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with Time Delay
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Abstract-In this paper, the combined harvesting policies of fishes have for been investigated as a prey- predator model with
Beddington-DeAngelis ([1], [2]) response function considering time delay in both prey and predator in different situations. We
have also discussed the behaviour of the system by con- trolling the harvesting effort. Finally, the model has been illustrated with
some numerical examples and stability of the system under different conditions is depicted.
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L. INTRODUCTION
Predation, a complex natural phenomenon, exists almost everywhere in the nature. But the pioneer work on this phenomenon was
first done by Lotka[3] and Volterra[4].After that, a number of research works for the existence of the system has been reported in
the literature. Also, there are various papers studying the effect of harvesting of competition species, specially the effect of constant
rate harvesting on the prey-predator systems [cf. Brauer and Soudack [5,6], Dai and Tang [7], Myers cough et al. [8]and Xiao and
Ruan[9] and Clark [10] etc].They investigated stability, Hopf bifurcation, limit cycles of the systems. After that, researchers have
introduced the delay in biological systems mainly on prey-predator system with or without harvesting. Work on general delay at the
beginning were studied by Cushing([11], [12]), Gopalsamy[13],Kuang([14], [15])and MacDonald[14]etc. Beretta and
Kuang[17],May[18]and Gail et.al[19] have developed some models with time-delay on prey-predator system. Also in recent time,
Martin and Ruan[20]and Kar[21] have constructed some models on combined effects of constant rate harvesting and time-delay on
the dynamics of predator-prey systems. Population dynamics of prey- predator system is normally effected by harvesting. This effort
depends on the accepted strategic which may vary from rapid depletion to complete preservation of a population. Mathematical bio
economics and also optimal management of renewable resources encompasses the study of the population dynamic of prey-predator
system with harvesting. The exploitation of biological resources and harvesting of population species are common phenomena in
forestry, fisheries and wildlife management. The study of the population of multispecies system are very difficult both theoretically
and practically. Brauer and Soudact ([5], [6]) and Dai and Tang[5] developed their models with constant rate of harvesting in both
prey and predator systems. They also established asymptotic stability theoretically and global stability by simulation. Mesterton-
Gibbons ([22]- [24]) developed a different technique to find out the solution of combined harvesting of competing fish species and
this technique has a wide application in ecological modelling, Fan and Wang [25] developed a model with exploitation of single fish
population with periodic coefficients. Pielou[26]developed a logistic fishery model with impulsive selective harvesting and time
delay. Recently Kar[21]and Kar and Matsuda[27]have developed a general type prey-predator model with selective harvesting and
time delay in harvesting.
It may be noted that Kar[21] and Kar and Matsuda[27] considered the models with time delay either in prey and predator separately.
They did not consider the time delay in both prey and predator simultaneously. Moreover, with Holling type-Il response function,
the models with time delay become easier to tackle mathematically. Till now, none has considered the time delayed prey-predator
model with other types of interaction functions and time delays in both spices.
In this paper, a prey-predator model has been studied with Beddington-DeAngelis functional response form, harvesting and time-
delay on prey and predator considered separately and on both species simultaneously. Here, the effect of time-delay is considered.
The models are illustrated with some numerical examples. The stability aspect of the model with time delays on both species,
harvesting is depicted. As a particular case, the models of Kar[21]andKar and Matsuda[27] are derived from the present models.

1. MODEL FORMULATION AND SOLUTIONS
A. Model-1
Let x(t) and y(t) denote the prey and predators’ population densities at any time t respectively. Then considering harvesting and
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logistic growth of prey, a general ecological model with Beddington-DeAngelis ([1], [2]) response function i.e. Model-1 can be
written as

dx _ Xy~ _
E = (1 k) 1+ax+by qu 1
L= P _pgy—dy @

dt 1+ax+by

where prey population grows logistically with k as the carrying capacity, and r is the growth rate of the prey population, a, 8, a, b

are positive constants, E is harvesting effort, g is the catch per unit effort and d is predators’ death rate.ist»!

el

B. Model-2
Now, considering the time delay on the harvesting of predator population only, we get the Model-2 as

dx _ Xy
T (1 k) 1+ax+by qu (2)

