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gbstract: This paper deals with the dynamics of prey and predator populations
in the permitted and prohibited areas of harvesting with a Crowl@BMartin response
function. The predator can migrate easily into both areas. The prey and predator
populations in the permitted area are harvested with constant efforts. The existence
and stability of the interior equilibrium point are studied. ThéRtable interior equilib-
rium point is connected with maximum profit. The stability of the interior equilibrium
point is analvsed locally using the linearization method and eigenvalues. Due to the
complexity, the simulation is carried out using the relevant parameter values to de-
termine the existence of a stable interior equilibrium point and profit function. From
simulation, there exists an ordered pair of harvesting efforts that gives a stable in-
terior equilibrinm point and also maximizes the profit function. Harvesting in prey
and predator populations in the permitted area can prevent the populations from
extinction and also provide maximum sustainable profit. The trajectories of prey and
predator populations are plotted to visualize the dynamical behaviour for a given
span of time. The surface of profit function is also plotted to view the maxinmun
profit.
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1 Introduction

Mathematical modelling has been applied in various fields of studies including biology,
ecology, epidemiology, economics, and many other fields, see . . 3], . The model
aims to explain the real phenomena from the mathematical aspect |5| and is also used
to make prediction for the future, see . A dynamical population is one of the research
objects in the modelling. The growth rates of populations and their interaction are still
a concern of researchers, including the dynamics of prey-predator populations living at
the same area. The dynamics of populations were not only affected by their growth rate
and interaction but also by some other factors like the death rate, competition, preda-
tion response, harvesting, and migration, see . The dynamical population analysis not
only studies and predicts sustainability but also considers social and economic aspects,
see ‘

In the prey-predator model, one thing that is very important is the form of inter-
action between the prey and the predator, known as the predation function. Some
of the predation functions often used in prey-predator models are of the Holling type,
Holling-Tanner type, Mechaelis-Menten type, and Leslie-Gower type, see E]_. El The
Beddington-DeAngelis type as another type of functional response is used as a control
to stabilize the interaction of the prey and the predator, see . The use of these types
of functional response is dependent on the characteristic of the prey and the predator.
The Crowley-Martin response function is influenced by the predator density, catch rate,
handling time, and the magnitude of disturbance among predators, see . The prey-
predator model with the Crowley-Martin response function has been applied for many
purposes, see ‘

The Crowley-Martin response function was also applied to predict the dynamics of a
phytoplankton-zooplankton system . There are prey-predator models which consider
two identical areas and populations can migrate to these areas. Some of the population
models are useful, for example, a fish population model in fisheries management, when
the populations are harvested in various ways and policies. There is a policy in the fish-
eries management where the population in an area is prohibited from being harvested
while in the other area it is permitted. Several policies in harvesting include selective
harvesting, harvesting with constant quotas, harvesting with constant effort. Harvesting
activities in population dynamics have economic consequences. The populations are not
only managed to be sustainable but also strived to provide the maximum benefit. In
some prey-predator models, only the prey populations are harvested or only the preda-
tor populations are harvested, see ml There are also other researchers who considered
both prey and predator populations to he harvested, see [15].

In this paper, we consider a prey-predator model with the Crowley-Martin response
function in an ecosystem which is divided into two areas, namely, an area where fishing is
permitted and other area where fishing is prohibited. The prey population can migrate
into both areas. The modeled populations are the population of butini fish ( Glossogo bius
matanensis) as the prey and the population of nila fish ( Oreochromis nilotichus) as the
predator. The butini is an endemic and native fish found in several lakes of East Luwu
district, South Sulawesi province, Indonesia, see . In this model, the nila fish as the
predator is divided into two compartments according to where the fish is located. Both
populations are allowed to be harvested in the permitted area. The model formed is a
system of nonlinear differential equations and the constant harvesting efforts are used for
both populations. The local stability is analyzed using the linearization method. Max-
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imum profit is evaluated over a certain range of effort values. The surface of the profit
function is given to visualize the maximum profit.

2 Material and Method

This research involves a prey-predator population model following the Crowley-Martin
response function. The populations considered in this study are butini fish and nila fish
that live in several lakes in East Luwu district. Both sets of fish can only be harvested in
the permitted area. The location of the two sets of fish is divided into the permitted and
prohibited areas for fishing, where the nila fish population can migrate into the two areas.
The populations are divided into three compartments, namely, butini fish, nila fish that
live in the prohibited area to be harvested, and the nila fish that live in the permitted
area to be harvested. The growth models of the three compartments are expressed in
the form ol an autonomous system of noulinear differential equations.

