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Abstract

Maleo is a large megapod found on the island of Sulawesi and surrounding islands and is an endangered species due to
illegal hunting and habitat conversion. In this article, we propose a mathematical model for Maleo conservation. The model
that is constructed is expressed as a system of ordinary differential equations consisting of six equations. To study the
optimal strategy, we use optimal control theory. In our model there are three control parameters related to guarding Maleo
nests, monitoring Maleo habitats, and transferring Maleo eggs to captivity. To measure the impact and the consequences of
each intervention scheme, we determine the percentage increase in the Maleo population and the average cost-effectiveness
ratio. Our results show that the most effective intervention scheme to increase Maleo populations is a combination of
guarding Maleo nests, monitoring Maleo habitats, and transferring Maleo eggs to captivity. Meanwhile, the intervention
scheme that has the best cost-effectiveness is the intervention scheme which is a combination of guarding Maleo nests and
monitoring Maleo habitats.
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1. Introduction

Maleo (Macrocephalon maleo) is one type of bird that makes burrows as place for egg incubation [1]
and is a typical megapod that is often found on the island of Sulawesi, Indonesia [2]. Maleo body size is
almost similar to the size of a rooster and is believed to be monogamous [1].

The uniqueness of the Maleo is the method of its egg incubation and the size of its eggs. Maleo eggs
are four times the size of duck eggs and five times of chicken eggs. The average egg weight is about 230
grams and the contents are dominated by egg yolks [3]. The location of the egg burrow is chosen by the
female bird while the male is in charge of observing the surroundings. Maleo usually look for locations
that have high temperatures to make a nest for laying eggs. To trick their egg predators, Maleo usually
build camouflage burrows [1]. When the Maleo egg hatched, Maleo chicks come out of their burrows and
can immediately engage in activities such as flying and looking for their own food without the need for
parental care [2].

Currently the Maleo is an endangered bird species [4], [5]. There are several reasons why the Maleo
population has decreased, including eggs poaching and exploitation of habitat for human purposes [3], [6].
There are also several community groups that hunt Maleo for Maleo meat [7]. However, the main problem
is egg hunting. In some cases, Maleo eggs are hunted for social and ceremonial purposes [6].Several
methods have been tried to increase the Maleo population including to collecting Maleo eggs and then
hatching them in captivity and monitoring the nesting area of Maleo [2]. In addition, Maulany [5] stated
that noted that regular monitoring of nesting areas can reduce the risk of nest predation, while establishing
a hatchery and relocating the eggs may enhance hatching and emergence success when in situ protection
is unsuccessful.

In this article, we propose a Maleo conservation model considering several interventions, namely
guarding Maleo nests, monitoring Maleo habitats, and transferring Maleo eggs into captivity. Guarding
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Maleo nests refers to on-site protection activities focused specifically on the nesting grounds, where
conservation staff or local communities safeguard the nests and eggs from poachers, predators, or physical
disturbances. This activity is preventive and direct, aiming to secure the reproductive output of Maleo.

Monitoring Maleo habitats, on the other hand, involves collecting data and assessing the broader
environmental conditions of the areas where Maleo live, such as vegetation cover, soil temperature, human
presence, or predator populations. Unlike guarding, monitoring does not involve direct interference or
protection but focuses on understanding habitat quality and long-term ecological changes that affect Maleo
populations. We combined these interventions to produce seven intervention schemes (strategies). We
investigated the impact and the consequence of each intervention scheme by calculating the percentage
increase in the Maleo population and the average cost-effectiveness ratio (ACER).

2. Research Methods

a. This research is accomplished by performing the following steps:

b. Formulate a mathematical model of Maleo conservation incorporating poaching and captivity
activity.

c. Identify the invariant set of the model that has been constructed.

d. Formulate optimal control problems by specifying time dependent control parameters and objective
function and determine the solution of optimal control problem using the Pontryagin maximum
principle as conducted in the articles discussing optimal control problem [8]-[10].

e. Study the impact and consequences of each intervention scheme by calculating the percentage
increase in the Maleo population and the average cost-effectiveness ratio as conducted in [10], [11].

3. Results

3.1 Model Formulation

In this subsection, we explain the model formulation process, description of parameters, and definition
of variables. The model constructed consisted of six variables, namely male adult Maleo(M,,,), female
adult Maleo(Mf), male Maleo chick(C,,), female Maleo chick(Cf), Maleo egg in the wild(T,,), and

Maleo egg in captivity(Tp).

