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Abstract. In this paper we have studied the dynamical behaviours of a delayed two-species competitive
system affected by toxicant with imprecise biological parameters. We have proposed a method to handle
these imprecise parameters by using parametric form of interval numbers. We have discussed the existence
of various equilibrium points and stability of the system at these equilibrium points. In case of toxic
stimulatory system, the delay model exhibits a stable limit cycle oscillation. Computer simulations are
carried out to illustrate our analytical findings.

1. Introduction

Environmental pollution is a burning issue for the industrialized society in the world today because it
leads to damage the both terrestrial and aquatic environments. Various kind of industrial discharges and
chemical wastes are polluting the air and contaminating the streams, lakes, rivers and oceans with varieties
of toxicant and chemicals such as arsenic, lead, cadmium, zinc, copper, iron, mercury etc. [21, 28]. There are
many species which becomes extinct and several others are at the verge of extinction because of uncontrolled
effects of toxicant to the environment. Therefore, the study of the effects of the toxic substances on ecological
communities are becoming quite important from both environmental and conservation point of view.

The problem of estimating qualitatively the effect of toxic substances on the species by using mathemat-
ical models is a very effective way. The deterministic dynamic models with the effect of toxic substances
on various ecosystems was analysed by Hallam et al.[16, 17], Hallam and De Luna [18], De Luna and
Hallam [8], Freedman and Shukla [10], Ghosh et al. [11], He and Wang [20], Das et al.[7] and many others.
Another important observation made by researchers is that the increased population of one species might
affect the growth of another species or of several other species through the production of allelopathic toxins
or stimulators, thus influencing seasonal succession [38]. The toxin produced by the unicellular green
alga, chlorella Vulgaris, is an autotoxin that limits the size of its own population [36, 37] as well as inhibits
the growth of the planktonic algae Asterionella formosa and Nitzschia frustrum (Bacillareae)[39]. Several re-
searchers have also observed toxic inhibition of phytoplankton by other phytoplankton as well as some of
these algae produce auxin which stimulate the growth of the other algae [1]. Such allelopathic stimulators
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and inhibitors certainly affect algal succession, blooms and pulses by causing stimulated (inhibited) species
to have a selective advantage (disadvantage) in competition [2, 38]. It has been suggested by Rice [38] that
“all meaningful” functional ecological models will eventually have to include a category on allelopathic and
allelochemic effects.

In nature, time delays occur in almost every biological situation [26] and assume to be one of the
causes of regular fluctuations on population biomass. In population dynamics, a time delay is introduced
when the rate of change of population biomass is not only a function of the present population biomass
but also depends on the past population biomass. Therefore, time delay can be incorporated in the
mathematical population model due to various ways such as maturation time, capturing time and other
reasons. Moreover, existence of time delays is frequently a source of instability in some way. Many
researchers[4-6, 22-25, 33, 34, 42, 44] have introduced time delay in their respective biological models to
make it more realistic.

Most of the researches in theoretical ecology have considered models based on the assumption that the
biological parameters are precisely known. But in real world, the values of all the biological parameters can
not be known precisely for the lack of information, lack of data, mistakes done in the measurement process
and determining the initial conditions. To overcome these difficulties, imprecise model is more realistic in
the field of mathematical biology. The impreciseness of the bio-mathematical model is also occurring due
to environmental fluctuations or due to imprecise biological phenomenon. There are several approaches
to handle such models having imprecise parameters such as stochastic approach, fuzzy approach, fuzzy
stochastic approach etc. In stochastic approach, the imprecise parameters are replaced by random variables
with known probability distributions. In fuzzy approach, the imprecise parameters are replaced by fuzzy
sets with known membership functions. In fuzzy stochastic approach, some parameters are as fuzzy in
nature and rest of the parameters are taken as random variables. However it is very difficult to construct
a suitable membership function or a suitable probability distribution for each of the imprecise biological
parameters. Some researchers have introduced fuzzy models in predator-prey system such as Bassanezi et
al. [3], Peixoto et al. [35], Guo et al. [14], Pal et al.[29-32], Sharma and Samanta [41] have presented an
optimal harvesting predator-prey system with imprecise biological parameters and they have also exercised
about bio-economic equilibrium and optimal harvesting policy.

In this paper, we have considered a delayed two species competitive system which is affected by toxicant
[27]. To make the delay model more realistic, we have considered imprecise biological parameters as interval
numbers. We present the interval numbers in parametric function form and study the parametric model.
The dynamical behaviour of the parametric model is investigated for different values of the parameter
p € [0,1]. In section 2, we discuss some basic definitions on interval numbers. In section 3, we present
mathematical form of two species competitive system with time delay. Section 4 briefly describes the
delayed two species competitive system with imprecise parameters. Then parametric form of the system
is formulated for the study of different behaviours of the model. Section 5 deals with the existence of
equilibrium points of the system and stability. Our important analytical results are numerically verified in
section 7. Finally, section 8 contains the conclusions of the paper.

2. Basic Definitions

In this section we discuss some basic definitions of the interval number and interval-valued function which
have been used to study the imprecise competition model.

Definition 1 : (Interval number) An interval number A is represented by closed interval [a;,4,] and defined
by A =[a,a,] = {x:a < x <a,x € R}, where R is the set of real numbers and 4, , a,, are the lower and
upper limits of the interval number respectively.

So, every real number can also be presented by the interval number [g, 4], for alla € R.

Definition 2 :(Interval-valued function) Let us consider the interval [, b] where a > 0. The interval [, b] can
be expressed as a function ¢(p) = a"P)b for p € [0, 1]. This function is called interval-valued function.
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Now we define some arithmetic operations on interval-valued functions. Let A = [a;,4,] and B = [b;, b,] be
two interval numbers.

Addition : A + B = [a;,a,] + [b;, b,] = [a; + b;,a, + b,]. The interval-valued function for the interval number

A + Bis given by ¢(p) = a"Paf where ap =a;+b,anday =a, +b,.

L u

Subtraction : A — B = [a;,a,] — [b1, bu] = [a1 — by, ay, — by], provided a; — b, > 0. The interval-valued function
for the interval A — B is given by ¢(p) = b(Ll_p)bZ where by =a; — b, and by = a, — b;.

[aa;, aa,], ifa>0

Scalar multiplication: oA = afa;,a,] = } ,provided a; > 0. The interval-valued function
[aay,, aa)], ifa<0
C(Ll_p)CZ ifa>0
for the interval aA is given by ¢(p) = ,wWhere ¢ = aaq;, cy =aa,, d =|ala;, dy = lala,.

~d\Pd ifa <0

3. Basic Mathematical Model

Maynerd-Smith [26] have considered a two species competing system :

d% = Ni(B[K; — a1Ni(£) — B1aNa(t) — y1N1 (H)No(8)]
AN 1
— = Na(O[Kz = a2Na(t) = puNi(9) = 72Ni(ON2(0)]
with initial data
Ni (0) > 0, N2(0) > 0. @

Where Ni(t), Na(t) denote the population biomass of two competing species at time f, having common
food resources ; Ki, Ky, a1, ay, f12, P21, V1, V2 are positive constants. Here K; is the intrinsic growth rate of
species i, a; represents the intra-species competition coefficient of species i, f;; denote the inter-species
competition rate of jth species upon the ith species and y; denote the toxic inhibition rate of the ith species
(i #7j i,j=1,2). Samanta [40] also analyzed dynamical behaviors of such model where a toxic substance
is produced at a constant rate.

