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Sustainable Development Goals

;E

The development of sustainable coastal tourism is essential for promoting re-
gional growth while preserving marine ecosystems. Emissions of Greenhouse
Gases (GHG) are a primary cause of global warming, which disturbs the bal-
ance of marine ecosystems and threatens biodiversity. This research proposes
a model to reduce GHG levels through Mangrove Planting and Nutrient Waste
Management in coastal zones, which serve as the main control strategies for
addressing the environmental challenges. The proposed model develops pre-
vious marine ecosystem models by incorporating an additional oxygen vari-
able, so that the system can represent marine environmental conditions more
comprehensively. As a result, the model includes five main components, atmo-
spheric GHG concentration, rising temperatures, plankton and fish populations,
and oxygen levels in seawater. Its goal is to maintain a healthy marine environ-
ment with moderate temperatures, low acidity, sufficient oxygen, and adequate
food sources. Simulation results show that implementing control measures over
20 years can reduce GHG growth and help stabilize marine temperatures. The
results also indicate that the inclusion of oxygen dynamics provides a broader
ecological perspective in evaluating the effectiveness of the control strategies.
This ecosystem-based management model provides a practical approach to cli-
mate change mitigation and supports environmental sustainability efforts. Fur-
thermore, the research offers a scientific foundation for coastal tourism poli-
cies that prioritize ecosystem protection and sustainable destination develop-
ment. The findings align with the Sustainable Development Goals (SDGs), es-
pecially climate action (SDG 13) and life below water (SDG 14), and contribute
to evidence-based strategies for managing coastal tourism and environmental
resilience.
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1. INTRODUCTION

The coastal tourism sector plays a crucial role in supporting regional economic development, partic-
ularly in areas rich in marine biodiversity and unique natural attractions. However, the sustainability of this
sector depends heavily on the maintenance of a well-preserved environment. When coastal environmental qual-
ity declines, tourism appeal and sustainability are threatened. A primary driver of this decline is GHG (GHG)
emissions, which increase global temperatures and trigger climate change [1-3].

Experts in climate science recognize that the accumulation of carbon dioxide and other GHG from
activities such as burning fossil fuels and forest clearing is a leading cause of global warming [4, 5]. These
gases trap heat in the atmosphere, raising the global average temperature [6—8]. This warming alters sea surface
temperature and contributes to ocean warming and acidification, which can disrupt food chains, reduce plankton
populations, damage coral reefs, and affect fish populations that rely on stable ocean conditions [9, 10]. If not
promptly addressed through appropriate mitigation and adaptation policies, climate change may reduce tourism
revenue and exacerbate the socio-economic vulnerability of coastal communities [11-13].

In addition to harming biodiversity, global warming degrades coastal ecosystem quality that is essen-
tial for tourism [14—16]. The loss of coral reefs, declining fish populations, and reduced ecosystem health can
weaken tourism appeal and threaten local livelihoods that depend on coastal tourism [17-20]. These environ-
mental and socio-economic risks also make the issue highly relevant from a policy perspective, particularly in
Indonesia, where post-Paris Agreement regulations increasingly emphasize climate mitigation [21], environ-
mental protection [22], and mangrove ecosystem management [23, 24]. Therefore, ecosystem-based interven-
tions such as mangrove restoration and environmentally compliant waste and wastewater management are not
only scientifically justified, but also aligned with current policy priorities for coastal sustainability and climate
resilience [25].

A solution to tackling global warming can be achieved by leveraging nature-based approaches, such
as mangrove planting and sustainable industrial waste management [26—28]. Mangrove forests are vital coastal
ecosystems with an exceptional ability to absorb carbon dioxide (COs) from the atmosphere. Planting and
restoring mangroves function as carbon sinks, protect coastal ecosystems, and help reduce local surface tem-
peratures [29-31]. Mangroves can store substantial CO5 in biomass and sediment, supporting habitat provision
and local environmental stability; by lowering atmospheric CO4, they mitigate GHG impacts and slow warming
[28, 32].

On the other hand, environmentally compliant industrial waste and wastewater management can help
reduce pollution pressure and maintain water quality within acceptable environmental standards, thereby sup-
porting marine primary productivity and ecosystem balance [33]. Plankton play a central role in the global
carbon cycle through photosynthetic CO5 uptake, therefore, enhancing plankton growth can increase carbon
absorption, improve oxygen availability, and help maintain food-web stability [34-36].

Accordingly, the combined use of mangrove restoration and industrial waste and wastewater man-
agement provides an ecosystem-based strategy for reducing GHG impacts while improving biodiversity and
supporting coastal communities. This approach contributes not only to SDG 13 (Climate Action) through
climate-change mitigation, but also to SDG 14 (Life Below Water) by supporting marine ecosystem health and
to SDG 8 (Decent Work and Economic Growth) by helping sustain coastal tourism and local livelihoods.