The number of male adult Maleos and the number of female adult Maleos increased due to the presence
of male maleo chicks and female maleo chicks that had just entered adulthood, respectively. In contrast,
we assume that the two groups of adult Maleo are decreasing due to natural deaths and poaching activities.

We assume that when Maleo eggs in captivity hatch, conservation officers immediately release the
Maleo chicks into the wild. Consequently, the number of male Maleo chicks and female maleo chicks
rises because Maleo eggs in the wild and Maleo eggs in captivity hatch. On the other hand, the reduction
in the number of Maleo chicks in the wild is assumed to be due to natural deaths and prohibited hunting.

It should be noted that the eggs that have the potential to hatch are eggs fertilized by an adult male
Maleo. In this article, we consider only the eggs produced by an adult female Maleo that have mated with
an adult male Maleo. Thus, Maleo eggs in the wild increase due to the existence of new eggs produced by
adult Maleo pairs. In contrast, the decrease of Maleo eggs in the wild is assumed to occur due to natural
damage of the eggs , Maleo egg poaching, hatched eggs, and the process of transferring eggs from the
wild to captivity. Unlike Maleo eggs in the wild, Maleo eggs in captivity are only reduced due to natural
damage of the eggs and hatched eggs. In addition, the Maleo egg in captivity are increasing due to new
eggs taken from the wild. Therefore, the dynamic of Maleo population is illustrated in the following
schematic diagram.
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Figure 1. Schematic diagram

Based on the schematic diagram shown in Figure 1, a mathematical model for the conservation of the
Maleo, that consists of six ordinary differential equations, is obtained.
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where u; €[0,1] for i =1,2,3 are parameters related to guarding Maleo nests, transferring Maleo eggs to
captivity, monitoring Maleo habitat, respectively. The description of the other parameters can be seen in
Table 1.

Table 1.Description of parameters

Par. Description Values  Unit Source
0 The rate of transition from Maleo 1 day_l [2]
chicks to adult Maleo 3%365
uys  The natural death rate of Maleo 1 day_l [2]
37x365

@ The number of eggs produced by 30/365 egg x maleo— ) x day_l [3]
each adult female Maleo per day
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P The hatching rate of Maleo eggs % 5 -1 [6]

day

$p The probability the Maleo egg 0.65
hatching in captivity

maleo chick x egg_1 [6]

@ The probability that the eggs that y - Estimation
hatches is female Maleo chicks 2

¢,,  The probability of Maleo egg % maleo chick x eg g—l Assumption
hatching in the wild

T The rate of Maleo egg poaching % day_l Assumption

£ The rate of egg collection in the % day_l Assumption
wild

¢ The rate of poaching 1 d ay_l Assumption

6x30
X The saturation constant 1 maleo Assumption
ur  The rate of egg damage % 5 day_l Estimation

3.2 Invariant Set of The Model

We use similar method used in [12] to study the invariant set of system(1). From system(1), we get

My =0C,, 20,
at |y .., 1.1 20,M,=0
aM
7 =0C >0,
a y ,C,,C,,T.,T, >0,M =0
dcC
Tm =(1—a))p(§wTw+§pr)20,
t\m,,M,,C.T,,T >0,C,=0
dCf
M,.M,.C,T,,T >0,C,=0
dt |y m,.C,.C,,T 20,7 =0 X+ My,
dT
J2
— =uyrel,, > 0.
dt 2¢1ty

M,.M,.C,.C,T,>0,T =0

According to Lemma 2 in [13], is invariant set for system(1). Therefore, the solutions of system (1)
are non-negative if initial values given are non-negative.
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3.3 Optimal Control Problem

The aim of this study is to investigate the optimal strategy for Maleo conservation by considering the
activity of guarding Maleo nests, monitoring Maleo habitats, and transferring Maleo eggs to captivity.
Therefore, three control parameters were selected, namely uy, up, and u3. We want to identify an

intervention scheme that can maximize the number of adult Maleo, Maleo chicks and Maleo eggs in the
wild but at minimum cost. Therefore, the objective function to be maximized is as follows

J= (Ale + oM g+ A3Cyy + A4Cr ) dt

(=) ‘—-\N

2)

t/

—I (A5u12 + A6u22 + A7u32)dl,
0

where A;for i=1,2,..,7 are balancing cost weights and tfis the final time. Note that

( Asuy® + Agur” + A7u32)represents the cost of control effortt Based on the model

Error! Reference source not found. and objective function Error! Reference source not found., the
following Hamiltonian function (3) is obtained.