When the toxic coefficients y; > 0 (i = 1,2), the model (1) represents toxic inhibited species system. If we
assume y; = —y; (i =1,2), where y; > 0, then the model (1) represents toxic stimulated system.

We assume that each species produces a substance toxic to the other, but only when the other is present.
Further, it is also reasonable to assume such model where a toxic substance is produced to the competing
species will not be instantaneous, and takes discrete time lag which is regarded as maturity period of the
species. Here we introduce the time lag 7 for the maturity of the second species. Then the system (1)

reduces to
dN;

T Ni(H[Kq = aiNi(t) = 1aNa(t — ) = y1N1(H)Na(t — 1)]
N 3)
d—f = No(H)[Ka — aaNa(t) — B2 N1 (t) — y2N1 (HN(8)]

The initial conditions for the model (3) take the form N1(0) = 1¥1(0) = 0, No(0) = y»(0) = 0, 0 €
[-7,01, ¥1(0) > 0, ¥2(0) > 0, (1(0), ¥2(0)) € (C([-7,0], R3).
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3.1. Positivity and Boundedness of the delayed system

In theoretical ecology, positivity and boundedness of a system implies that the system is biologically
well posed. The following proposition ensures the positivity and boundedness of the delayed system (3).
Proposition 1: Each component of the solution of the delayed system (3) is positive and bounded for all t > 0.

Proof : Since the right hand side of the system (3) is completely continuous and locally Lipschitzian on C,
the solution (Ni(t), Na(t)) of (3) exists and is unique on [0, £), where 0 < £ < oo [15]. From system (3), we
have

t
Ni(t) = N1(0)exp [fo (K1 = a1N1(s) = p12Na(s — 7) — Y1 N1(s)Na(s — T))ds} >0,

t
Na(t) = N2(0) exp [fo (K2 = azaN2(s) — po1N1(s) — Vle(S)Nz(S))dS] >0

Therefore, N1(f) > 0, N>(t) >0, V¢t >0.
Now we assume,
W = Ny(t) + Na(b).

Then,
AW Ki\2 K\ K K
— < —al(Nl - —1) —0(2(N2— —2) + 1 + 2 —K1N1 —K2N2
dt a1 [2%) aq [0%)
2 K2
< u—vW, where u= 14 —2, and v = min {K;, K>} .
a1 [0%)
Therefore,
dW
— +vW < .
ar VS E

Applying a theorem on differential inequalities [4], we obtain

B, W), N2(0)

0 <W(Ny,Np) < " o

and for t — oo,
0< WK

==

Thus, all solutions of the system (3) enter into the region
B={(N1,N2):O< W<%+€f0rany€>0}.
This proves the theorem.

3.2. Uniform Persistence of the system

To prove the uniform persistence (permanent) of the system (1), we shall use the “Average Lyapunov”
function[13, 43]

a1

Proposition 2: System (1) is uniform persistence if % < % <o

Proof: We consider the average Lyapunov function of the form V(Ni,N») = Nfﬂ Ng”, where B12, Bz are
positive constants. In the interior of R2,we have

ZV = 1P(Z\]ll NZ)
= Po1Ki + B12Ko — Bor(ar + B12)N1 — B12(B21 + +a2)Na — (Ba1y1 + P12y2)N1N»
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To prove the uniform persistence of the system, we shall have to show that (N1, N;) > 0 for all boundary
equilibria of the system. The following conditions should be satisfied for equilibrium:

k
El(ilo)} Kyay — Kqfo1 >0 (Cy)
ko
E> (0, Oé_z) : Kiay = Kof12 >0 ()

It can be easily shown that conditions (C;) and (C,) are satisfied if the conditions stated in the proposition
holds.

4. Imprecise Competition Model

According to formation of the competition model (3), all the parameters are positive and precise. But
due to lack of proper information of the data, the parameters are not always precise. Now if any of the
parameters K;, a;, Bij, yi (i # j, i,j = 1,2) are imprecise, i.e., if any parameter is interval number rather
than a single value, then it become difficult to convert the equation to the standard form and analyse the
dynamical behaviour of the system. For imprecise parameters, we present the system (3) with interval
parameters as described below :

4.1. Competition model with interval parameters

Case I : Toxic inhibition

Let K;, 4, ﬁ;]’, yi (i # j, i,j = 1,2) be the interval counterparts of Ki, a;, Bij, yi respectively. Then the
imprecise competition delay model (3) becomes :

% = Ni()[K1 — 1N () — B12Na(t — 1) — P1N1()Na(t — 7)]
dN (4)
d_t‘2 = Na(t)[Kz = d2Na(t) = N1 () = YaN1(£)Na(b)]

where K; = [Ky, Ki], di = o, @inl, Bij = [Bis, Bijul, Pi = [y, viul, and Ky > 0, ay >0, By > 0, ya > 0 (i #
i j=1,2).

Case II : Toxic stimulation

In this case, 71 = —);1 and ), = —y} where )/A; = [y, 71, and )/Z =[5, v5,] and )/A;l >0, VZZ >0, i.e., the last
term in each of the equations of system (4) gives a positive effect instead of negative effect as in case I. Then
the imprecise competition delay model (3) becomes (replacing y; by y1 and y}, by y»):

d% = Ni(B)[K1 = d1N1(f) — BoNa(t — 7) + PAN1(HNa(t — 7)]

% = No()[Ka — d2No(t) — a1 N1 (t) + Y2N1 ()N (H)]
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4.2. Competition model with parametric interval parameters

For fixed m, let us consider the interval-valued function ¢,,(p) = afi_p )bfn, p € [0,1] for an interval [a,,, bp,].

Since ¢,,(p) is a strictly increasing and continuous function, the system (4) and (5) can be written in the
parametric form as follows :

dN1(t;

1;: P) = N1 [(Ki)" P (K1) = (@) P (@1,)P N1 = B12) P (Brou P Na(t = ) — (1) (1 P NaNa(t = 1)]
AN, (t;
# = No[(Ka)) P (K = (a2) P (@2u)’ Na = (B21) P (B1 )P N1 — (721) P (724 )P N1No ]

where p € [0,1],

and
dN1(t;
% = Nal(Ka) (K" = (@) (@) Ni = (B (Braa) Natt = ) + (r20) (72 NiNo(t = 7)]
AN (t;
# = Na[(Ka)) " P(Kp)? = (a2) TP (@2u)’ Na = (B21) P (B21)P N1 + (y21) 7P (724 )’ N1N2]

(7)

where p € [0, 1].