D= pay(t 1) - dy

dac 1+ax+by

C. Model-3
Again, considering time delay on the harvesting of prey population only, we get Model-3 as

ax _ Xy _ vy _
E =T (1 k) 1+ax+by qu(t T) 3
L= P _pgy—dy ©

dac 1+ax+by

D. Model-4
Finally considering time delay on both prey and predator, we get another Model-4 as

da x(t—-1)y(t-1
pris e e
The delay T (= 0) is a constant representing the assumption that the harvesting begins to occur after a certain age or size. When 1 =0,
this becomes a system of ordinary differential equations (Model-1). % %

Model-2, we now invgstigate the dynamics of the system (2). Let (x* ,y* )be the only interior equilibrium point of the Model-
2and let X = x —x* Y = y —y* be the perturbed values. After removing the nonlinear terms, we obtain the linear variational
system, by using equilibria conditions as

ax _ _ ay* aax*y* _ bax*y* _ ax*

ar (T 1+ax*+by* + (1+ax*+by*)? Eq) X+ ((1+¢1x"+by")2 1+ax*+by*) Y (5)

ar _ By* _ aBx*y* Bx* _ bBx*y* _ _ _

ac (1+ax*+by* (1+ax*+by*)2) X+ (1+ax*+by* (1+ax*+by*)? d) Y qu(t T)

From the linearized system, we obtain the characteristic equation

A1) =22+ L +m+ (A + f)e ™ = 0(6)

where

- [( ay* N aax*y* g ) +( Lx* bBx*y* d)]
h "Tlvax by* (1 +ax*+by*)? d 1+ax*+by* (1+ax*+by*)? '
_ ( ay* N aax*y* )( Lx* bBx*y* d)

e T T ae + by* (1 +ax*+ by*)? Y\1T+ax + by* (1 +ax*+ by*)?

( bax*y* ax* )( By* apx*y* )
(A+ax*+by*)? l+ax*+by/\1+ax*+by* (1+ax*+by*)?/)
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n = Eq,
ay* aax*y*
f__(r_1+ax*+by*+(1+ax*+by*)2_
For 1 = 0, the characteristic equation (6) reduces to
2+(U+mA+(m+f)=0(7)
As sum of the roots = —(I + n) and product of the roots = (m + f), we conclude that both the roots of (7) are real and negative
or complex conjugate with negative real parts if and only if
[+n>0and m+ f >0(8)
Hence in the absence of time delay, the system is locally asymptotically stable if and only if [+n > 0 and m+ f > 0 hold
simultaneously.
Now for T # 0, if A = iw is a root of the equation (6), then we have
—w? + fe7 T + il + m+ inwe T =0 (9)
Separating real and imaginary parts we get
m—w?+ fcoswt + mwsinwt =0
lw = fsinwt +nwcoswt =0 }(10)
From (10), we obtain the fourth-order equation for ® as
w*+ (1> —n? - 2m)w? +m? — f2=0(11)
From (11) it follows that if
I2—-n?—-2m>0and m? — f? > 0(12)
Then equation (12) does not have any real solution. To find the necessary and sufficient conditions for nonexistence of delay
induced instability, we now use the following theorem.
1) Theorem-1: A set of necessary and sufficient conditions for (x*, y*) to be asymptotically stable for all T > 0 is the following.

Eq)Eq.

a) The real parts of all the roots of A (1,0) = 0 are negative.
b) For all real mand t = 0,A(im,7) # 0, where i = v/—L.

Proof of the theorem is obvious from earlier equations (6) and (7).
2) Theorem-2. If conditions (8) and (12) are satisfied, then (x*, y*) is locally asymptotically stable for all T > 0.