H =(4M,y, + M -+ 43C,, + 44C )

—(A5u12 T Agur? + A7u32)

+1 (0C —((1-u3) @+ pag )M )

+2, ecf (1-u3)p+ g )M 1) 3)
p(GwT+EpT,)- ((1—u3)gp+9+,uM)Cm)

(

+/13(

+/14(a) ST+ p) ((1—u3)¢+0+yM)Cf)
(¢M wMy

s x+M,,

(1=w) 7+ p&y +uge +ug )T, ]

(quT pé/p"‘/uT)T)
where  A;for i=1,2,..,6 are adjoin variables. From the Hamiltonian function

Error! Reference source not found., we get the adjoin system(4).

dy __ oM __ _Myx

R T [Al A((1- u3)(p+ﬂM)+ﬂ5¢(Z+M )2]

diy oM __ Mo @
a My (Az R (=)o s i)+ 15¢(Z+Mm)}

diy 0

7[3?% (A3 + 40— ((1-u3)p+ 0+ prz ).

diy oM

714 —E——(A4+ﬁ,29 l4((1-u3)§0+9+.uM))’

B (i (-0t + Aot} i) ),
d oH

7/1[6 _ﬁ —(2 (l—a))pé'p+ﬂ4a)p§p—ﬂ6(P§p+ﬂT))’

where /; (t f) =0 for ;i =1,...,6 . Furthermore, the Hamiltonian function(3) gives
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auz
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Based on the optimal conditions, the control parameters is u; ,uy,u3which satisfy — =0 and u; €[0,1]
Ui

for i =1,2,3. Therefore, we get
uik =min {max {O, 45Tl } , l} ,
245
u; =min {max {O, M} , 1} )

ﬂ]M + ﬂQM +A2C,, + ﬂ4C ®
u;:min max O,( e ST 3m f) b,
247

3.4 Cost-Effectiveness Measure

In this subsection, we will explain the formula for measuring the cost-effectiveness of intervention
schemes. As previously mentioned, our goal is to maximize the number of Maleo in the wild. Therefore,
the increase in the number of Maleo when the intervention is applied can be said to be a benefit of the

intervention. On this basis, the benefit (B ) can be written as
B:(M;;, +M;£ +Cy, +C})—(Mm +My+Cp, +Cf),
where (M ,; +M ; + C,J,; + C;) is the number of Maleo when the intervention is implemented and

(M mtM ft Cy,+C f) is the number of Maleo without intervention.

According to[14], the average cost-effectiveness ratio (ACER) is the ratio between the costs of an
intervention and its benefits. Therefore, we define ACER during ¢ f period of intervention as follows

tr (A5u12 +A6u22 +A7u32) 5
ACER=J. dt ()
0 (M,;+M}’.+C;;+C}“.)—(Mm+Mf +Cp, +Cf)

To measure the effectiveness of the intervention scheme in increasing the number of Maleo in the wild,
we used the percentage increase in Maleo numbers expressed in the following formula

t (M;l +M;$+C,:; +C})—(Mm+Mf+Cm+Cf)

P= j dt [x100%.
0 (Mm+Mf+Cm+Cf)

3.5 Numerical Experiments

To perform numerical simulations for the optimal control problem, we use the same method used in
[10]. We set 4 =2, 4 =2, 43=2,A44=2, A5=1, Ag =1, and A7 =2 .The initial values used is
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M,,(0)=100, M £(0) =100, C,,,(0) =55, C7(0)=55, T,,(0)=400, and T},(0)=10. Meanwhile, the

parameter values used are in accordance with those given in Table 1.
It is clear that the three control parameters provide seven intervention schemes, namely

% Strategy 1: Guarding the Maleo nests,

¢ Strategy 2: Transferring Maleo eggs from the nests and incubate them in captivity,

% Strategy 3: Monitoring Maleo habitats,

« Strategy 4: Guarding Maleo nests and transferring Maleo eggs from the nests then incubate them in
captivity,

« Strategy 5: Guarding Maleo nests and monitoring Maleo habitats,

% Strategy 6: Transferring Maleo eggs from the nests and incubate them in captivity and monitoring
Maleo habitats,

% Strategy 7: Guarding Maleo nests, monitoring Maleo habitats and transferring Maleo eggs from the

nests and incubate them in captivity.