5. Equilibria and Local Stability of the Delayed System

Case I : Toxic inhibition

The system (6) has four positive steady states, namely (i) Eo(0,0), the trivial equilibrium, (i7) E1(N;,0) and
E>(0,Ny), the axial equilibrium, where

- (K)o (Ka)TP(Kyy )P

a + N2 = , forallp €[0,1 g
P @)@y T @) Pagy O E O ®)

and (iii) E* = (N7, N}), the interior equilibrium, where N}, N; can be determined by
ai]‘N;-Q + b,‘jN; +cij = 0,i+ j, i,j =1,2 9)

where ) ) . )
aij = Bip) P Bijul )P ia) = (@) Py )P )

bij = (Ki) P (Kl i) P 0l = Ki) P (K i) (i

10
(@) P (@) @) + B P B Bin) P B, (10
cij = (Ki) " P (K () P (@) = (Ki) P (K (B) (B},
forallp € [0,1].
Then ,
N: = E(—bl] + b12] - 4L1i]'C,']'), l,] =1,2 (11)
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exists with the conditions

ajj #0, blzj — 4011']'C1']' > 0. (12)
The variational matrix of the system (6) at E(0, 0) is given by
(Ku) P (K ) 0
V(Ey) = .
(Fo [ 0 (Ka) 17 (K

Clearly, E¢(0,0) is a saddle node and hence unstable.
The variational matrix of the system (6) at E1(Nj, 0) is given by

V(E) = [—(amﬂ-m(aluml ~(B12)" P (Br2u)’ N1 - (yu)ﬂ-W(mm\Ee-“]
! 0 (Ko) P (Kol = (Bo1) P (B’ N1 |

then the eigenvalues are Ay = —(a1)"™(a1,)P Ny and Ay = (Ko) 2 P(Ka,,)P — (B21)1 P (B214)P N1. Therefore the
f (K1) P (Ky,, )P (1) P (e1)P
(Kar) =P (Kau )P (B211) 1P (B21 )P

equilibrium point E1(Nj, 0) is asymptotically stable i

and unstable if
(Ki)TP(Ky)P (a) TP ()P

(Ka) 3P (K )P (B2un) P (Ba1a )P
Again, the variational matrix of the system (6) at E>(0, N>) is given by

(Ka) P (K = (1) (Brau ) Noe ™ o
~Na{(B21)" P (B21)” + () P (2l Nab - ~(aa) P (a2 ) Na |

(13)

V(E2) =

then the characteristic equation of the system at Ej is of the form:
A+ (@) a2 NaHA = (Ku) P (K + (1) (Braw) Noe™} = 0.
Here A = —(ay)1P)(ay,)’ N, is a eigenvalue. Now we consider the equation
A = (Ku) P (K = (Bran)" ™ (Broa) Nae ™. (14)
If T = 0, then the equilibrium point E>(0, N>) is locally asymptotically stable if

(KZI)(l ) (KZIl)p (0(21)(1 P (a2u )p

Ke) TP En¥ ~ ) PGy AN unstable if

(Ko (Kou)? ()" (20}

: (15)
Ki)EP(Kp)p (Br21) 3P (Brzu)?
Again by substituting A = in in equation (14) and equating real and imaginary parts, we obtain
(K" P(Kia )P = (B121)"" P (B12u) Na cos 1t
1= (B121)" P (B124)’ N2 sin 17,
eliminating 7, we have
7 = (B P (BraaV N2 (16)
. .rs .0 (Kp) P (K )P A=) ()P
We know that the equation (16) has a positive root 1, if EKZ;“*V’EKTU;’ > (g‘zgﬂ,p)gfz:)p .
Therefore, there is a positive constant 7, such that for 7 > 7., E»(0, N») is unstable.
Hence combining (13) and (15), the condition required for the persistence of both the species is
K )=-P)(K. P NP (i, P
Ra) PBa)”  (al PO i 52 1,2) forall p € [0,1], (17)

(Ki)@P (K (B P (Bjin )
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Condition (17) gives ¢;; > 0 in equation (9). Then the system (6) has unique positive equilibrium if

(ain) P (v )P S )P ()
Bi) P By )Pyl

So, combining equation (17) and (18), we have

ajj <0i.e., if

(i # j;i,j=1,2) forall p € [0,1]. (18)

(i) P ()P o m )P ) (Ka)P(Ki)?
Bji) =P (Bjin )P @A) (K=K
as the condition of existence of unique positive interior equilibrium of the system (6).

Now to investigate the local stability of the interior equilibrium E*(Nj, N}), we linearize the system (6) by
using the following transformations:

ax{ Y@ #ji,j=1,2)forallp €[0,1], (19)

N; =N{+l’l1, N22N5+Tl2.

Then the linear system is given by

%l = MU(t) + NU(t - 1), (20)
where
U(t) = [m n2]", M = (mip)axa, N = ()22,
and

min = =Nij[(a) P aw) + )" PN, min =0,
ma = =N3[(B21) " P (B + ()" P (r2ul N3l mzn = =Njl(a) " P ez + (r2)" P (2u) N3
ni2 = =N [(B12) P (Br2a) + 1) P (y1,)PN;], and all other n;; = 0. (21)

We now use the following theorem [12] to find the necessary and sufficient conditions for stability in the
absence or presence of delay.

Theorem 1 : A set of necessary and sufficient conditions for E* to be asymptotically stable for T > 0 is the following:
a) The real parts of all the roots of A(A,0) = 0 are negative.

b) Forall real k and © > 0, A(ik, ) # 0, where i = V-1.

Theorem 2 : The unique interior equilibrium E* of the system (6) with toxic inhibition is locally asymptotically stable
forallt > 0.

To prove this theorem, we assume a solution of the model (6) of the form U(t) = pe!, 0 # p € R. This leads
to the following characteristic equation :

AN, T) = A2 + @A +ap +aze" =0, (22)

where a1 = —(m11 + my); 4y = myimyp; a3 = —Ma1 M.
When 7 = 0, then equation (22) becomes A(A,0) = A2 + ;1A + 4, + a3 = 0.

—a1 & \jai — 4(az + a3)
5 .

Since, a1 > 0 and a; + a3 > 0 [from equations (17) and (18)], then both the roots of A(A,0) = 0 are negative.
Hence the interior equilibrium E* is asymptotically stable for 7 = 0.

The stability criteria of the system (6) for T = 0 will not necessarily ensure the stability of the same system
with positive delay 7 > 0. Now we assume 7 # 0.

LA =




A. K. Pal et al. / Filomat 31:16 (2017), 5271-5293 5279

It is well known that the signs of the real parts of the solution (22) characterize the stability behavior of
E*. Therefore, by substituting A = £ + in in (22), we obtain real and imaginary parts, respectively as

&2 172 + @& + a + az cos T]TE_& =0 (23)

2&n + a1 —azsinnre " = 0 (24)

A necessary condition for the change of stability of the equilibrium E* is that the characteristic equation
(22) should have imaginary solutions. Hence to obtain the stability criterion, we take £ = 0 in (23) and (24).
Then we have

—n*+a,+azcosnt =0 (25)

an —azsinnt =0 (26)

eliminating 7 by squaring and adding (25) and (26), we get the equation for determining 7 as

7]4 + dlnz +dy, =0 (27)

where dy = a} — 2a, and dy = a} — a3
As d; > 0 and a; — a3 > 0, then we must have a; + a3 > 0. Thus the equation (27) has no positive root rﬁ.
Hence the characteristic equation (22) has no purely imaginary roots +in, for all values of the parameter
p €[0,1].