3) Proof: Proof is obvious from conditions (8), (12) and Theorem-1.sFrom (11), it is observed that there is a unique positive
solution w3if

m? — f2 <0(13)
Substituting w?into (9) and solving for T,we get

a)o(lf—mn+na)(2))
nlwi+(m-wd)f

/
) + Tl = 0,41, 42, - (14)

wo

1
Ton = o arc tan (—

Again, ifm? — f2>0,12-n?-2m>0and
(1?2 = n? — 2m)? > 4(m? — f?)(15)
hold, then there will be two positive solutions wZ. Substituting wZinto (9) and solving for T, we get

M)+ﬂ k=0,1,2(16)

W+

1
T, = — arctan (—

W nlwi+(m—a}i)f

Differentiating equation (6) with respect to 7, we have
[24+ 1+ ne™* — t(nd + f)e ] j—l = e~ (nd + f)(17)

Therefore,
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any~t _ 2A+1 n T
(E) = Grrmem dearn 2 (18)
. it — _ (APHl4m
by using e™* = (—n“f )
Thus,
d(el) _ . o (a7t _ . 2(w-m)+12  n?
n{ da }/1=ia) = Sygn {9/26 (d‘r) } . = Sygn |i(—ao2+m)2+lzao2 (f2+n2a)2)] (19)
A=iw

Theorem-3. If (7) and (12) hold, then the equilibrium (x*, y*) is asymptotically stable for T < t,and unstable for t > z,.Further,
as t increases through 7, (x*, ¥*) bifurcates into small amplitude periodic solutions, where t, = 7y,asn = 0.

Proof. For T = 0, (x*, ¥*) is asymptotically stable if condition (7) holds. Hence, by Butler’s lemma (x*, y*)remains stable for
T < 1,. Now, it is to be shown that

[etzen

at  li=150=wy

> 0 (20)

This signifies that there exists at least one eigen value with positive real part for T > 7,. Moreover, the conditions of Hoff
bifurcation are then satisfied yielding the required periodic solution.

From (17), it follows that

d(®el) . J2-n2-2m)2-4(m2-£2)
n{ da }/1=ia)0 = Ssign {(~w2+m)2+12w2}(f24+n2w?2) ( )
Therefore,
[d(Rel) - 0(22)

at  li=150=wy

Therefore, the transversability condition is satisfied and hence, Hopf bifurcation occurs at w = w,, T = 7,. This completes the
proof.

4) Theorem-4. Letr; be defined in (15).If (7)and (14) hold, then there exists a positive integer m such that there are m switches
from stability to instability and then to stability.In other words, when 7 € [0,7¢), (75, tiH), -+, (T, 1, T )equilibrium(x*, y*)is
stable, and whent € [t¢,t5), (7, t7), -, (T _1, Tme 1), (x*, y¥)is unstable.

Therefore, there are bifurcations at (x*, y*) whent =1, .k = 0,1,2,- - .

5) Proof. If conditions (7) and (14) hold, then the theorem will be proved if the following transversability conditions are satisfied.

[d(Rexl) d(Rel)

It +>O and[ dr] _<O
=T}

=T}

From (17), it follows that

. (d(en) | J(@ —n?2=2m)? — 4(m? - f?)
R 7 S @ ey s e
Therefore,

d
[ (Rel) -0

dt

a):a)+,r=r,t

Again,
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. (d(xen) | J(@ —n?2=2m)? — 4(m? — f?)
ST S, T S | m Bt} wRa2)
Therefore,

d
[ (Rel) <0

dt

W=W_T=T)

Hence, the transversability conditions hold. This completes the proof.

6) Model-3: Also in Model-3, we now investigate the dynamics of the Model-3. Let (x*,y*)be the only interior equilibrium point
of the Model-3andlet = — *, = — “bethe perturbed values. After removing the nonlinear terms, we obtain the
linear variational system, by using equilibria conditions as

- ( T or o tar e *)2) + ((1+ 2 1+ *) B (=) (23)

a = (1+ T 1 '+ *)2) + (1+ ot s+ M2 )

From the linearized system, we obtain the characteristic equation for Model-3, as

AC, )= 2+ ¢ + +( 1 + ) = =0@4)

where,

1=—[< 1+ T+ T+ T+ *)2>+<1+ 0 QA+ + )2 B )]
1= - + s+ " " — — " " —
1+ + 1+ + )2 /\1+ + 1+ + )?

The dynamics of Model-3 can also derived similar to Model-2.