3.5.1. Implementation of Strategy 1

The results of the numerical simulation when strategy 1 is carried out are shown in Figure 2. It is clear
that the number of Maleo and their eggs increased dramatically when strategy 1 is applied. When there is
no intervention, the number of adult Maleos at day 500 is only about 16. Meanwhile, when strategy 1 is
applied, the number of adult Maleos on the same day is 33. These results are shown in Figure 2(a). Figure
2(b) shows a significant increase in the number of Maleo chicks, i.e., 13 to 94. In addition, the number of
eggs also increases from 4 to 51 as shown in Figure 2(c). Figure 2(d)-(f) shows that when control u, and

u3 are zero, control u; should be at its upper bound.
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Figure 2. Dynamics of Maleo population, Maleo eggs, and control profile when strategy 1 is applied

3.5.2. Implementation of Strategy 2

Figure 3 shows the results of the numerical simulation of the optimal control problem when strategy 2
is implemented. Figure 3(a) and Figure 3(b) show that the number of adult Maleos and the number of
maleo chicks is 26 and 60, respectively. These numbers are lower than when strategy 1 was applied. It is
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clear that when ujand ugare zero, ujshould be at its upper bound until day 490 and then gradually
lowered to zero as shown in Figure 3(d)-(f).
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Figure 3. Dynamics of Maleo population, Maleo eggs, and control profile when strategy 2 is applied

3.5.3. Implementation of Strategy 3

When strategy 3 is applied, there is an increase in the number of Maleos and in the number of Maleo
eggs which are much larger than the two previous strategies. This can be seen in the numerical simulation
results as shown in Figure 4. It is clear that Figure 4(a) shows that the number of adult Maleos on day 500
reaches 265. In addition, Figures 4(b) and 4(c) show that the number of Maleo chicks and the number of

Maleo eggs are 208 and 65, respectively. Control u3should be at its upper bound during simulation period

if uj and uy are equal to zero as shown in Figure 4(d)-(f).
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(d). u, (1) (e). u,(?) (). uy(2)
Figure 4. Dynamics of Maleo population, Maleo eggs, and control profile when strategy 3 is applied

3.5.4. Implementation of Strategy 4

The number of adult Maleos on day 500 is 39 while the number of Maleo chicks and the number of
Maleo eggs reach 131 and 69, respectively as shown in Figure 5(a)-(c). It is clear that the increase in the
number of Maleos and their eggs is not very significant when compared to the strategy 3. However, the
implementation of strategy 4 increased the Maleo population and its eggs better than strategy 1.

Notice that control u#; should be at its upper bound while control u5 is at its upper bound until day 490 if

control u3is zero as shown in Figure 5(d)-(f).
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Figure 5. Dynamics of Maleo population, Maleo eggs, and control profile when strategy 4 is applied

3.5.5. Implementation of Strategy 5

On day 500, the number of adult Maleos reached 467 as shown in Figure 6(a). This number is clearly
far above when compared to the number of adult Maleos when strategies 1, 2, 3, or 4 is used. In addition,
the number of Maleo chicks and Maleo eggs also increased dramatically as shown in Figure 6(b) and
Figure 6(c). It is clear that controls ujand u3must be at their upper bound when control u5is zero as

shown in Figure 6(d)-(f).
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Figure 6. Dynamics of Maleo population, Maleo eggs, and control profile when strategy 5 is applied

3.5.6. Implementation of Strategy 6

Figure 7(a) shows that on day 500, the number of adult Maleos was 386 when strategy 6 was applied.
This number is less than when strategy 5 was carried out. Meanwhile, the number of Maleo chicks is only
384 as shown in

Figure 7(b) while the number of Maleo eggs was 325 as shown in Figure 7(c). It is clear that when
control u)is zero, control u;is mostly at its upper bound while control u3must be at its upper bound

during the simulation period as seen in Figure 7(d)-(f).
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Figure 7. Dynamics of Maleo population, Maleo eggs, and control profile when strategy 6 is applied

3.5.7. Implementation of Strategy 7

The numerical solution to the optimal control problem when strategy 7 is implemented is presented in
Figure 8. On day 500, the number of Maleos and their eggs was far above the number of Maleo birds and
their eggs when compared to the impact of implementing strategies 1 to 6. The number of adult Maleos
on day 500 was 527 while the number of Maleo chicks and Maleo eggs are 1594 and 792, respectively.