Therefore the interior equilibrium E* of the toxic inhibited system is always asymptotically stable for all
7 > 0 and hence the delay has no effect on the system.

Case II : Toxic stimulation

In this case, we study the system (7), which is same as the system (6) unless in the last term, where the toxic
inhibition rate y; (i = 1,2) are negative i.e. either species produces auxin which stimulate the growth of the
other species.

Here the local stability analysis of the system (7) remains same as in case I for the trivial and axial equilibrium
points and so as the criteria for persistence of both the species. Now we study the local stability of the
system (7) for the interior equilibrium point E”(N;, N;") which is determined by the equation

AN+ VN + =0, i# ), i,j=1,2 (28)

where
aj; = @) Py )P = G P Bl Q)P i),

b = K PUKi) i) P in) = Ki) P Ka) )P VP

—(ei) P i )P ()P )P + Bis) P Bi ) (Bji) P (Bji ) 29)

¢ = (Ki) TP (K (i) TP () = K) P (K (Bi) P (Bl
forallp € [0,1].
Since, cl’.]. > 0 [from (15)], then the system (7) has unique positive interior equilibrium E’*(N'l*, N'z*) exists if

a, >0, ay, <0, and by <0 (30)

according to the persistence condition of both the species (17) together with the conditions (18) and (19).
To study the local stability properties of E’*(N;*,N'z*), we linearize the system (7), then the relation (21)
becomes

myy = =Ny T (@) = )" PNyl mi, =0,

mly = =Ny 1(B211) P (Bar) — ) P () Ny, 1y = =N3 () P (@) — )P (72u)P Ny,
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1y = =N; 1B P Braaf’ — (1) P (1’ N;], and all other n; = 0. (31)
and the characteristic equation becomes
NA 1) =A2+ajA+a,+aye™ =0 (32)
where a] = —(m}, + m),); ay = my,my,; a; = —my,nl,.

From equation (32), for T = 0, the interior equilibrium E™* is locally asymptotically stable if
ay +ay > 0i.e. mymy, —mynj, >0 (33)

Now to study the stability behaviour for T # 0, we assume, A = in, (1 > 0) is a root of the equation (32),
then we have, ‘
—1? +iayn +al + aje” ™ =0 (34)

equating real and imaginary parts of equation (34), we have,
—1* +ay —aycosnT =0 (35)
and
ajn—aysinnt =0 (36)

Eliminating 7 by squaring and adding (35) and (36), we get the following fourth degree equation for
determining n as
n*+ (af = 2a)n* + (ay —a7) =0 (37)

solving the above quadratic equation in 17, we get,

1w o 1 [ —
= _E(”lz —2ay) + > \/(alz —2a))? — 4(a} - a}})

Here we assume, a2 — a2 < 0i.e. —a, < a, < a, so that the equation (37) has only one positive solution 1n*2.
2 T3 3 Sy <y q y P

Therefore the characteristic equation (32) has a purely imaginary roots +in* for all values of the parameter
p € [0,1]. Putting the value of 7 in the equation (36) and solving for 7, we get,

a/ * 2
o= %arcsin( 1 )+ M i20,1,2,.. (38)
1 a 1

] ’ *
3

From the above discussion we have the following lemma.
Lemma 1: for T < 7], the equation (32) has a pair of imaginary roots +in* for all p.

Theorem 3 : Let T; be defined by (38) and the condition (33) is satisfied, then the equilibrium point E’*(N;*,N’;)

of the system (7) is asymptotically stable for T < t; and unstable for T > ;. Further as t increases through tj, E*
bifurcates into small amplitude periodic solutions, where T = T for j =0and forall p € [0,1].

Proof : For T = 0, the equilibrium point E*(N}’, N,") is asymptotically stable if the condition (33) is satisfied.
Hence by Butler’s lemma [9], E’*(N/l*, NIZ") remains stable for 7 < 7 for all p € [0,1]. Now we have to show
that % =z n=p- > 0. This indicate that there exists at least one eigenvalue with positive real part for 7 > 1
for all p € [0,1]. Also the condition of Hopf-bifurcation are then satisfied yielding the required periodic
solution for all p € [0, 1]. Now differentiating (32) with respect to 7 we get

-1
dA 2A+a; ¢
d_T) - 7 39)

, , _ag]dA ) AT
[2A+a1—m3e}‘]E:M3e}‘ ﬁ( _/\aée‘h 1
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A2+a! A +a! 2A+a’
AT _ _ 1A, : dAy-1 _ 1 _
=-— the equation (39) becomes (%)™ = T A7)

si n[d(ReA)] =si Re(d—)\)_1 =si [Re(— @A+ m) —E)]
B |, T - &h ROZraAva) )]

. sign[”fﬂ*z —2’7*2(%"7*2)] =Ly [2n*4+(ﬂ'f —2%)77*2]
a’12n*2 + (afz _ n*2)2 77*2 a’lzn*Z + (aé _ Trf-Z)Z

Since, e 1- Thus

d(Rey)
dt

As a'lz — 2a} is always positive, we have, [ > 0. Therefore, the transversality condition holds

]71:7}*, =T,
and hence Hopf-bifurcation occurs at 1 = n*, 7 = 7 for all p € [0,1]. Hence the theorem.

6. Direction and Stability of Hopf Bifurcation

In this section our attention is focussed an investigation of the direction, stability and period of the
periodic solution bifurcating from a stable equilibrium E* = (N7, N;). Following the ideas of Hassard et.
al [19], we derive the explicit formula for determining the Hopf bifurcation at the critical value of 7; by
using normal form and centre manifold theory. Without loss of generality, we denote any one of the critical
values 7; (where j = 0,1,2,...) by 7° at which equation (37) has a pair of purely imaginary roots +in and the
system (7) undergoes a Hopf bifurcation at E*. Let u1(f) = Ny — Nj, uz(f) = N2 = N3, t = p+ 7" and t — f
where p € R, then at i = 0 the system (7) undergoes Hopf bifurcation. Linearizing system (7), we have

W = g+ mun(t — 1)
(40)
fy — My, U1 + My, lin
In space C([-1, 0], R?), the system (40) is transformed into a functional differential equation as
u(t) = L;l(ut) + f(.ulut) (41)
where u; = (u1(t), u2(#))T € R? and L, : C - R, f : R X C — R are represented by
_ wf My 0 $1(0) w0 7 $1(-1)
L@ =wro( 200w ) ) )
_ o [ @1192(0) + a12$1(0)p2(=1) + a22p?(0)p2(~1)
fl @)=+t ’( b1151(0)p2(0) + bia3(0) + brochr (0)3(0) ) )

H(0) = (¢1(0), 92(0))" € C?; the entries a;; and b;; are given as

a1 = —d1 + 1N, ,a12 = =12 + 2Y1N; ,a22 = 71,
bi1 = —Po1 + 25N, ,bia = —da + V2N, a2 = 9>

By Riesz representation theorem, there exist a function 7(6, ) of bounded variation for 6 € [-1, 0] such
that

0
L(¢) = f (6,016(6), forg € © (44)
In fact we can choose
w0 =@ 0 oo § g Joe ), s)
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where ¢ is a dirac delta function. For ¢ = C'([-1,0], R?), define