The impacts of GHG require a comprehensive mitigation framework that integrates dynamic model-
ing and optimal control [37]. This study offers a novel approach to coastal climate mitigation by combining
mangrove planting and industrial waste management within a single dynamic framework, while also explicitly
considering ocean oxygen as an essential ecological component. It explains how GHG concentration, temper-
ature, plankton, fish, and ocean oxygen are interconnected, allowing the role of ecosystem-based interventions
to be evaluated more comprehensively.

Mangrove planting is considered to enhance natural CO absorption, reduce GHG concentration, and
lower surface temperature, while also helping maintain coastal environmental stability. Industrial waste man-
agement is incorporated to support plankton growth, which can increase CO5 uptake through photosynthesis,
improve oxygen availability in the ocean, and help sustain fish populations. Within this framework, optimal
control theory is used to determine effective intervention strategies over time under given constraints and ob-
jectives [38—40].
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2. LITERATURE REVIEW

In an effort to understand marine ecosystem dynamics and their contribution to the global carbon
cycle, various studies have developed mathematical approaches to describe interactions among biological and
environmental factors [41]. These approaches provide insights into how marine organisms, particularly plank-
ton communities, respond to climate-driven changes such as temperature increases, atmospheric warming, and
GHG concentrations. Mathematical models have been applied to analyze ecosystem responses, predict environ-
mental scenarios, and evaluate mitigation strategies for maintaining ecosystem stability. Table 1 summarizes
previous studies on the impact of temperature variations and GHGs on marine plankton ecosystems, including
research objectives, analyzed parameters, and solution methods.

Table 1. Summary of Literature on the Impact of Temperature and GHG on Marine Plankton Ecosystems

No Study Title Research Focus Analyzed Parame- Solution Method

ters

1 Modeling the Impact of Influence of CO; CO; concentration, Mathematical and
Carbon Dioxide on Marine on  phytoplankton plankton density numerical analysis
Plankton [42] growth

2  Modeling and Analytical Influence of temper- Temperature, plank- Non-linear model,
Analysis of the Effect of ature on photosyn- ton density, dissolved numerical simulation
Atmospheric Temperature thetic activity oxygen
to the Planktonic Ecosystem
in Oceans [43]

3 A mathematical model Influence of GHG on GHG concentration, Deterministic model,
applied to investigate the marine ecosystems atmospheric temper- bifurcation analysis
potential impact of global ature, plankton den-
warming on marine ecosys- sity
tems [44]

4  Modeling with strategies to Control  strategies Coastal reforestation, Deterministic model,
control the adverse effects of  for mitigating global plankton nutrients, optimal control and
global warming on marine warming effects on fish and plankton simulation analysis
ecosystems [45] plankton and fish density, atmospheric

populations temperature

5 Climate change and the Influence of «cli- Sea surface tempera- Mathematical model-
shifting dynamics of marine mate change on ture, dissolved oxy- ing, stability analy-
ecology [46] plankton dynamics gen, phytoplankton, sis, delayed and non-

with explicit oxygen zooplankton delayed simulations
involvement

A series of studies [44, 45] provided an important mathematical basis for describing how CO,, tem-
perature, and ecological interactions influence marine plankton systems [47]. Their works showed that changes
in carbon dioxide and atmospheric temperature affect plankton growth, photosynthetic activity, and marine
ecosystem balance, and were later extended to a control framework involving coastal reforestation and nutrient
enhancement [42-45]. More recently, [46] emphasized the importance of dissolved oxygen as a key ecological
variable that interacts with temperature and plankton dynamics under climate change.

Table 1 shows that previous studies have gradually progressed from basic plankton—CO, models to
global-warming models and control-based mitigation strategies, with more recent attention given to oxygen
dynamics. However, an important gap remains. Existing optimal control models mainly focus on Greenhouse
Gases, temperature, plankton, and fish, whereas oxygen has not been explicitly incorporated as a state variable
within the control framework. Conversely, studies that explicitly examine oxygen generally focus on ecological
dynamics rather than optimal intervention design [48, 49].

This study addresses that gap by developing a dynamic optimal control model that explicitly incor-
porates ocean oxygen together with greenhouse gas concentration, temperature, plankton, and fish [50]. The
model integrates mangrove planting and industrial waste management within a single ecosystem-based control
framework for coastal climate mitigation [51]. Therefore, the novelty of this study lies both conceptually and
methodologically, conceptually, it treats oxygen as an essential ecological component of the controlled system;
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methodologically, it embeds oxygen dynamics within an optimal control framework to evaluate coordinated
mitigation strategies in coastal ecosystems. Figure 1 presents the proposed compartment diagram, illustrating
the interactions among greenhouse gases, temperature, plankton, fish, and oxygen components considered in
the ecosystem model.