The interior equilibrinm point of the model is confirmed and then stability analysis 1s
carried out using the linearization method and checking the eigenvalues of the .J amqln
matrix resulting from the linearized model around the interior equilibrium point. The
butini fish and nila fish are harvested in the permitted area with constant harvesting
efforts. In order to get the profit function which is the consequence of fishing activity,
the cost function and revenue function should be defined. The profit function (7} is given
by m = TR — TC', based on the total revenue function (T'R), TR = py 1 B* + po Ex M*
and the total cost function (T°C), TC' = ¢ | + caEs. The parameter E; represents the
harvesting efforts, p; represents the price of fish catch per unit, and ¢; represents the cost
of fishing activities, where 1 = 1, 2.

The prey-predator population model is a nonlinear system and the interior equilib-
rium point cannot be stated explicitly. In order to perform the analysis, the parameter
values of the model were used being partially obtained from data collection for the fish
populations. Some of the relevant parameter values are obtained from various references
and some other are assumed. The various ordered pairs of the harvesting efforts are taken
within a range of values to get the interior equilibrinm points. Therefore, stability of the
equilibrium points and profit value are determined. From the simulation, we determine
the ordered pair of efforts that gives the stable interior equilibrium point and maximize
the profit.

? Results and Discussion

3.1 Predator-prey population model

The dynamics of the predator and prev population with the Crowley-Martin response
function is expressed in the form of a system of nonlinear differential equations. The
environment in which the population lives is divided into two areas, the permitted and
prohibited areas for harvesting. The predator population is divided into two compart-
ments, depending on where the predator live. The predator can migrate between the two
areas. The prey population is assumed to follow logistic growth. The predator and gy
populations are harvested in the permitted area with constant harvesting efforts. The
interaction between the prey and predator populations is shown in the following Figure
The growth rates of the prey-predator population with their interaction are stated in
the system of nonlinear differential equations.
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Egure 1: Interaction Diagram for the Prey and Predator Populations.

B _pa-By____aNB B BB 1
PR el - Al e Ty s (1)
dN daeNB
=0T N —oN+0M, (2)
dt (1+9B)(1+pN)
dM i
ke IMB —cM +oN —0M — q2Ea M. (3)

The symbol B is the size of the butini fish population as the prey, N and M state the size
of the predator population in the permitted and prohibited area at time ¢, respectively.
All parameters of the model are assumed to be positive. The description, meaning, and
units of the parameters can be found in the related references, see [5]. For simplicity, we
takeqy = qo = 1,7y =7 — Fy,ro = b+ o, and r3 = ¢+ 6+ E,. Thus, the model
is rewritten as

dB B +NB
S enBl- D) —————— — MB “)
d K (1+nB)(1+pN)
dN daN B N oM (5
dt = (1—?’}3](1_#1\"] ral M, u)
dif —JMB — 3 M+ oN. (6)

3.2 Equilibrium points and stability analysis

The possible non negative equilibrium points for the model (EI @ are 71 =
(0,0,0), T, = (K,0,0), T3 = (w%ﬁl%}ﬁz) where w are the roots of the
equation dnuriredZ° + (—Kdnurira? + adnuri0f — 2dnurirarad) + dpryred?)Z4 +
(—Kobnur 00 + 2Kénurirorst) — Kafod?d + KfBadnry — Kopriro? — adnuryryd +
57};}.1‘11”21"3} — 25;J.r1rgr;;i9)z3 + (Kodnprirat — Kﬁnp.rlrgr:f + Kafé?rq — Kﬁrrgﬁnﬁ —
Kpodnrirg— Kduryrori +0pr rors — Kri?) 22 + (Keadpr ryfl — Kdprirord — Kaodrsf+
Koadrire + KpBa50 — Kpodrars — Ko*nt? + 2K anurorsf — Knrir; — 2K6ra0d +
2Krra) 2 — K626% + 2K 0rarsfl — Krird, o = wyrgd —wadld — adrs + onf — nqrars,
g = wryt) + ol — rorg, f1 = qw + 1, and J = wil — ry.
We focus to analyze the equilibrium point T3 which is located in the first octant wl

w > 0,01 +ay > 0, and oweay > ay > 0. Because of the complexity of the system, we
just consider the local stability of the interior equilibrium point.
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3.3 Bionomic equilibrium and maximum profit

The bionomic equilibrium point is a condition where % = % = % =0 and 7w = 0.

