for these same
parameters values, it can be seen in Figure [ that the graph of the
function
Z — ay for Z > 16.6667 is above the graph of the func-
tion Z —— «, = 0 i.e the Z-axis. This confirms that the coexis-
tence equilibrium E* = (2}(Z),z}(Z)) point exits and is unstable for
Z > 16.6667. Also, as it’s depicted in Figure [ and Figure [6] the sys-
tem converges to F; for many values of the resource Z satisfying
Z < Z. Therefore, this confirms the model suggests the CEP when

the two species in competition for a common resource satisfy the bal-
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anced intra-inter specific competition effects condition as it states in
Theorem H.2]

Considering the case of unbalanced intra-inter specific competition
effects when a, = 106940 > 0 so that ¢;; = 350.0000 > t;; = 116.6667,
tj; = 333.3333 > t;; = 83.3333. For Z = 800, we obtain E;, =
(2.2857,0), E; = (0,2.4),

7 = Z., = 70 and 7 = Z.; = 1000 by calculation and the numeric
resolution of equations gives the existence of the two coexistence
equilibrium points estimated by E* = (1.7345,0.2706) and

E** = (1.2857,0.6000). From putting these approximate coordinates of
each coexistence equilibrium point in equation , it derives az (E*) =
146.0917 < «a, and

az(E*) = 113.3157 < a.. The evaluations at a long term in time
towards infinity of the solution of equations from any initial con-
dition zy € Qg with K, = 9.8 falling in a small neighborhood of an
equilibrium point are in Figure [7]

Figure 7: Illustration of the species ¢ exclusion by the attraction basins
of E; (yelow), E* (black) and E** (orange) with the parameters values
sy = 14, 555 = 10, 845 = %, 55 = %, those in Table. and for resource
Z = 800. It indicates that E;, E* and E** are LAS and E; (white color
neighborhood) is unstable according to initial conditions xy € €25 with

K, =809,
It can be seen only the attraction basins of equilibria E; = (0,2.4),
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E* = (1.7345,0.2706) and

E** = (1.2857,0.6000) as it is depicted in Figure This shows
that £, = (2.2857,0) is unstable as well as E; = (0,2.4), £* =
(1.7345,0.2706) and

E** = (1.2857,0.6000) are LAS. For

Z = 1500 > Z, we obtain in the same manner that E; = (4.2857,0),
E; = (0,4.5) and

E* = (0.7822,2.2511) are LAS as it’s depicted in Figure [§ so that
az(E*) = 155.8808 < a.

Figure 8: Illustration of the tri-stability of the system concerning
E;, E; and the unique coexistence equilibrium £*, obtained with same
values parameters given in figure [7] and the resource value Z = 1500.
It shows species exclusion or coexistence according the initial zy € €
with K, =18 .

Considering the case of unbalanced competition effects when t;; =
300.0000 > tj; = 100.0000 and t;; = 233.3333 > t;; = 58.3333, that

provide a. = 6.4167e + 04, 7 = Z., = 600 and 7 = Ze, = 700.
For Z = 500 < Z, it's obtained that E; = (1.6667,0) and E; =
(0,2.1429) are unstable and the unique coexistence equilibrium point
E* = (0.5627,1.1301) is LAS according to its attraction basin in Figure
Ol
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Figure 9: Illustration of assertion (i) of the Theorem [4.4) when the two
exclusion equilibria F; and F; are unstable and the unique coexistence
equilibrium point £* is LAS, obtained with the parameters values s;; =
]_2, Sjj = 77 Sij = %,

sj; = 3 and the resource value Z = 500. It shows species coexistence
according the initial zy € €5 with K, = 8.9.

HEN

(a) (b)

Figure 10: (a): Functions (Z +— (%) + zj(Z)) and (Z +—
x7*(Z) + x5*(Z)) graphs showing the existence of zero, one or two
coexistence equilibrium points. (b) Graphic comparison of functions
Z — az(EY) and Z — az(E**) (206) relatively to Z — a, >0
given the existence of two coexistence equilibrium points with one is
LAS and the other is unstable if Z €]Z; Z[=]600;700[ and. also an
unique coexistence equilibrium point which is unstable if Z €]0;600]
and is LAS when Z €]700 + ¢; 2000[(e > 0).
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Figure 11: Illustration of the persistence of system when any equi-
librium point (E;, E; and E*) is unstable with parameters values
sy = 1,85 = 0.5, 85 = %, 85 = %, the resource Z = 10 and the
initial conditions (0.2,0.1);(1.4,1); (1.8,1.8);(2,2.1);(2.9,2.5).