%/ for 6 € [—1,0);
AW = )
fldn(#,s)cz)(s), for 0 = 0.

and
|0, for 0 € [-1,0);
R(w)¢ = { f(u,¢), for6 =0. (47)
The system (41) is equivalent to
l/lt = A“(ut) + Ry(ut), (48)
where ug = us.o for 6 € [-1,0).
For ¢ = C'([0, 1], (R?)*), where (IR?)" is the 2-dimensional space of row vectors defined by
—dl’sis), fors e (0,1];
A'YP(s) = (49)
[Ldn™(t,00(~t), fors=o.
and a bilinear inner product
- 0 6 —_
W0, 9(0) =060 = [ [ 51 - 0n©@p(e)dE, 1(0) = 10,0 50)

Then A(0) and A" are adjoint operators. Suppose that g(0) and 4*(0) are eigen vectors of A and A" corre-
sponding to in*t+ and —in*7* respectively. By direct computation, we have

%

my, it
q(0) = |1, SH—— |
nlze—m T*

_(m,, —in*
q*(S):D 22/ 77’1 en]r@
My

where

D= 1 (51)

and {g*(s),q(0)) = 1,{gq"(s),5(0)) = 0.
Let u; be the solution of (48) when p = 0. Define
z(t) = {q", ur), w(t, 0) = u(0) — 2Re(z(t)4(0)) (52),

on the centre manifold Cy, we have w(t, 0) = w(z(t), z(t), 6), where

21

2 2 3

z Z z
ZU(Z, Z, 6) = ZUZO(G)E + wn(@)zz + ZU()Q(Q)E + W30(6)g + ... (53)

z and Z are local coordinates for the centre manifold C in the direction of g4* and 7*. Note that w is real if u;
is real and we consider only real solutions. For solution u; € Cy of (48) since y = 0, we have

£(t) = ifT'z + 7(0) (0, w(z, Z,0) + 2Re(zq(0)) Y itz + 7°(0) fo(z, 2)

We rewrite this equation as
Z(t) = in*t'z(t) + g(z, 2), (54)



A. K. Pal et al. / Filomat 31:16 (2017), 5271-5293

where g(Z, Z) = g20§ + 91122 + goz%z + ng% +
It follows form (52) and (53)

ur(6) = w(t, 6) + 2Re(z(Dg()} = wa(0)5 + wi1(0)2Z + w2 ()5
+(1,q1) 7 Oz + (1,4)Te Tz 4 .,

/
l

where g1 = It follows together with (43) that

m’ —1716

—in' T

9(z,2) = 7 foz,2) = 7 f(0,u) = T D[{q2(a11 + aroqre
+{q2(2a11 + 2a12Re(q1) + 2axRe(q1)) + (b Re(qr) + 2b12 | g1 * +2b2 | g1 P)}zz

in't*

+Hp(an +andie™" + angi e ") + (budi + biadi? + bndi A% + {17_2(1111(230(111)(0)

+l () + a5 L ud-1) + w@1)em + (@(-1) + 0@ (-1)e )
022010y (<D™ + wig (1)) + by 2uy(0) + W (0)) + bz L@ 0)
+wi(0)) + g1 (@) (0) + w2(0)) + 52w (0) + w3 (0)q1))z2]

where g0 = 2 22, 7z and z%Z, we have

go2 = 2T.D(a(an + a12g2e™ " + 0167 )) + (br1ga + brog?);

g1 = 2.D(Ga(a11 + a1ngie ™ + ang1eM T + (budi + biogi? + bdi?)));

go2 = 2T.D(q2(2a11 + 2a12Re(q1) + 2anRe(q1)) + (2b1iRe(q1) + 2b1z | g1 * +2b22 | 41 1))

921 = T.D(@a(a11 2wy (0) + Wiy (0)) + (ara((Fiwhy (<1) + wie) (= 1))e ™)
200202102 (~1)e T + W (~1)qae ) + 2611 (200 (0) + w(0))

+hia (w2 (0) + Wi (0)) + 2(g1 (Y (0) + w2 (0))) + 2b2 2w (0) + W (0)1)

Since there are wy(0) and w11(0) in 421, we need to find out their values at 0 = 0 and 6 = —1.
From the definition given by equation (48) and (52), we have

Aw — 2Re{7*(0) foq(0)}, for 6 € [-1,0);

o=t 2= LTSRN 4 for 0o =AW HEE0

where
2 =2

H(,%,0) = Hao(6)5 + Hin(0)22 + Hoa(60) 5 + .

Substituting the above series and computing the corresponding coefficients, we have
(A =i T)wyy = —Hao(0), Awn(0) = ~Hwn(0), .
For 0 € [-1,0), we know that

H(z,z,0) = 7(0)£0q(0) — 4'(0) foa(6) = —9((z,Z,0))9(6) - §(z, 2, 6)4(6)

+angie” ") + (bugr + biag? + bagh))z?

5283

(55)

(56)

(57)

(58)

(59)

(60)

(61)
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Comparing the coefficients, we have
Hy00 = —g20(0)7(6) — §02(0)7(6)andH11(0) = —g11(0)9(0) — §11(0)30)
From equation (60), (62) and the definition of A, it follows that
T = 2in" T w20(0) + 420(0)7(0) + G02(0)7(0).
We know that g(0) = (1,41)7e" . Hence
w00 = T‘]gT 4O O + 37‘;7 2 q0) + E1é1T 0,

where E; = (E%, Ef) € IR* is a constant vector. Similarly we can obtain

w110 = % (0)6”7 (O 4 L0 n (O)e—zq O 4 E,,

where E; = (E}, E3) € R? is a constant vector.

Now we seek the appropriate value of E;, E;. From the definition of A and (60), we obtain

0
f (O (6) = 21 e 0) ~ Hin(0)

0
and [ dn(@)on(6) = ~Fn(0)
-1
where 1(0) = 1(0, 6). From equation (58), we have

e e
Hzo(0)=—gzoq(m—gazq(onzf*(““””"1" Lo )

bi + biagr + bog?

biRe(q1) + bial g1 I* + baol g1 2
Substituting (63) and (67) into (65) and noticing that

0 0
(in*r*l— f el"ff*ﬂdn(e))q(O):oé\nd (—in*ﬂ— f e-iﬂ*f*f’dq(e))q(())z

1 -1

0
we obtain (2iq*T*1_f EZi"”T*gdn(Q))El 227*( gl )’
,1 2

where By =an + Illque_inhﬁ + {lzque_inh[*, By = b11 + blqu + bzzq%

Hence, equation (69) reduces to

I A e
( 2in" = my, —npe )E1 :( B, )
—My, 2in +my, B,
By using Crammer’s rule, we have,
y g

r=2intt
By —njem @ _ 2
771 T A

o _
E By 2" +m,,

2
A

5284

(62)

(63)

(64)

(65)

(66)

(67)

(68)

(69)
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21‘ * m' _n' e—2in*r*
11

where A = ‘ 0i 12,
—1m in' +m,,

21
Similarly, substituting (64) and (68) into (66), we have

( m/11 n'12 )E2 _ _2( a1 + apRe(qr) + a2 Re(q1)