The concentration of o
Greenhouse Gases in '
the atmosphere

G(1) T(t)

The increase in
Earth's temperature

3
@, N4
The oxygen levels
¢’1 UL 28 2 in the ocean
a+G
of(t)
e
a4
The Fish Population The Plankton
in the Sea Population in the Sea

F(t) P(t)

m,

Figure 1. Compartment Diagram of the GHG Emissions Problem

Figure 1 illustrates the compartment structure of the proposed ecosystem model, where greenhouse
gas concentration, temperature, plankton, fish, and ocean oxygen are represented as interconnected compo-
nents [52]. The model describes the dynamic interactions among environmental and biological variables, in-
cluding the influence of greenhouse gas emissions on temperature changes, the role of temperature and oxygen
availability in plankton growth, and the relationship between plankton and fish populations. By incorporating
oxygen as an explicit state variable, the framework provides a more comprehensive representation of marine
ecosystem responses and enables the evaluation of integrated mitigation strategies for coastal climate manage-
ment.

3.  PROBLEM FORMULATION

To address coastal environmental challenges, this study develops a mathematical model based on
[44, 45] by extending the existing framework with ocean oxygen concentration as an additional state variable.
The model describes interactions among GHG concentration, surface temperature, plankton, fish populations,
and oxygen dynamics, while incorporating optimal control measures to reduce GHG concentration and regulate
temperature for climate-change mitigation. The relationships among the main variables and system flows,
including GHG concentration ((7), surface temperature (1), plankton population (P), fish population ('), and
oxygen concentration (O), are illustrated through the compartmental diagram in Figure 1.

3.1. Model Development with The Oxygen Variable and Objective Functional

This study adopts the baseline climate—marine ecosystem model from [44], which describes the inter-
actions among GHG concentration G(t), Earth’s surface temperature 7'(¢), plankton population P(t), and fish
population F'(t). These four variables are retained as the fundamental framework, while this study extends the
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model by incorporating ocean oxygen concentration O(t) as an additional state variable to represent marine
ecosystem health.

The inclusion of O(t) expands the system from a four-dimensional to a five-dimensional ecological
control model. Oxygen dynamics consider four main processes: natural loss through diffusion and microbial
consumption represented by —r5;0, oxygen production by plankton photosynthesis represented by ﬁlOKLl,
temperature-induced oxygen reduction represented by —52OT’, and oxygen consumption by fish activity rep-
resented by — BgOK%. Accordingly, the oxygen dynamics are formulated as:

O =150+ 107 = 50T — O 1)
3.2. Formulation of the Optimal Control Problem

The control variables considered in this study are the mangrove planting effort, denoted by w1 (¢), and
industrial waste management, denoted by us(t). The first control is intended to reduce GHG concentration
through additional carbon absorption, while the second control is used to support plankton growth through im-
proved environmental management. Although the newly introduced oxygen variable is not explicitly included
in the objective functional, it plays an important ecological role in evaluating the indirect impact of the controls
on marine environmental quality. To balance environmental mitigation and implementation cost, the objective
functional is defined as:

tr
min  J(uj,ug) = / (G(t) + 1Au%(t) + 13u§(t)> dt. (2)
(u1,u2)€U to 2 2

This objective reflects the policy goal of minimizing GHG concentration over the control horizon
while keeping the economic costs of the two interventions at reasonable levels. The coefficients A and B rep-
resent the relative weights associated with mangrove planting and industrial waste management, respectively.
Therefore, the objective functional captures the trade-off between environmental benefit and policy cost, while
the extended state system enables the effects of the controls to be assessed not only on GHG reduction but also
on marine ecosystem balance through the oxygen dynamics.

Based on the compartment diagram in Figure 1 and by extending the baseline subsystem in [44] with
an additional oxygen equation, the proposed optimal control model is formulated as follows:

Gmin () = Ji2 (G(t) + S Au (1) + L Bua(1)?) dt,
u1,u2
subject to % :T1G+¢1FG—¢2PG+¢3T—U1M1G,

9L = 13T + 01GT — 0o PT,

+ Ugwa P,
& = F (1 - Kiz) +mPF — ;’j_g —n3TF,
T =50+ L0% — BOT — B0,

with the control constraints 0 < uq (t), ua(t) < 1.
Each variable and associated parameter in this model is defined in Table 2 to provide a clear under-
standing of their roles and influences within the system.