The illustrations can be seen in Figure 8(a)-(c). It is clear that controls ujand u3 should be at their

upper bound while control u5 is at their upper bound until day 490 as shown in Figure 8(d)-(f).
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Figure 8. Dynamics of Maleo population, Maleo eggs, and control profile when strategy 7 is applied

3.5.8. Percentage increase of Maleo and Cost Effectiveness of Intervention Schemes

To identify the most effective strategy for increasing the Maleo population, we calculate the percentage
increase of the Maleo population using the formula (6). In addition, we calculate the ACER of each
strategy using formula (5) to study which strategy has the best cost-effectiveness.

The results can be seen in Table 2. Visualization of the percentage increase of the Maleo population
can be seen in Figure 9 while Figure 10 shows the comparison of ACER values for each strategy.

Table 2. Percentage increase of Maleo and ACER of each strategy

Strategy % increase ACER
1 95.22 0.0084
2 58.39 0.0135
3 219.05 0.0073
4 128.43 0.0124
5 632.68 0.0038
6 466.03 0.0051
7 772.18 0.0041

Percentage Increase of Maleo (%)
&

1 2 3 4 5 6 7
Strategy

Figure 9. Percentage increase of Maleo population
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Table 2 and Figure 9 show that strategy 1 provides a higher percentage increase in the number of Maleo
than when strategy 2 is implemented. This indicates that guarding Maleo nests is more effective than
transferring and incubating Maleo eggs in captivity. The results are consistent with the results of the study
discussed in [2], which states that intervention by protecting Maleo nests from poachers and allowing eggs
to hatch naturally is an effective way to increase Maleo populations.

In addition, our results show that strategy 5 is more effective in increasing the number of Maleo than
strategy 6. Therefore, a combination of guarding Maleo nests and monitoring Maleo habitats is more
effective in increasing Maleo population than a combination of monitoring Maleo habitats and transferring
Maleo eggs to captivity.

Furthermore, Table 2 shows that strategy 7 is the most effective way to increase the Maleo population.
Although there is a research suggesting that intervention by transferring and incubating eggs in captivity
may be unnecessary if poaching can be stopped [2], our results suggest thata combination of guarding
Maleo nests, monitoring Maleo habitats, and transferring and incubating Maleo eggs in captivityis the
most effective way to increase Maleo population. Therefore, if the available funds are large enough, the
policymakers should implement strategy 7 to address the problem of the Maleo population which is on the
verge of extinction.

Strategy

Figure 10. ACER of each strategy

Apart from identifying the most effective strategy to increase the Maleo population, we also investigate
the strategy with the best cost-effectiveness. The ACER values shown in Table 2 and Figure 10 indicate
that strategy 5 has the lowest ACER value, followed by strategy 7 and strategy 6. According to [10], the
strategy with the best cost-effectiveness is the strategy that has the smallest ACER value. Therefore, from
Table 2 and Figure 10, it can be concluded that strategy 5, i.e., a combination of guarding Maleo nests and
monitoring Maleo habitatsis the most cost-effective strategy. This finding is in accordance with the report
[15], which states that guarding program, e.g., guarding Maleo nests is a very efficient method. Thus, if
the funds are limited, the policymakers should implement strategy 5 because it is more cost-effective than
other strategies.

4. Conclusions

In this article we discuss the Maleo conservation model which is expressed as a system of ordinary
differential equations. In our model, there are three control parameters related to the intervention of
guarding Maleo nests, monitoring Maleo habitats, and transferring Maleo eggs to captivity. To study the
optimal intervention scheme, we used optimal control theory. Our results show that a combination of
guarding Maleo nests, monitoring Maleo habitats, and transferring Maleo eggs to captivity is the most-
effective intervention scheme when viewed from the percentage increase in Maleo population. However,
the intervention scheme that has the best cost effectiveness is a combination of guarding Maleo nests and
monitoring Maleo habitats. Therefore, if the amount of available Maleo conservation funds is adequate,
the policymakers should implement a combination of guarding Maleo nests, monitoring Maleo habitats,
and transferring Maleo eggs to captivity. Meanwhile, if the amount of Maleo conservation funds is
insufficient, the policymakers should implement a combination of guarding Maleo nests and monitoring
Maleo habitats. As previously explained in the introduction section, guarding Maleo nests involves direct
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on-site protection of nesting grounds by conservation staff or local communities to prevent egg theft,
predation, or disturbance, ensuring successful reproduction. In contrast, monitoring Maleo habitats
focuses on collecting and analyzing environmental data—such as vegetation, soil temperature, human
activity, and predator presence—to understand habitat quality and long-term ecological changes without
direct intervention.
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