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Harvesting model for fishery resource with reserve
area of bird predator and modified effort function
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Abstract

The purpose of this paper is to study the dynamics of fisheries resources with reserve area, in the presence of
bird predators. Aquatic area under investigation is divided into two areas : one for the free fishing and other
limited for any type of fishing. In the project harvesting system according to the modified E effort is considered,
which depends on the effect of resource density. The local and stability criteria, the overall stability and instability
are established for the project model. Finally, the theoretical results are illustrated by numerical simulations in

the last section.
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1. Introduction

Renewable resources are considered an important food source
for the growth and survival of biological population. But the
continued operation and unplanned these resources can lead
to the extinction of resources and thus affecting the survival
of species dependent on resources. For this, there has been a
significant interest in modeling of renewable resources such
as fisheries and forestry. Dynamic models for commercial
fishing have been widely studied in the light of economic and
ecological factors [6, 7]. In recent decades there has been
considerable interest for modeling the dynamics of fisheries

resources systems [2, 4, 5, 10, 15]. Chaudhuri [3] proposed
a model for two species of fish competitors, each of which
develops logistically. It examined the stability analysis and
discussed the bionomic balance and optimal harvesting policy.
It has also been shown [3] that there is no limit cycle in the
positive quadrant. Fan and Wang [11] generalized the classical
model of Clark [6, 7] by considering the time-dependent the
Logistic equation with periodic coefficients and they showed
that their model has a unique positive periodic solution, which
is globally asymptotically stable for positive solutions. Dubey
et al. [8] proposed a model where the fish population depends
in part of a resource and is harvested. They examined the
stability analysis. Dubey et al. [9] discussed a model of a
fishery resource system in an aquatic environment has been
divided into two areas : the free fishing area and the reserved
area. They discussed the biological and bionomic balance
and the optimal harvesting policy. Dubey et al. [10] also
proposed and analyzed a shore-to-sea fishing model where
the fish population is harvested in both zones. Then they stud-
ied the stability analysis and optimal harvest policy taking
taxation as a control instrument. Louartassi et al. [16] has
studied the coastal sea-fishing model where the fish popula-
tion is harvested in two areas of Dubey et al. [10] where he
propose a comprehensive state regulation by output feedback
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based on a Lyapunov function. Sharma et al. [19] proposed
a study the dynamics of fishery resource with reserve area
in the presence of bird predator. The aquatic region under
investigation is divided into two zones : one free for fishing
and another restricted for any kind of fishery. The criteria of
biological and bionomic equilibrium of system are established.
The points of local stability, global stability, and instability
are obtained for the proposed model. An optimal harvesting
policy is established using Pontryagin’s maximum principle.
The purpose of this paper is to study a mathematical model
of fishery resource with reserve area in the presence of bird
predator. In the proposed harvest model, a modified effort
function E is considered that depends on the effect of the den-
sity of the biomass resource. Local stability criteria, global
stability and instability are established for the proposed sys-
tem. The obtained theoretical results are illustrated using
numerical simulations in the last section.

2. The Model

By Sharma et al. [19], it is considered a fishery resource
system consists of two zones : a free fishing and a reserve
area where fishing is prohibited. Each zone is assumed to
be homogeneous. There are also a bird predators feed on
both, that is, fish reserved and restricted areas. It is assumed
that the predator population is harvested in the area without
reservation. We assume that the prey species migrate between
the two areas in a random way. Growth prey in each zone
in the absence of predator is assumed to be logistics. Taking
these in order, the model becomes

dx (1 x) o1 x+ O E

— = mx|l—=)—owx —mxz — X,

a7 X 1 2y 1X2—q1Eq

d

d% = S)’(l - %) +01x — Oy —mpyz, 2.1
dz

o —dz+kimixz+ komayz — g2 Erz.