My My, biiRe(q1) + biol g1 I + ool g1 2

Hence we have

a + alzRe(ql) + {IlzzRE(ql) n,12
= ,
biiRe(q1) + biol g1 P+ bl g1 P ),
m/ll a1 + a12Re(q1) + azzRe(ql)
E(Z) — _AA
1 o ,
My, buRe(q1) + biol g1 P + bal g1 [P

where A = —Alg=o, y=0. Then, we can find out w,(0) and w11(0) from relation (63) and (64). Furthermore,
we can determine g1, by the system parameters and delay in (57).
Thus we can compute the following results:

i > g A\ gm
C = W g11g20 =2l g1 I” + 3 + 5 (70a)
Re{C1(0)}

" Refd' ()Y’ 7o)

Ha =
Ba = 2Re(C;(0)}, (70¢)

{C1(0)/0} + paIm{A’ (7))

Im
TX—.’/]*

which determine the bifurcating periodic solution in the center manifold at the critical value 7, i.e., y2
determines the direction of Hopf bifurcation: if u, > 0 (u2 < 0), then the Hopf bifurcation is supercritical
(subcritical) and the bifurcating periodic solution exists for = > 7 (7 < 7*). Here f, determines the
bifurcating periodic solutions: the bifurcating periodic solutions are stable (unstable) if f, < 0 (B, > 0) and
T, the period of periodic solution: the period increase (decrease) if T > 0 (7 < 0).

, (70d)

Ty =

6.1. Existence of switching stability

The characteristic equation corresponding to the Jacobian matrix J* at the interior equilibrium E™(N /1*, N/l*)
of the system with positive delay is

) , , e
AT+ (=mmyy = My A+ 1y 1y, = 1y nppe

This equation can be written as P(1) + Qe =0,

where P(A) = A% + (—m}, —m,,)A and Q(A) = —m,n),

Clearly, P(A) and Q(A) are both analytic function in Re(A) > 0 how we have the following results:

’

(i) P(0) + Q(0) = mlnm/zz - m,21n12
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= NyN; [(d1dz + B ANT + B2172N5) = (Brzfar + d172N; + 2Ny
#0 if dids + fayiIN; + 272Ny > frafor + d172Ny + dayi Ny
(ii) P(=iN2) = P(iN2), Q(=iN2) = Q(iN2)

Now F(N,) = | P(iN,) * — | Q(iN) |?

_ 1 r 2 ;2 2 r 2 /2_ r 2 02
=N, + (my," +my )Ny +my, " m,, 21 Mo

which is a quadratic in N3.
Therefore F(N;) = 0 has at least one positive root if | n7,,m,, |<| m,,n, |. Hence by applying theorem 4.1 in
Kuang [22], we see that the system (7) possesses at most finite number of stability switches.

7. Numerical Illustration

Analytical studies can never be completed without numerical verification of the results. In this section
we present computer simulation of some solutions of the system (6) and (7). Beside verification of our
analytical findings, these numerical solutions are very important from practical point of view. We consider
all fictitious set of data through analysis to establish our theoretical findings.

Let us consider a set of imprecise biological values of parameters as follows in appropriate units :

Ki =[1.9,2.2], K, = [0.9,1.1], ¢; = [0.05,0.08], d> = [0.06,0.09], B12 = [0.04,0.07], fn = [0.01,0.02], y; =
[0.0008,0.001], y» = [0.0025,0.005] and p € [0, 1].

Case I : Toxic Inhibition

Using the parametric form of interval numbers and assuming the initial condition (N1(0), N»(0)) = (1.0, 1.0),
we find the conditions given in (19) are satisfied, which imply that the unique interior equilibrium point
E*(Nj, N3) exist of the system (6) for all values of p € [0, 1]. From Table 1 we observe that for different values
of the parameter p, the system (6) corresponds a unique positive equilibrium point which are locally asymp-
totically stable. We present the dynamics of the model for different values of p (p = 0.0,0.3,0.5,0.8,1.0) in
fig.1a-e. These figures show that the interior equilibrium E* exist and asymptotically stable for all values of
p € [0, 1]. But the values are different for different values of p. Fig.1f shows that both the species population
decrease with increasing p, but N; species is decreasing rapidly where as N, species decreasing slowly.

However, in this case, analytically we have already shown that the system is always stable for all T > 0.

Table 1 : Stable equilibrium points of toxic inhibited system for different p

p | Equilibrium Points
0.0 (32.6443,4.0502)
0.3 (29.8189,3.6902)
0.5 (28.0503,3.4648)
0.8 (25.5764,3.1465)
1.0 (24.0367,2.9463)




A. K. Pal et al. / Filomat 31:16 (2017), 5271-5293 5287
35 - - - T F?O T T T T p=03
time(t) 0 10 20 30 40 “nfg(‘) 60 70 80 90 100
Fig.1a Fig.1b
p=0.5

30 T T

p=0.8
T

population(N, ,N,)

population(N, ,N,)

5 J
0 L L L Il L L L L L 0 L L L
0 10 20 30 40 50 60 70 80 90 100 o 10 2 30
time(t)
R E— —_—>
Fig.1c

population(N, ,N,)

I
40 50 60 70 80 90
time(t)

Fig.1d

100

population (N, N,)

: 1
/;—.——_— 5
4 S S N S S S SN S Y S
0 10 20 30 40 50 60 70 80 90 100 0 0.1 0.2 0.3
time(t)
—_— —_
Fig.le

Fig.1f

Fig.1. Behavior of the toxic inhibited species with time by using the imprecise parameters values and initial conditions
(N7(0), N5(0)) = (1.0,1.0) for p = 0.0,0.3,0.5,0.8,1.0 and Fig.1f shows the dynamical behavior of the two species
population (N7, N}) with respect to p when the values of the other parameters are same
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Case II : Toxic Stimulation

Here also we consider the same parametric form of interval numbers and assuming the initial condition
(N7(0), N;(0)) = (1.0,1.0), we find the conditions given in (30) are satisfied which imply that the unique
interior equilibrium point E*(N. ’1*, N’z*) exist of the system (5) for all values of p € [0, 1]. Also when the delay
value 7 = 0, the condition (33) is satisfied and the interior equilibrium point E”* is locally asymptotically
stable. From Table 2, we observe that for different values of the parameter p, the system (7) corresponds
a unique positive equilibrium point which are locally asymptotically stable. we present the dynamics of
the model for different values of p (p = 0.0,0.3,0.5,0.8,1.0) in fig.2a-e. These figures show that the interior
equilibrium E™ exist and asymptotically stable for all values of p € [0, 1]. But values are different for different
values of p. Fig.2f shows that both the species population decrease with increasing p, but N, species is
decreasing rapidly where as N species decreasing slowly.

Table 2 : Stable equilibrium points of toxic stimulated system for different p

p | Equilibrium Points
0.0 (16.6667,40.0000)
0.3 (14.3634,33.0759)
0.5 (13.0319,29.5765)
0.8 (11.2801,25.3857)
1.0 (10.2498,23.0964)
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; p=03
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Fig.2. Behavior of the toxic stimulated species with time by using the imprecise parameters values and initial
conditions (N7(0), N}(0)) = (1.0,1.0) for p = 0.0,0.3,0.5,0.8, 1.0 and Fig.2f shows the dynamical behavior of the two
species population (N7, NJ) with respect to p when the values of the other parameters are same

Finally we investigate the dynamical behavior of the system (7) numerically in the presence of time delay
using the same data. For the given values of the interval parameters the equation (37) has unique positive
solution namely 7* which takes different value depending on the values of the parameter p given in Table
3. Now depending on these values of " for j = 0, from equation (38) we obtain the initial values of the
bifurcation parameter (time delay) 7 say 7" given in Table 3.

