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Stability analysis of an eco-epidemiological
model consisting of a prey and two competing predators
with SI-disease in prey and toxicant

In the present paper, we study two eco-epidemiological models. The first one consists of a prey and two
competing predators with Sl-disease in prey species spreading by contacts between susceptible prey and
infected prey. This model assumes linear functional response. The second model is the modification of the
first one when the effect of toxicant is taken into account. In this paper, we examine the dynamical behavior
of non-survival and free equilibrium points of our proposed model.
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Introduction

In the nature, no species live alone. There are many hundreds or thousands of species in any given
environment, in which two populations interact either by competition or mutualism or prey-predator.
In the beginning of twentieth century, a number of attempts were made to predict the evolution and
existence of species mathematically. Indeed, the first major attempt in this direction was due to the well
known classical Lotka-Volterra model in 1927. Since then many complicated models for two or
more interacting species have been proposed according to the Lotka-Volterra model by taking
into account the effect of competition, time delay, functional response, etc. (see, e.g., [1,2] and
the references therein). On the other hand, over the last few decades, mathematics has been used
to understand and predict the spread of diseases, relating important public-health questions to
basic transmission parameters. The detailed history of mathematical epidemiology and basics
for SIR epidemic models (or Kermack-McKendrick model) can be found in the classical books [1,3].
However, recently Haque and Venturino [4] have discussed mathematical models of diseases spreading
in symbiotic communities. During the last three decades, there has been growing interest in the study
of infectious disease coupled with prey-predator interaction models. In many ecological studies of
prey-predator systems with disease, it is reported that the predators take a disproportionately high
number of parasite-infected prey. Some studies have even shown that parasites could change the
external features or behavior of the prey so that infected preys are more vulnerable to predation
(see [5,6] and the references therein). Later on, many authors have proposed and studied eco-
epidemiological mathematical models incorporating ratio-dependent functional response, toxicant,
external sources of disease, predator switching and infected prey refuge [1,2,7,8].

In the present paper, we formulate two types of eco-epidemiological models, the first one consisting
of a prey and two competing predators with SI-disease in prey species. The disease spreads by contact
between susceptible prey and infected prey; the proposed model includes linear functional response.
The second model is the modification of the first one by taking into account the effect of toxicant.

Model formulation

In this section, a prey-predator model consisting of a prey and two competing predators with SI-
disease in prey species proposed and analyzed. The disease spreads by contact between susceptible
prey and infected prey. The proposed model includes linear functional response and is given by
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where 7, k, m, e1, ea, a1, g, i1, 42, d1, do, d3 are positive parameters. At time T' > 0 prey population is
divided into two classes, namely, susceptible S(T') > 0 and infected I(T") > 0 due to the existence of
infectious disease, interacting with two competing predators species Y (7T') > 0 and Z(T') > 0, which
describe the population densities of the first and second predator, respectively.

The modified model is given by
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where W (t) is the toxicant concentration in the prey population at time ¢ and U(t) is the environment
concentration of toxicant at time ¢. Here, the new parameters can be described as follows: 7 is
the exogenous inputrate of the toxicant in the environment; d4 is the natural depletion rate of the
environmental toxicant; ds is the natural washout of the toxicant from organism; o1 and oo are the
rates at which susceptible and infected prey are decreeing due to the toxicant and og is the uptake
rate of toxicant by organism.

The existence of the equilibrium points of system (2) can be guaranteed easily by using basic routine
techniques and following Routh-Hurwitz criteria. It turns out that we have the trivial equilibrium point
J(0,0,0,0, ;—4, ), which always exists, and the predators free equilibrium point (S, Io, 0,0, Uy, Wp).
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Boundedness
The following theorem ensures the boundedness of the system (2).

Theorem 1. All solutions of the system (2) that start in RS are uniformly bounded, that is

K
Sup(S+I+Y+Z+W+U)Z7T+(rd+d) (11)

Proof. The proof of theorem is similar to the case where the extra conditions are not included, it
is omitted here as it is easy.

Analysis of non survival equilibrium point

The variation matrix of the non survival equilibrium point is
s

J(0,0,0,0, 7

0) = (bij)6x6,

where b11 =Tr—m, b21 =m, bgg = —dl, b33 = —dQ, b44 = —d3, b55 = —d4, b66 = —d5 and all other

entries are zeros. So the eigenvalues of J(0,0,0,0,i, ) are r — m, —dy, —ds, —d3, —d4 and —ds.

(0,0,0,0, ;—4, 0) is locally asymptotically stable if and only if r < m.
Analysis of the free predator equilibrium point

The free predator equilibrium point is (Sp, Iy, 0,0, Uy, Wy), where Sy, Iy, Uy and Wy are positive
solutions of the following system

S Al
T(l—K)—(m+1+I)_UIW_Oa

Vi
—_— — LY — ol Z — o1 IW — dqI =
(m—i— 1—|—I> S — 2 oW —diI =0,

7T=O‘3U(S—|—I)—|—d4U,

o3U(S + 1) = dsW.

Theorem 2. The free predator equilibrium point of the system (2) is locally stable if the following
conditions hold

ASp
20 W+ da,
(1+I)2 10T
da d
I0<min{—2—3,
el e
< +
=< ——5+0
K> (1+1L)2 7"
)\So )\IO
—— — oWy —d  —— 1 1 1
1+ 1)? aWo 1<m+1+IO+M1 0 + p2do + o021,

max{d4, d5} < 203U).

Proof. Using Gerschgorin Theorem, one can easily prove the theorem.
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Permanence of the population

In this section we give criteria for the persistence of the population in the system as shown in the
following theorem.