The only interior equilibrium point satisfies the condition T3 = (w, £oitoe owai—og)
! E *opfias it faas

which can be written in terms of £} and Ej so that it becomes T3 = (B*, N*, M*) =
(wi(r — El),w“l:;;li_,{:JrﬂJ-‘ﬂwm;;f:i::\rerEzJ). The total revenue function (T'R) obtained
from harvesting of the populations B and M evaluated at the equilibrium point Ty is
given by TR(B*, N*,M*) =TR(B")+TR(M") = p1 E1B*+ps E2 M* . After substituting
the values of B* and M* in the state of equilibrium, we get

. o L o2 palowon —ao)(etf) By pz{ﬂuﬂ-\l—f-‘?JE;
TH=pwrE, — pwky P Paag 1P Paca

The total cost function (T'C') can be expressed as C' = ¢ E| + e £y, Furthermore, the
profit function () is given as

) olowa) —ay)(c+8) — pf Faaney) E aloway — ag) B3
?r=(plw?“—r.‘L]El—plu)Ef—(m(mkm vy )(c+8) — pbBacneg) By | palowan — o) E3

pit Faeeo p Faces
% (7)
e profit function now depends on the efforts £y, £, and the parameter w
which is a positive root of the polynomial of degree five and cannot be written explicitly.
The value of w also depends on the efforts £ and Es. As a standard procedure to get
the maximum value of profit, we need to get the stationary points via the first partial
derivative with respect to E1 and F». Since w cannot be stated in terms of £y and Eo,
we evaluate the value of profit by taking various values of ordered pairs (£, E;) and
determine the interior equilibrig@® point 7% and its stability by showing the eigenvalues.
The eigenvalues are related to the Jacobian matrix evalnated at the equilibrium point
Ty. Turthermore, the profit function at each value of ordered pairs (£;, E3) can be
determined. In this study, we restrict the value of efforts as 0 < Ey, Ey < E,,,,, and
E 0 = 1. The ordered pair (£, E3) to be considered is the ordered pair that gives the
interior equilibrium point T3 and is stable.

3.4 Simulation

il order to simulate the profil function, we set the values of parameters for the model
equations (6) as follows: K = 100,r = 0.7, = 0.3, = 0.01,u = 0.01,3 =
0.1,0 = 0.01,6 = 0.03,0 = 0.25,6 = 0.25,b = 0.2, and ¢ = 0.1, see [5][17]. The values of
these parameters are partly based on data collection. The interior equilibrium point 73
with various ordered pairs of (Ey, Ey) are given in Table

The various ordered pairs of the efforts (£1, E2) give the interior equilibrinm point
Ty and the stability is determined by inspection of the real part of eigenvalues. The
equilibrium point is asymptoticaly stable when the real parts of eigenvalues are negative.
The ordered pairs of efforts and eigenvalues of the interior equilibrinm point T3 are given
in 'nnle

In order to simulate and determine the profit, we set the values of parameters related
to the total revenue and total cost, namely, p; = 3.5,p» = 1.3,¢¢ = 0.5 and e, =

0.3 in appropriate units. Together with the various values of ordered pairs of efforts,
we determine the profit evaluated at the equilibrium point T3 following the formula
m(Ey, Ey) = p1 BYEy + poM* Ey — (1 E7 + e3Ey). The ordered pairs of efforts and profit
are given in Table 3]
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Table 1: Ordered Pairs of Efforts and Interior Equilibrium Point T,
El1/E2 0 0.1 0.2 0.3
0 15.94, 1.52, 1.99 | 23.01, 1.52, 1.73 | 29.69, 1.51, 1.48 | 35.97, 1.47, 1.27
0.1 15.93, 1.26, 1.65 , 1.23, 1.40 | 29.65, 1.19, 1.18 | 35.91, 1.14, 0.98
0.2 15.92, 1.00, 1.31 5, 0.95, 1.08 | 29.61, 0.89, 0.87 | 35.85, 0.81, 0.70
0.23 15.91, 0.92, 1.21 5, 087, 0.98 | 29.60, 0.80, 0.78 | 35.83, 0.72, 0.61
0.235 15.91, 0.91, 1.19 4, 0.85, 0.97 | 29.59, 0.78, 0.77 | 35.82, 0.70, 0.60
0.3 15.91, 0.74, 0.97 3, 0.67, 0.76 | 20.57, 0.58, 0.57 | 35.78, 0.48, 0.42
0.4 15.89, 0.48, 0.63 , 0.39, 0.44 | 29.53, 0.28, 0.27 | 35.72, 0.16, 0.14
0.5 15.88, 0.22, 0.29 , 0.11, 0.12 - -
E1/E2 0.4 0.5 0.6 0.7
0 41.81, 1.43, 1.08 | 47.21, 1.38, 0.91 | 52,11, 1.32, 0.77 | 56.54, 1.26, 0.65
0.1 41.72, 1.08, 0.81 | 47.07, 1.01, 0.66 | 51.94, 0.93, 0.54 | 56.33, 0.85, 0.43
0.2 41.63, 0.73, 0.54 | 46.95, 0.63, 0.41 | 51.78, 0.54, 0.31 | 56.12, 0.44, 0.23
0.23 41.61, 0.62, 0.46 | 46.91, 0.52, 0.34 | 51.73, 0.42, 0.24 | 56.06, 0.32, 0.16
0.235 41.60, 0.61, 0.45 | 46.90, 0.51, 0.33 | 51.72, 0.40, 0.23 | 56.05, 0.29, 0.15
0.3 41.54, 0.38, 0.28 | 46.83, 0.26, 0.17 | 51.61, 0.15, 0.08 | 55.92, 0.03, 0.01
0.4 41.45, 0.03, 0.02 - - -
E1/E2 0.8 0.9 1
0 60.51, 1.19, 0.55 | 64.05, 1.13, 0.46 67.18, 1.07, 0.39
0.1 60.25, 0.76, 0.35 | 63.74, 0.69, 0.28 66.82, 0.61, 0.22
0.2 60.01, 0.34, 0.15 | 63.44, 0.24, 0.10 66.47, 0.16, 0.05
0.23 59.92, 0.21, 0.09 | 63.34, 0.12, 0.04 66.36, 0.02, 0.009
0.235 59.91, 0.19, 0.08 | 63.33, 0.09, 0.03 | 66.34, 0.002, 0.0009