Here x(¢) and y(z) are the respective biomass densities of
the prey species inside the unreserved and reserved areas, re-
spectively, at a time ¢, z(¢) is the biomass density of predator
at time f; respectively; r and s are intrinsic growth rates of
prey species inside the unreserved and reserved zones, respec-
tively; K and L are the carrying capacities of prey species in
the unreserved and reserved zones, respectively; ¢; and 6,
are migration rates from the unreserved area to reserved area
and the reserved area to the unreserved area, respectively; d is
death rate of predator; m; and my are the capturing rates and
ky and k; are the conversion rates of prey in unreserved and
reserved zones, respectively; g1 and g5 are the catchability co-
efficient of prey and predator in unreserved zone, respectively;
E| and E; are the efforts applied to harvest the fish population
and predator in unreserved zone, respectively.

In this case the fishing effort E is simply taken as a function
ofti.e. E = E(t), which do not address the inverse effect of
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fish abundance on fishing effort. That is, it do not address
the fact that higher the density of fishes, lesser the amount
of effort needed to catch unit harvest. In order to overcome
this deficiency, Idels et al. [14] proposed a modified effort
function which is a function of # as well as x (respectively z)
and is given by

L
xdt’

1a:
zdt’
2.2)

E(t,x) = ou(t)—Bi(t) Ex(t,z) = oa(t) — Pa(t)

where o; > 0, 8; > 0 for i = 1,2 are continuous functions of 7.
Incorporating (2.2), we get the following modified version of
the model (2.1) as :

dx r ( x) o1X n ooy
ar (1-2) =
dt 1—q1B1 K/ 1—qifi 1—-qB
_ mxz 410X
l—qipi 1—qipi’
d
d% = 5y (1 — %) + o1x — Oy —moyz,
% B —dz kimxz kompyz oz
dt l—@B 1—@f 1—@p 1—qp
2.3)

All the parameters are assumed to be positive. Here we ob-
serve that if there is no migration of fish population from
the reserved area to the unreserved area (i.e., 6, =0 ) and
r—o1—q10q <0, then X < 0. Similarly, if there is no migra-
tion of fish population from the unreserved area to reserved
area (i.e., 0 =0 ) and s — 0, < 0, then y < 0. Hence, through-
out our analysis, we assume that

r—o1—qi10; >0,s—0,>0,1—¢gf; >0and 1 —g28, > 0.
2.4)

To simplify the study of the proposed model in (2.3), we
assume that catch rates are the same two reserves, which areas,
m = mp = m and conversion rates of prey in unreserved and
reserved zones are the same, that is, k| = kp = k. Thus, under
these assumptions, the system (2.3) becomes

dx r (1 x) o1X n oy

= - 7 (1=2)=

dt 1—q1B K/ 1-qfi  1—qip
mxz q100x

1—qiBi 1—qip’

d

d%) = sy(l —%)—I—O'lx—ogy—myz,

dz —dz a(xz+yz) a0z
dt l—@f 1-@B  1-@p

(2.5)

where a = km.
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First, the following Lemma says it is a region of attraction for
the model system (2.5).

Lemma 2.1. All the solutions of the system (2.5) which initi-
ate in Ri are uniformly bounded.

Proof. We define a function w(t)
0 be a constant.

Then, the time derivative of w along the solution of system
(2.5)1is

=x(t)+y(t)+z(t) and n >

dw f@+dy+d Fnxny+
dt nw= dt dt nx—+ny—+ng,
= x5 (r q1a1 a1Bioi+1))°

— S(-LGto+n)’

exists and is a solution of

K
rx* (1 — );() — o X+ oy —mx* 7 —qrax* = 0,
*
sy* (1 - yL> +oixt — oy —my'zt = 0,
—d7*+a (7" +y'7") — gzt = 0.
3.2)

4. Stability Analysis

We now investigate the dynamical behaviour of system (2.5)
at equilibrium points. The general variational matrix corre-
sponding to the system (2.5) is given by

a Z(x(lfilniﬁi 1q2ﬁ2)+y( S
+ m( —qiou —q1f1o1+1)" +

r—qioaq —qipior+n) +

K
< g ¢
et u.