Theorem 3. If the following conditions
() (m+ 07+ 10) < 1,

(ii) max {p1, po, 01} < 1,
a10+ds  asf+ds < mp
el ’ (D) (d1+t9)
hold, then the population in the system (2) is persistent.
Proof. From the first equation of the system (2) and using (11), we obtain

(iii) max {

as S S
s _ =) _ — _ _ =
i rS (1 K) (m—+X)S —0105= 1S <1 (m+ 60X+ 016) K> ,
where 0 = M. It gives us
tlim inf (S(t)) >(1—(m+0X+010)) K =p. (12)
Due to condition (i) we have
tliglo inf (S (t)) >0
Using (12) and condition (ii), we get
dl
s _
7 mpB — (dy + 0)1,
that is 5
m
N S
tlgrolo inf (I(t)) > @10 >0 (13)
By using (13) and condition (iii), we get
dY mp
s (e 2 Y,
dt = (el @ +o) M d2) !
so that
o S
tli\rglo inf (Y (¢)) > Yo >0,
and iz 5
m
Y2 s ey g — d3)Z
it = 2 (g ) 00 W2
hence

lim inf (Z(t)) > Zy >0,

t—00
where Y and Zj are initial values.

Numerical simulations

With the following parameter values

r=20.999, K=50, m=pu=u=A=o03=1,
g1 = dl = dQ = d3 = 0.5, g9 = 0.6, €1 = €9 = 0.9, (14)
a1 = 2, Qg = 1.9, d4 = d5 = 0.1, m =100
the system approaches the non survival equilibrium point as shown in Figure 1.
But if we neglect the affect of the toxicant then with the same parameter values (14) the system

approaches the predator free equilibrium point (0.0509,0.1133,0,0). That is the prey population will
survive as shown in Figure 2.
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Conclusions

In this paper, we study the effect of toxicant on dynamical behavior of proposed model (1). We give

the sufficient conditions for permanence of the system and local asymptotic stability of non survival
equilibrium point and predator free equilibrium point. We have discovered that decreasing the intrinsic
grow rate of the susceptible prey below a contact rate value, as shown in (14), the system (2) approaches
a locally asymptotically stable non survival point. However, if we neglect the effect of the toxicant,
then for the same set of parameter values (14) system approaches the predator free equilibrium point
(0.0509,0.1133,0,0). That is the prey population will survive.
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9. Xunxasn, [II. Moxammen, B. Kaiimakam3zate

TokcukanTTan »KoHe TapaiiTeiH SI aypysnl 6ap eKi bocekesiec

2KbIPTKbIIIITapJaH 2KoHe KYpGaHHaH TYPATBIH 3KO3IINAECMHNOJIOTINAJIBIK

60

MOJIEJI/IIH, TYPAKTBLIBIFBIH TAJIIAY

MakaJsiazia exi 9KO3IUIeMUOJIOTUSIJIBIK, MOJIE/Ib 3epTTereH. Bipinmici cediMmran KypOaH MeH KYKThIPFaH
KypbOaHHBIH GaillaHbICHl apKBLIbI TapaJjaTbiH, Sl aypybl TypiH HIbIFapaTblH €Ki 69CeKeJseC *KBIPTKBIIITAH
TYpaabl. Byl Mo/Ie/Tb CBIBBIKTHI (DYHKIIMOHAJABI 60 KAl bl EKIHIIN MOIE/ b TOKCHKAHTTHIH, OCEPIH ecerre-
rene, Oipinminin MoguduKanusachl GOJBIT TaObLIAALI. ABTOPJIAP YCHIHBLIFAH MOIEIb OOMBIHINA TipIiik
eTIeNTIH >KoHe epKiH Tele-TeH/IK HYKTeJepiHiH JMHAMUKAJBIK TOPTIOIH KapacThIPFaH.

Kiam cosdep: OpHBIKTBLIBIK TAJIAYBI, SMTHAIEMUOJIOTUSIIIBIK, MOJIE, OJIXKa, KBIPTKHIIII.
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9. Xunxasu, 1. Moxammen, B. Kaiimakamzate

AHan3 yCcTONYMBOCTH 3KO3IINUIEMUOJIOTTYECKO MOae In,
cocToslIneil N3 »KEPTBbI U JIByX KOHKYPHUPYIOIINX XUIITHUKOB
c SI-60J1e3HBIO B JOOBIYE M TOKCUKAHTE

B crarbe nccienosanst gBe sKosmmmeMuosorudeckne Mogesn. Ilepsast cocront u3 mo0bIMH U ABYX KOHKY-
PUDPYIOMIAX XHUITHUKOB ¢ SI-60/1€3HBIO Y BUIOB JOOBIYH, PACHPOCTPAHAIONIUXCS IIyT€M KOHTAKTOB MEXKLY
BOCIIPUMMYHMBON »KEPTBOI 1 MHQPUIIMPOBAHHON »KEPTBOM. DTa MOJEJb [IPEJIIoJaraeT JINHENHHbIH (yHKINO-
HaJIbHBIM OTKJINK. Bropast Mozmesns siBisiercst MoguduKaIyeil mepBoii, KOrjga yINTHIBACTCSA BJIASIHUAE TOKCH-
KaHTa. ABTOpaMU PACCMOTDPEHO JTUHAMHYECKOE IIOBEJIEHNE TOUYEK HEBBLKUBAHUSA W CBODOIHOIO PABHOBECUS
MIPEIIO’KeHHON MU MOJICJIIN.

Kamouesvie crosa: aHaan3 yCTONINBOCTH, STMUIEMUOTOTUIECKAS MOIEh, JOOBIYaA, XUITHUK.
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