Table 2: Ordered Pairs of Efforts

and Eigenvalues of Interior Equilibrium Point T.

1 /B 0 0.1 0.2 0.3
0 -0.02 £ 0.281, -0.53 | -0.03 £ 0.311, -0.62 | -0.05 £ 0.32L, -0.52 | -0.07 & 0.311, -0.52
0.1 “0.02 £ 0.251, -0.53 | -0.04 £ 0.271, -0.52 | -0.06 £ 0.281, -0.52 | -0.08 + 0.271, -0.52
0.2 -0.03 £ 0.221, -0.53 | -0.05 £ 0.241, -0.51 | -0.07 £ 0.24L, -0.51 | -0.09 & 0.221, -0.52
0.23 | -0.03 £ 0.211, -0.51 | -0.05 £ 0.231, -0.51 | -0.07 £ 0.22, -0.51 | -0.09 + 0.211, -0.52
0.235 | -0.08+0.211, -0.53 | -0.05+0.221, -0.51 | -0.07+0.221, -0.51 | -0.09+0.211, -0.52
0.3 S0.03£0.191, -0.52 | -0.06+ 0.211, -0.52 | -0.08% 0.181, -0.51 | -0.08+0.181, -0.51
0.4 S0.04£0.151, -0.52 | -0.06£0.141, -0.51 | -0.09E0.11L -0.51 -0.15, -0.08, -0.51
0.5 S0.0550.001, -0.52 | -0.07E0.041, -0.51 - -

'Iahl() shows that maximum profit is reached when the efforts (£, Ex) = (0.235,1)
with T, = 217. The profit becomes maxinmm when the predator population in the

permitted area is

arvested at the maximmum level of efforts and the prey population is

harvested at the level 0.235. The maximum profit occurs at the top of the surface of the
profit function, as shown in Figure
For the model without harvesting, we get an interior equilibrinm point at the level
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El;'Ez 0.4 0.5 0.6 0.7
0 0.00+£0.31L, 0.51 | -0.11£0.20L, -0.56 | -0.13£0.27L, 058 | -0.15+0.24L, -0.61
0.1 | -0.11£0.26L -0.53 | -0.12£0.23L, -0.55 | ~0.14%0.211, 0.58 | -0.16£0.17L, -0.61
0.2 -0.07+0.241. -0.51 0014400161, -0.55 | -0.164+0.111. -0.58 | -0.23. -0.12. -0.61
0.23 | -0.12£0.17L, 0.53 | -0.14%0.13L, -0.55 | —0.01£0.05L. 0.58 | -0.29, 0.07, 061
0.235 | -0.1240.17L -0.53 | -0.1420.12L, -0.55 | ~0.16£0.03L. -0.58 | -0.31, 0.0, 0.61
0.3 -0.13+0.111. -0.52 -0.21. -0.09, -0.54 -0.31. -0.03, -0.57 | -0.38. -0.006. -0.6
0.4 | 0.27, -0.000, 052 - N N
E1/E 0.8 0.9 1
0 S0.1720.211, -0.65, | -0.10£0.18L, -0.71, | -0.21£0.14L -0.75
01 | -0.18%0.12L, -0.65, | -0.20=0.04L, -0.70, | -0.32, -0.11, -0.76
0.2 | -0.33,-0.06, -0.66 | -0.39, -0.04, -0.71 | -0.43,-0.02, -0.77
0.23 | -0.36,-0.04, -0.66 | -0.42, -0.02, -0.71 | -0.45, -0.003, -0.77
0.235 | -0.37, -0.03, -0.66 | -0.42, -0.01, -0.72 | -0.46, -0.0003, -0.77