(2.6)

By the thoery of differentiel inequality [1, 18], we have

0 < w(x(),y(1),2(1)) < g
2.7

and forr — 0,0 < w < u/ n. This proves the lemma. O

3. Existence of Equilibria

The dynamical behavior of a system is studied at equilibrium
points and equilibrium points of model (2.5) are obtained by
solving X =y = z=0. This gives three poss1ble steady states,
namely, P (0,0,0) , P (%,7,0) and P* (x*,y*,7%).

At Py(0,0,0) the population is extinct and this equilibrium
point always exists.

Now, consider the equilibrium point Pj (%,7,0), where the
predator is not present. Here X and y are the positive solutions
of

|
o

rx (1 — ;) — 01X+ 02y —q101X
3.1
- y - —_—
sy (1— L> +okx—ony = 0.
This system (3.1) is already solved by Dubey et. al. [10] and

local and global stability results for the system at P (,,0)
are discussed there.

Now assume here that the interior equilibrium point P* (x
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a d
1*112132) + (1*4232 +21
4%(54-62—!—77) ,

%(S-i-(&-i-n)z

(1—e7™) +w(x(0),(0),2(0))e™™,

Y5, 7)

P (o) —mx
ab n)) i l-q1f1  1-q1p
V(x,y,2) = o Vi —my “.1
az az
l-pB  1-@p V3
_ r=2rx—oj—q _ 2s
where V) —( )ITIMH —mz, V) =s—F — 0y —mz and
_ —d+alx+ty)—qon
Vs = 1-q2p»

Firstly, the equilibrium point P; (%, ¥,0) has the characteristic
equation is A2 +ajA +ap =0,

where

_ r = O x
a = xigp it Ty

_ r - o % .
a = (K(l—qiﬁn"ﬂl—qiﬁi)?) (Ly“’l ) 010

42)
Therefore
_ = (o) x

M+dy = (K(lfq.mx TaB) §)<0
o = (armrt mlmt) < (+oif) —aim >o.

4.3)

Therefore, all eigenvalues are negative and hence P is locally
asymptotically stable.

On the other hand, Let us now suppose that system (2.5) has
a unique positive equilibrium P* (x*,y*,z*). The variational
matrix of (2.5) at P* is

1 [e)] —m
— Lx* — o X
1-q1B ( K 2y ) 1—q1 B 1—q1 B
V(x,y,2) = o1 —3y =01 —my
az* az* 0
1-q25, 1-q25,
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“4.4)

The characteristic equation of variational matrix of system
(2.5) at P* is given by A3 +b A% +byA + b3 = 0, where

_ r * [ep) Yo s x*
b = wxrap¥ TaapyF T o
— __ 101\ x2 x*y* am %k * %
br = mrapy Y R T ek W)
g
+ SGZLX*(lfqlﬁl)’
amsx*y*z* amrx*y*z* amoy X2z
by = Ligpy T HgB-ap) T T-ab)
amaoy Xk amoy %k
T TaRY T Tapni-ap)Y ¢
+ amo, Y2k

(I=q1B)(1—q2B2) " ** *
4.5)

According to Routh-Hurwitz criteria, the necessary and suffi-
cient conditions for local stability of equilibrium point P* are
by >0,b3 >0, and b1by — b3 > 0.

It is evident that b; > 0 and b3 > 0. Thus the stability of P*
is determined by the sign of b1b, — b3. By direct calculation,
we obtain

biby—by =

r * o) Y sk x*
R—qiB)™ T =qipn) ' T LY +"1y*2>

o ) rsx*y* 50y ¥
R(—giB)™ T KL(1—giB1) T LT—q1B1) x*)
KT-ap0-ap)” ¢

s *2 ok
+omp YT Ham >0,

_|_

(4.6)

and hence P* (x*,y*,z*) is locally asymptotically stable.