For a particular value of p we get a definite critical value of the delay 7* as shown in Table 3. Now for a par-
ticular value of p, if value of 7 is below the critical value 7" then fig.3a-e shows that the interior equilibrium
point E*(N", N;") is asymptotically stable and both the species converge to their steady states in finite time.
Now if we gradually increase only the value of delay, the stability of the equilibrium point E*(N/", N,') may
switch over. By theorem 2 as 7 passes through the critical value 7* as per Table 3, E™ losses its stability as
shown in fig.3a-e, which is the case of Hopf-bifurcation. Also from fig.4a-e, the positive equilibrium point
E'*(N/l*, NIZ*) is unstable with a periodic orbit near E/"(Nll*, N;) as T passes through 7*.

Table 3 : Values of " and critical values of time delay (7) of toxic stimulated system for different p

p 0.0 0.3 0.5 0.8 1.0
n* | 1.1409 | 1.0548 | 1.0051 | 0.9371 | 0.8941
7 | 0.7261 | 0.9627 | 1.1181 | 1.3568 | 1.5254

p=0.0, 1=0.7<r"

=00, 1=0.75>1"

p=00, 1=0.75>T"

b

25

20|

sl “
I
1

‘D

| {

50 LR R R A

o 100 200 300 400 500 600 700 80 0 1000
> time()

0 100 200 300 400 500 600 700 80 900 1000
—> time()




A. K. Pal et al. / Filomat 31:16 (2017), 5271-5293

5290

p=0.3, 1=0.9<1 p=03, T=L0>T p=03, 1=10>1
100 i
w0 ]
z w0
z ~
§ 60| 4 R
H 5
40 7 |
w0
‘ H‘ R RN R
2| 1 ‘ I I
20f '
o w0 a0 s w0 e 70 eo w0 oo o im  am 0w so o 70 o w0 oo T T e T
20 e imet) S
p=05, 1=1.05<7 p=05, T=115>1" . p=0.5, 1211551
100
w0 |
%
w
s ]
™ 70
Z
z ~
§ 2 4 —Zso
B | 50
s i |
40
I
I | | i
% I A AR
i | AR ok
10 1 | IR A A
2ol
0 100 200 300 400 500 600 700 800 900 1000 0 100 200 300 400 500 600 700 800 900 1000 0 100 200 300 400 500 600 700 800 900 1000
—_— time() 5 time() 5 time(t)
p=08, 1=13<1 p=08, T=14>T p=08, =145t
0 1
0
% 1
” 7 R \
SRR AR
10 .
0 100 200 300 400 500 600 700 800 900 1000 J 100 200 300 400 500 600 700 800 900 1000 300 400 500 600 700 800 900 1000
T e 0T o imet)
p=10, T=15<r p=10, =165 p=10, 1=165>"
1
i 0
,5
B 14| 60|
- ,2 I A AR |
K g ‘I | | | 50
: \ i A
H 10| | i i i i i -
] : | i | I e “
i 1 AR e “w
E . BN ‘
g BN (A e
™ \ 1A R H\H ‘ it ”
1 s aof
4 I 3
w WA O R i
(! (i l I I §{ (11 AR
2 ‘ A |
T T R T T o a0 a0 w0 40 s e 70 o w0 oo o im0 w0 4o s e 70 o w0 1w
il imet) imet)

Fig.3e

Fig.3. Time course of two competitive species variation when T < t* and © > T*

with same imprecise parameter
values for p = 0.0,0.3,0.5,0.8,1.0
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Fig.4. Phase portrait of species when T > T* with same imprecise parameter values for p = 0.0,0.3,0.5,0.8,1.0
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8. Discussion

In this paper, we have studied a delayed two species competition model with the effect of toxic substances.
The equations of the model are obtained from the modified Lotka-Volterra type competition of two species
which are affected by toxicant. These toxic substances may be toxic inhibitory or stimulatory to the other
species, which are studied extensively in our paper. Most of the competition models are generally based on
the assumption that the biological parameters are precisely known. But in real life situation, it is not possible
to know the values of all biological parameters precisely. In this paper, we consider a two species competition
model with delay in the second species using some imprecise parameters. Here we introduce the concept
of interval numbers to the model by considering the biological parameters Ky, Ko, &1, &, ﬁ]z, ,8;1, Y1, V2
which are imprecise in nature. We have used parametric functional form of the interval number to convert
the imprecise competition model to the corresponding parametric competition delay model.

We consider all fictitious set of data through analysis to establish our theoretical findings. We examine the
dynamical behaviour of both the cases, toxic inhibitory and stimulatory model system in absence as well as
presence of time delay for different values of the parameter p € [0,1]. We have discussed the existence and
stability of various equilibrium points of both the systems. We get different equilibrium level of the species
and the critical value of the time delay depending upon values of the parameter p.

Analytically it is obtained that the time delay does not affect the stability on the toxic inhibited system.
But in case of toxic stimulatory system, it is shown that the system becomes unstable at different time
delays for different values of the parameter p and leads to stable limit cycle periodic solutions through
Hopf-bifurcation.

All our important mathematical findings for the dynamical behaviour of the toxicant affected two species
competition model are also numerically verified and graphical representation of a variety of solutions of
system (6) and (7) are depicted by using MATLAB with some imprecise parameter values. These numerical
results are very important to understand the system in both mathematical and ecological points of view.
Finally, we conclude that impreciseness of biological parameters have great impact on the behaviour of the
delay model. For the first time we use the concept of interval number to present imprecise delay competition
model, which makes the situation more realistic as always it is not possible to know the parameter values
precisely. Here we consider all the biological parameters are imprecise, except the delay parameter 7. The
delay model can be made more realistic when incorporated with impreciseness in the delay term, it makes
the model more interesting and is left for future work consideration.

Acknowledgements: We are grateful to the anonymous referee and Prof. Miljana Jovanovic, Editor for
their careful reading, valuable comments and helpful suggestions which have helped us to improve the
presentation of this work significantly. The second author is thankful to the University Grants Commission,
India for providing JRF(RGNF).

References

[1] D. M. Anderson, Toxic algae blooms and red tides : a global perspective, Environmental Science and Toxicology, Elsevier, New
York, USA, (1989) 11-21.

[2] R. C. Bassanezi, L. C. Barros, A. Tonelli, Attractors and asymptotic stability for fuzzy dynamical systems, Fuzzy Sets Syst. 113
(2000) 473-483.

[3] H.Berglund, Stimulation of growth of two marine algae by organic substances excreted by Enteromorpha linza in unialgal and
axeniccultures, Physicol. Plant 22 (1969) 1069-1078.

[4] G. Birkhoff, G. C. Rota, Ordinary Differential Equations, Ginn, Boston, 1982.