Table 3: Ordered Pairs of Efforts and Profit.

E1/E2 0 0.2 0.4 0.6 0.8 1
0 0 54.62 | 103.91 | 142.36 | 171.36 | 193.88
0.1 3.29 60.67 | 112.26 | 152.66 | 183.20 | 206.97
0.2 5472 | 64.64 | 117.70 | 159.27 | 190.74 | 215.27
0.23 5.907 | 65.43 | 118.79 | 160.54 | 191.96 | 216.84
0.235 5971 | 65.55 | 11894 | 160.72 | 192.01 | 217.05

0.3 6.532 | 66.53 | 120.21 | 162.23 - -

0.4 6.476 | 66.362 | 119.82 - - -

0.5 5.308 - - - - -

Figure 2: Surface of the Profit Function.

(15.94, 1.52, 1.99) and the related eigenvalues -0.02+0.281, -0.53. This means that the
prey (B) and the predators (M and N) will live sustainably. From Tables zmd as
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the efforts of harvesting increase, the equilibrinm points are still in the first octant and
also remain stable but there are changes in the type of stability of the equilibrinm point
which are indicated by all the eigenvaluegflaving negative real values. In addition, the
value of the profit function also increases. When the prey and the predator are harvested
at the level (£, Ey) = (0.23,1), the ordered pair of efforts gives an interior equilibrinm
point at the level (66.36, 0.02, 0.009), the eigenvalues -0.46, -0.0003, -0.77, and the profit
at the level 216.84. The dynamics of the solution curve of the prey (B) and the predators
(M and N) with the initial population B(0) = 66.36, N (0) = 0.02, and M(0) = 0.009
are shown in FiguresEl

Figures [] show that with a given initial value of the prey and the predator

66.368
66367
66.366
B(1) s
66365
66.364

66.363

66.362 v v r r .
0 200 400 600 $00 1000
T

Figure 3: Solution Curve of Prey Population (B) with ¢ € [0,1000].

002506
002505
002504
N(f
002503
0.02502
002501
0.02500

0 200 400 600 800 1000

Figure 4: Solution Curve of Predator Population (N) with ¢ € [0, 1000].

populations, there is initially little oscillatory motion. This is caused by the nonlinear
term in the model and then the trajectories of the populations move monotonously toward
the equilibrium point. It takes a long time to reach the equilibrium state. The ordered
pair of efforts provides a stable interior equilibrium point and also almost maximizes the
profit, the maximum profit is at the level 217.05.
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M1 00091201

0009115
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Figure 5 Solution Curve of Predator Population (M) with ¢ € [0, 1000].

4 Conclusion

The model for growth of butini fish as the prey and nila fish as the predator in the
permitted and prohibited areas for harvesting with the Crowley-Ma: type response
function and migration possibly has an interior equilibrium point. The prey and predator
populations in the permitted area are harvested with constant efforts. The interior
equilib point cannot be stated explicitly because ol complexity of the nonlinear
model. In order to get the maxinmm value of the profit function, several ordered pairs of
harvesting efforts are evaluated to obtain a stable interior equilibrium point. Using the
suitable parameter values and harvesting efforts, we get an ordered pairs of efforts that
give a stable interior equilibrivm point and maximize the profit.

The analysis and simulation show that if e level of harvesting effort for the prey
population is increased, the equilibrium state for the prey and predator populations will
decrease. This is because of the more prey populations are harvested, the lower number
of prey populations exists. This has a consequence for predators having difficulty to get
food, which results in the number of predator also decreasing. On the other hand, if the
level of harvesting effort in the predator population is increased, this condition will result
in a decrease in the number of predator population both in the permitted and prohibited
areas for harvesting. This causes the prey population tending to increase bec@lise the
number of predator population decreases. Harvesting with constant efforts for the prey
and predator populations in the permitted area can obviously increase the number of the
prey population, give maximmun profit, and the populations also remain sustainable.
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