*

Model-4: Let ( *, ) be the only interior equilibrium of the Model-4 andlet = — ~*, = — “be the perturbed values.
After removing the nonlinear terms, we obtain the linear variational system, by using equilibria conditions as

* K * K *

( Ty *J: *+(1+ *+ *)2) +((1+ T2 1+ 4 *) - ( - )

* K * * K

_=(1+ *; NCT *)2) ¢ - )+(1+ O a+ *)2) ( - )- -

From the linearized system, we obtain the characteristic equation

(25)
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A, D)= 2+ 00+ 0+ (00 + D)0 + 0o~ = 0(26)

where,
oo* ooo*o”
U=—( - - - - *Z—UU—U)
1+00%+00 Q+00%+00%)
oo* ooo*o”
U=( - - - - *z—uu)(uu+u)
1+00%+00 Q+00%+00%)
oo* ooo*o”
=) - 1]
1+al*+00 Q+00%+00%) (27)
( ooo*o” oo* )( oo* ooo*o” )
0=— QA4+00%+00%2  1+00*+00%) \1+00*+ 00 Q+00*+00%)2
oo* ooo*o” oo* ooo*o”
~(1-—— — ) (——— ) - =2
1+00%+00 Q+00%+00%) 1+00%+00 Q+00%+00%)
oo* ooo*o”
= ()0
1+00%+00 Q+00%+00%)

Now for [J # 0, if [J = [10J is a root of the equation (26), then we have
—PP+ 000+ 0+ 000+ )0+ 0Tt = 0(28)
Separating the real and imaginary parts we get

Tcos 10+ (Isin[J+ [cos2011 =112 — " (29)
(cos I —IsinJ—0sin2001 = =[]

It is quite difficult to find out the condition for stability and bifurcation from Model-4 so we illustrate the model-4 by numerical
simulation.

1. NUMERICAL EXPERIMENTSits!
A. Simulation
For numerical simulation of Model-4, we consider the parametric values as [1 = 0.45,0] = 100,[1 =0.35,] = 0.05, ] =
0.3,00 = 0.07,001 = 0.001, ] = 10 000 = 0.6.With this data, we simulate the Model-4(equation (4)) and the population of a
species are depicted against the time, t for different values of t, time delay. It is observed that up to T = 17.65 the system is stable
and for T > 17.65, it oscillates. Here, with © = 17and18, phase-space trajectory of the system has been presented in Fig-1 and -2
respectively.
It is observed that Fig-1 portrays the stability of the system whereas Fig-2 gives the divergent figures for both prey predator with the
increase of time.

80

T
80

[L!WWJ.’VV‘I:WJu

Prey and Predator population

a L L I L L
0 1000 2000 3000 4000 5000 8000 7000 8000
time (t)

Fig.-1: Phase-space trajectory for 7 =17
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Fig.-2: Phase-space trajectory for 7 =18

B. Particular Case

With(l = 18,1 = 100,00 = 0.1,[1 = 0.19,00 = 0.114,00 = 05,00 = 0,000 = 0.5 and without considering the harvesting
for prey in Model-2, we can get the first example of Kar[16]. Also takingll = 2,1 = 100, = 0.05,0J = 0.05,01 =
0.035,01 = 05,00 = 0,01 = 0.224and not considering the harvesting for predator in Model-3, we get the second example of
Kar[16].

V. CONCLUSION
In this model, we considered four prey-predator models with harvesting and using Beddington- DeAngelis response function. In
each model, we considered combined harvesting of both populations. In model-2, selective harvesting of predator has been
considered using time delay and in Model-3, time delay is considered on prey harvesting function and on response function.
From ecological point of view, to make a system stable for long duration, time delay in the harvesting is very useful. Though many
researchers have worked with harvesting but till now, none considered combined harvesting with time delay. Also, none considered
Beddington-DeAngelis response function for this type of models
For numerical illustration, we have studied four models with some chosen data. Also, some figures are depicted with different
values of 1. In particular, some previous results have been derived.
This paper has been developed in a general form with a particular type of response function. In future, this can be extended with
other types of interaction functions such as Holling type-I11, Holling type-1V, etc.
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