Now we will discuss the global stability of the endemic equi-
librium point P* (x*,y*,z*) of the system (2.5).

Theorem 4.1. The equilibrium point P* (x*,y*,7*) of system

(2.5) is globally asymptotically stable if
(1 — W) y—y")(z—z") <O.

Proof. Let us consider the following Lyapunov function:

V(xyz) = (x—x"—x"In(X))+1 (y—y*—y*ln(y%))

+ h(z—z"—7z"In(%)),
4.7

where /1 and [, are positive constants to be chosen later on.
Differentiating V (x,y,z) with respect to time ¢, we get

av x—x*\ dx y—y*\ dy z—z7"\ dz
== = AP =,
dt ( X )dt+ll< y )dt+2 : )i

(4.8)
ChOOSil‘lg L= (y*/x*) . (62/ (1 —q1ﬁ1)0'1)
and [, = (m(1—q282))/ (a(1—q1B1)), alittle algebraic ma-
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nipulation yields

dl
dt

r *\2 s * *\2
— &y X)) — Temase 0 =)

n m(l—xi*(lf;‘f%l)cl)(y—y*)(z—z*)<0.
“4.9)

Clearly dV/ dt < 0 if and only if

Yoo o
l—x*(lqlﬁl)ol)(y—y)(z 7*) <0.

Therefore, P* (x*,y*,z*) is globally asymptotically stable. []

5. Numerical Simulation

To study dynamics of the system (2.5) with the numerical
simulation, for this, we choose the values of the following
parameters (see [19]) :

r=21, s=17, K=L=100,
(7120.7, 6220.1, q120.02, q2=0.01,

a=0.003, m=0.02, d=0.02,

a =10, o =15, ﬁ]ZI7 BQZI.

5.1)

In appropriate units with initial conditions (30,30,30). For
the values of the parameters listed below in (5.1), the condi-
tions (2.4) are satisfied. Also, according to the Theorem 4.1
the balance point P* (x*,y*,z*) is both locally and globally
asymptotically stable within the quadrant.

For the set of values of parameters given in (5.1), the behavior
of x, y and z with respect to time ¢ is plotted in Figure 1.

In Figure 1, firstly the biomass density of prey species in the
region increases without reservation with respect to time and
little decreases slightly and moved to its equilibrium level.
Secondly, it is clear that the biomass density of the prey popu-
lation in the reserved area increases abruptly near its carrying
capacity, then moved to its equilibrium level near the carrying
capacity of this zone. Finally, the same figure shows that the
density of the biomass of predators increases with time in an
almost linear way and tries to adjust to their equilibrium level.

We note that the o; and f; for i = 1,2 are important pa-
rameters that govern the dynamics of the system. Therefore,
we plotted the behavior of x, y and z with time ¢ for different
values of o; and f3; in Figures 2—4.

6. Conclusion

In this paper, we have is a mathematical model of exploitation
of fisheries resources with the reserve area, in the presence
of bird predators and the function of the modified strain has
been proposed. It was assumed that the aquatic ecosystem
consists of two zones : a free fishing area and other restricted
areas where fishing is prohibited. It was assumed that fish
populations are logistic growth in both areas. Using the theory

0gl0
S0,
S5027:

(N
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Figure 1. Plot x, y and z versus time ¢

Figure 2. Plot of x verses time # to &1 = 10, o = 20, (red),
oy = 40, (blue), o = 60, (green), 1 = o =1
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Figure 3. Plot of y verses time  to &} = 10, o = 20, (red),
o = 40, (blue), o, = 60, (green), f; =P =1

Figure 4. Plot of z verses time ¢ to ¢¢; = 10, o = 20, (red),
o = 40, (blue), ap = 60, (green), B; =B =1
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of stability of ordinary differential equation, it has been proven
that there is inner balance under certain conditions and it is
globally asymptotically stable.
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