From the same parameters values with Z varying, it is depicted
in Figure (10| (a) the graphs of both functions (Z — ||E*(Z2)||1 =
r;(Z) +x3(Z) and Z — |[E*(Z)||s = 2;*(Z) + x3*(Z)) that show
the existence of zero, one or two coexistence equilibrium points. It can
be seen in Figure (b) the different positions between the graphs
of the functions Z —— az(E*) (26) and Z — az(E*) for
Z > 0 relatively to Z —— «a, > 0 that characterize the stability or
the instability of coexistence equilibria points in the intervals |0; Z [,
1Z; Z] and |Z; Zyas|. These numeric results clearly indicate combina-
tion of statements in Proposition and Theorem as bifurcation
diagrams. Considering the case of unbalanced competition effects when
ti = 25.0000, t;; = 83.3333,
tjj = 166667, tji = 16.6667 implies
0 < a.=0333 < az = 13028, E; = (04,0), E; = (0,0.6), E* =
(0.2416,0.2416) and
Zmax = 83333, Z = Z,, = 12.5000,

Z=10< Z, 7 = Z., = 16.6667, then F;, E; and E* are unstable.This
shows persistence species.

6 conclusion

In this work, we have proposed and analyzed a new planar ordinary
differential equations system as an extension of classical Lotka-Volterra
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competition model. This concerned the resource effects on two species
coexistence or the exclusion of one of them when a permanent regime
of resource availability and a density dependent resource acquirement
for species are supposed. The mathematical analysis proved that the
key factor of the competition outcome is the relation between intra
and inter specific interference effects and sometimes the resource level
importance. Indeed, it’s shown that the Lotka-Volterra-Mac-Arthur
competition model can derived as a limit of the built model. The well
known conclusions on Lotka-Volterra-Mac-Arthur competition model
according to usual conditions (a)-(d) (see for instance diagne. et al) are
not resource level dependent. Thereafter, inspired by Lotka-Volterra
underlining by Renshaw in [33], we introduced the hypotheses of bal-
anced and unbalanced — intra interspecific inferences from
formulas that describe intra and inter specific competition effects be-
tween species relatively their rate of growth or rate of unit resource
consummation growth.

The general analysis suggested the extinction of two species when
there is non resource Z in the system. Conversely, when the resource
is permanent Z > 0, it provided uniqueness and positivity of solution,
a global attractor, properties that characterize a coexistence equilib-
rium point, the non existence of limit cycle by Dulac criteria and the
LAS of exclusion and coexistence equilibria by Hartmann Grobman,
local manifolds and center manifold theorems for the system . In
addition, we proved that the CEP holds when two species satisfy the
Balanced competition effects hypothesis whenever when it states the
unbalanced competition effects condition, the model goes to the
CEP or the coexistence of species states according to the level of re-
source. In both conditions, it was exhibited that equilibrium points of
the model are all unstable. The Poincare-Bendixson Theorem [36]
combined to model obtained here properties is used to show one
exclusion of species equilibrium GAS and coexistence of species equi-
librium GAS.

The modifications of the classic prey-predator model of Lotka pro-
posed in [31] as well as the epidemiological models proposed in [37]
with polynomial factors can also be applied for this model.
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Numerical simulations were perform to prove their congruence to
theoretical results. In addition, it was established that the model can
go to coexistence of species when equilibria are theoretically all unsta-

ble.

Finally, the presented model can be view as an important step to-
wards a more thorough understanding of relationships between interfer-
ence of species, resource dynamics and competition outcomes. Future
work should include biogeography and variations of inference effects ac-
cording to accessible resource dynamics that lead to a switched system
or concerns resource ratio-based theory.

7 Appendices
A Proofs

Lemma 3.3
From the system , one can have the following system of equations:

sixi (1 +27) = 17 — sijwj(1+ xj) (A.29)
17— st (1 + ot
pr = 2 = i) (A.30)
! s (1 +a7)

From putting ((A.30) in (A.29)) and setting
T =17 — spzi(1 4+ 2f) and ¢ = s;;(1 + x7), it holds the following
equation:

¢Pri =(C + ™) (Csiiy + si57)
:7'('2 + Sii.fL';kCQ + (8“33: + 5“')(71'. (A31)
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Therefore, from the following little algebra calculations of equation

(A.31) terms
Sy :sij(r + 55 ()P (1 + 2)?

— 2rys5r; (1 + ﬁ))

—p2 * 2 [ x\4
=738ij — 2138:85i%; + 5i555,(7])

+ siy8ji(550 = 2ry)(27) + 280555 (27)°,
5507 (? =8y ( 28”% + 8 ( )2>
ZSiiSQ-w;kﬂL?Sii i ( 9+ siis jj(mj)37
Cry = —|— QTZSJ].%'Z + 738 ( 2,

IT :(siixi + s45)Cm
=(su7] + 8i5) (TJ Sjj + 855(rj — 85i)%;
— 2s5585i(7;)° — Sjjsji(wf)?’)
=r;8i5555 + 855 (rj(sij + i) — sijsji)ay
+ 55 <7“j(5n‘ — 8ji(si + 2%’)) (27)?
+85585i(si5 — 280) (27)° — susgisi(xi)

with rp, = r.Z (k = 1,7), it derives the coefficients of the polynomial

([12)

ay = Sj;0c With o, = 54555 — 5585,

a3 = (28jZ Sjj)aw

ag = e;Z + (—2s;; — riZ + sji)a. where
€, = S?jT’g + sjisijr; > 0,

ay = e;Z — (85 +r5Z)ac + d; Z where

i [ ti
d; = si;r jZZC,Wlch S(—l).