[5] C. Celik, The stability and Hopf bifurcation for a predator-prey system with time delay, Chaos, Solitons and Fractals 37(1) (2008)

87-99.

Y. Chen, J. Yu, C. Sun, Stability and Hopf bifurcation analysis in a three-level food chain system with delay, Chaos, Solitons and

Fractals 31(3) (2007) 683—-694.

[7] T.Das, R. N. Mukherjee, K. S. Chaudhuri, Harvesting of a prey-predator fishery in the presence of toxicity, Appl. Math. Model,
33 (2009) 2282-2292.

[6



(8]

[9]
[10]
[11]
[12]
[13]
[14]

[15]
[16]

[17]
[18]

[19]
[20]

[21]
[22]
[23]
[24]
[25]
[26]
[27]
[28]
[29]
[30]
[31]
[32]
[33]
[34]

[35]
[36]

[37]
[38]
[39]
[40]
[41]
[42]

[43]
[44]

A. K. Pal et al. / Filomat 31:16 (2017), 5271-5293 5293

J. T. De Luna, T. G. Hallam, Effect of Toxicants on population : a qualitative approach IV. Resource-consumer-toxicants models,
Ecol. Model. 35 (1987) 249-273.

H. Freedman, V. S. H. Rao, The trade-off between mutual interference and tome lags in predator-prey systems, Bull. Math. Biol.
45 (1983) 991-1004.

H. I. Freedman, J. B. Shukla, Models for the effect of the toxicant in single species and predator-prey system, J. Math. Biol. 30
(1991) 15-30.

M. Ghosh, P. Chandra, P. Sinha, A mathematical model to study the effect of toxic chemicals on a prey-predator type fishery, J.
Biol. Syst. 10 (2002) 97-105.

K. Gopalsamy, Stability and Oscillation in Delay-Differential Equations of Population Dynamics, Kluwer, Dordrecht, 1992.

T. C. Gard, T. G. Hallam, persistence in food webs I: Lotka-Volterra food chains, Bull. Math. Bio. 41 (1979) 877-891.

M. Guo, X. Xu, R. Li, Impulsive functional differential inclusions and fuzzy populations models, Fuzzy Sets Syst. 138 (2003)
601-615.

J. K. Hale, Theory of Functional Differential Equations, Springer-Verlag, New York, 1977.

T. G. Hallam, C. E. Clark, G. S. Jordan, Effects of toxicants on population : a qualitative approach II. First-order kinetics, ]. Math.
Biol. 18 (1983) 25-37.

T. G. Hallam, C. E. Clark, R. R. Lassiter, Effects of toxicants on population :a qualitative approach I. Equilibrium environmental
exposure, Ecol. Model 18 (1983) 291-304.

T. G. Hallam, J. T. De Luna, Effects of toxicants on population :a qualitative approach III. Environmental and food chain pathways,
J. Theor. Biol. 109 (1984) 411-429.

B. Hassard, D. Kazarinof, Y. Wan, Theory and application of Hopf bifurcation, Cambridge University Press, Cambridge 1981.

J. He, K. Wang, The survival analysis for a single-species population model in a polluted environment, Appl. Math. Model 31
(2007) 2227-2238.

A.L.Jensen, J. S. Marshall, Application of a surplus production model to assess environmental impacts on exploited populations
of Daphina pluex in the laboratory, Environ. Pollut. Series A 28 (1982) 273-280.

Y. Kuang, Delay Differential Equations with Applications in Population Dynamics, Academic Press, New York, 1993.

W. M. Liu, Criteria of Hopf bifurcations without using eigen values, J. Math. Anal. Appl. 182(1) (1994) 250-256.

A. Maiti, A. K. Pal, G. P. Samanta, Effect of time-delay on a food chain model, Appl. Math. Comp. 200 (2008) 189-203.
A.Maiti, A. K. Pal, G. P. Samanta, Usefulness of biocontrol of pests in tea : a mathematical model, Math. Model. Nat. Phenon.
3(4) (2008) 96-113.

M. MacDonald, Biological delay system: linear stability theory, Cambridge University Press, Cambridge, 1989.

J. Maynard-Smith, Models in Ecology, Cambridge University Press, Cambridge, 1975.

S. A. Nelson, The problem of oil pollution in the sea: F. S. Russell, M. Yonge (Eds.), Adv. in Marine Biol., Academic Press, London,
(1970) 215-306.

D. Pal, G. S. Mahapatra, G. P. Samanta, A proportional harvesting dynamical model with fuzzy intrinsic growth rate and
harvesting quantity, Pac. Asian J. Math. 6(2012) 199-213.

D. Pal, G. S. Mahapatra, G. P. Samanta, Optimal harvesting of prey-predator system with interval biological parameters: A
bioeconomic model, Math. Biosc. 241 (2013) 181-187.

D. Pal, G. S. Mahapatra, G. P. Samanta, Bifurcation analysis of predator-prey model with time delay and harvesting efforts using
interval parameter, Int. ]. Dynam. Control 2014.

D.Pal, G. S. Mahapatra, G. P. Samanta, Stability and bionomic analysis of fuzzy parameter based preypredator harvesting model
using UFM, Nonlinear Dynamics 79 (2015) 1939-1955.

Sweta Pathak, A. Maiti, G. P. Samanta, Rich dynamics of a food chain model with HassellVarley type functional responses, App.
Maths. and Comp. 208(2) (2009) 303-317.

B. Patra, A. Maiti, G. P. Samanta, Effect of Time-Delay on a Ratio-Dependent Food Chain Model, Nonlinear Ana.: Modelling and
Control 14 (2009) 199-216.

M. Peixoto, L. C. Barros, R. C. Bassanezi, Predtor-prey fuzzy model, Ecol. Model. 214 (2008) 39-44.

R. Pratt, Influence of the size of the inoculum on the growth of Chlorella vulgaris in freshly prepared culture medium, Am. J.
Bot. 27 (1940) 52-56.

R. Pratt, J. Fong, Studies on Chlorella vulgaris, II. Further evidence that chlorella cells form a growth-inhibiting substance, Am.
J. Bot. 27 (1940) 431-436.

E. L. Rice, Allelopathy, second ed., Academic Press, New York 1984.

T. R. Rice, Biotic influences affecting population growth of planktonic algae, US Fish Wildl. Serv., Fish Bull. 54 (1954) 227-245.
G. P. Samanta, A two-species competitive system under the influence of toxic substances, Appl. Math. Comp. 216 (2010) 291-299.
Swarnali Sharma, G. P. Samanta, Optimal harvesting of a two species competition model with imprecise biological parameters,
Nonlinear Dynamics 77 (2014) 1101-1119

Y. Song, M. Han, Y. Peng, Stability and Hopf bifurcations in a competitive Lotka-Volterra system with two delays, Chaos, Solitons
and Fractals 22(5) (2004) 1139-1148.

W. Wang, Z. Ma, Permanance of population in a polluted enverironment, Math. Biosci. 122 (1994) 235-248.

R. Xua, Q. Gan, Z. Ma, Stability and bifurcation analysis on a ratio-dependent predator-prey model with time delay, ]. Comp.
Appl. Maths. 230 (2009) 187-203.