i \tji
ag = sz'T’;-Q(Zci — Z)Z
By analogy, one can obtain the polynomial coefficients:
aly = —8;j0
ay = —(28ij — sii),

o /
ab = e€;7Z — (—2s;; — riZ + sij) . where
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I Q2,0 /

ay = eZ + (su+1r.Z)a. + d,Z where

Sii [t
d, = sjirgchj, with Z., = e 1) )

7o\ T

g \Yij

and ag = sijrf(ch - 72)Z. O
Statement (iv) of Proposition[3.4
Let a. > 0. Suppose a, = az(E*), this means det(J(E*) = 0.
Without loss generality, set the eigenvalues are Ay = —(syz] + s5;27)
and \;3 = 0 associated respectively at eigenvectors:

vy = (A1,1) and respectively vy = (1,6,)".

where . i} § i}
9, = x} (suxf + Siixj + Si*j(l + %)) and
sjjxj(l + xj)
o — it 8w + 851+ a)
o s;5(1+x7)
Let:
P= thus P7" = ———
( 1 02) s 1-— 9192 1 _01

by change
T =p(* (A.32)
l’j Y

we have

(i) = p! @]) . (A.33)

which is equivalent to

.1 : :
&= 00 (2; — O2;)
(A.34)
1 : :
y=1- 00 (2; — 61;).
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2 2
enx® + ey’ + F(z,y)
T = — + o(]|(x, y)Il)
1— 6,6,

(A.35)

. e ®? — ey + Gz, y
== = ( )+0(H(l’,y)ll)
1—0,0,

where
€11 = —8jj + 01(—8ji + 8ii0102 + sij02),
€21 = 01 (=550 + sj; — 555 + 55i01),
€12 = 92(—8jj92 — Sji -+ Sii + siﬁg),
€22 = (8i; + ba(si; — 50162 — s;i01)),
F(CE, y) :[(25“91 + 8@'9102 + 5ij>02 — sji(?l@g
Sji — 2s;;6s|xy

and

G, y) =[(55i0h02 + 5ji + 25;;02)01 — 5010
— Sij — 28“91]$y
With (0R2) (OR2) = ORQ,
JQ(0,0) = ( O) where J@ denotes the jacobian Matrix of Q(z,y) =

G(z,y
r > 1 and a function h € C"(Ns(0)) that defines locally the center
manifold and satisfies

( (x, y§>’ furthermore, there exists > 0,

h(0) = 0 and Dh(0) = 0.

So, y = h(z) = o(z?) in [39]. As E® =< vy > is tangent to the center
manifold at origin, then:

WC<O) = F° with Vg = (1, 02)/.

Thus E* is stable for the system . O]
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B Jacobian Matrix

—at exclusion equilibrium FEj;:
—riZ —Ksi(Ki;+1)
J(E;) = . Nz e (B.36)
1+ K; 7"
The Jacobian Matrix of () obtained form is

JQ(X,Y) = (B.37)
_SZJ4Y O'QY - SJZX

where o1 = 2y(s;; — Sii — S45),
¢ = 25“")/ — Sij — Sji and 09 =— 2(83‘1"‘)/ — Sjj)-
—at coexistence equilibrium E*:
—8”.%': 21(.%'*, y*)
J(E*) = (B.38)
Yo, y*) =84

54Ty + S
where ¥ (2%, y*) = —a* | =79 4 .. | and

* ok * SZIZ'*—FS,L:U;k
Yoo, y*) = —Z; (jjl]_i_x:""sji)-

/ / .
-at (2}, x;) where o} = x; — Kj;:

J@y,xg)  Ja(w), @)
J(x), x;) = (B.39)

J3(@}, ;) Ja(, x5)

. —’I“Z'Z
@ z5) = 4 T 2(2; + Kii) — sijzj,
. ’ _TiZ /
B Tj) = T — Sij(7; + Ky),
Jo (@}, ) (1+z;)? sij(; + Kiy)
—’f’jZZL'j

) / ) — — e s
]3(56'2»,3}]) (1 +$2+Kii)2 SjiLys
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. riZ

ja(wy, ;) = m — 28555 — 85i(2; + Kii).

In particular, when Z = Z,, the jacobian Matrix (B.39) at 2} = 0 and
zj = 0 is as form:

J(0,0) = <_ 0 0

C Descartes critera

Theorem C.1. [/0]

Consider P,(x) = apx™ + ap_ 12" ' + ... + ap with a, # 0 a polynomial
and v the number of sign changes of the coefficients {a;}ueny. Then
the k number of real positive zero of P, is equal or less than nu by
(v — k) is the even number.
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