Table 2. Initial Values, Parameter Values, and Descriptions

1 0.00095 [44
¢1 0.0029 [44

Natural rate of GHG (GHG) increase
GHG production rate due to fish respiration

Symbol Value Source Description
G(tg) 0.04 [44] Initial GHG concentration
T(ty) 0.07 [44] Initial temperature
P(tg) 175 [44] Initial plankton population
F(tg) 7.8 [44] Initial fish population
O(ty) 12 [53] Initial oxygen concentration
]
1
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Symbol Value Source Description

2 0.00099  [44] GHG absorption rate due to plankton photosynthesis

o3 1 [44] GHG production rate due to temperature-driven phenomena
T2 0.099 [44] Natural rate of atmospheric temperature increase

o1 0.00025 [44] Rate of temperature increase due to GHG

lop) 0.00565  [44] Temperature absorption rate by plankton

T3 0.00225 [44] Natural growth rate of plankton population

1 0.00108  [44] Growth rate of plankton population due to CO2

Lo 0.00001  [44] Rate of plankton population inhibition due to global warming
3 0.0031 [44] Rate of plankton decrease due to fish predation

L4 0.00001 [44 Rate of plankton population inhibition due to ocean acidification
T4 0.0002 [44 Natural growth rate of fish population
m 0.000175 [44 Growth rate of fish population due to plankton consumption

|
|
|
12 0.000190 [44] Rate of fish population inhibition due to ocean acidification
|
I
|

N3 0.000061 [44 Rate of fish population inhibition due to global warming
a 0.01 [44 Saturation constant for dissolved CO,
K 1,000,000 [44 Carrying capacity of plankton population in the ocean

K, 10,000 [44] Carrying capacity of fish population in the ocean

rs 0.00005  Scenario (scaled), Natural oxygen loss through diffusion and microbial consumption
this study [48]

51 0.02 Scenario (scaled), Rate of oxygen production due to plankton photosynthesis
this study [48]

Ba 0.03 Scenario (scaled), Rate of oxygen depletion caused by thermal effects
this study [49]

B3 0.04 Scenario (scaled), Rate of oxygen consumption associated with fish respiration and

this study [54] biological activity

Table 2 presents the parameters and initial values used in the proposed oxygen-integrated climate—
marine ecosystem model. The parameters represent interactions among greenhouse gases, temperature, plank-
ton, fish, and oxygen dynamics, including biological rates, environmental coefficients, and carrying capacities.
The additional oxygen parameters (31, 32, and (3) describe oxygen production, temperature-driven depletion,
and fish-related consumption, supporting the numerical simulation and optimal control analysis.

4. MODEL EVALUATION AND CONTROL STRATEGY

A deeper understanding of the system dynamics is needed to evaluate how environmental interventions
affect coastal ecosystems over time. This section highlights the main properties of the model, particularly the
preservation of positive and realistic values of GHG concentration, sea surface temperature, plankton and fish
populations, and dissolved oxygen, all of which are essential for marine ecosystem stability. It also examines
the role of the proposed controls, namely mangrove planting and nutrient waste management, in reducing
environmental degradation and guiding the coastal system toward a more balanced and sustainable state.

4.1. Analysis of Positivity

Climate change driven by GHG emissions affects marine ecosystems through changes in GHG con-
centration, temperature, plankton, fish, and oxygen dynamics. A mathematical model is developed to describe
these interactions, where all state variables must remain nonnegative to ensure physical and ecological feasi-
bility. Therefore, positivity analysis is performed to verify that the model produces realistic trajectories under
positive initial conditions.

It can be seen from Equation 3 that the model is valid if it has a positive solution for any time ¢.
Thus, if G(to), T'(t0). P(to), F(to), and O(to) have positive values, then G(t), T'(t), P(t), F(t), and O(t)
remain positive for all ¢ > ty. Assuming the existence of a unique solution, the positivity of these variables is
established through the following theorem.
Theorem 4.1. If G, T', P, F' and O are solutions of Equation 3 and G(ty), T'(to), P(to), F(to) and O(to) have
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positive values, then G(t), T'(t), P(t), F'(t) and O(¢) are positive numbers for all ¢ > ¢.
This study illustrate the argument for 7'(¢). From the temperature equation:
ar
=1l +01GT — 02PT = (rg +o1G(t) — JQP(t)) T(t), @

Where the time-dependent coefficient is az(t) = r2 + 01G(t) — 02 P(t). Using the integrating-factor form,

Equation 4 implies
4 T(t) ex (—/tCL(T)dT) =0
dt p " 2 =

T(t) exp( —/t as(T) dT) =T(to),

to

hence,

and therefore .
T(t) = T(to) exp </ (r2 + 01G(T) — 02 P(7)) dT) . ()
to
Because T'(to) > 0 and the exponential term is strictly positive for all ¢, it follows from 5 that T'(¢) > 0
for every t € [to, ty].
Applying the same integrating-factor representation to the equations of G(t), P(t), F(t), and O(t)
yields G(t) > 0, P(t) > 0, F(t) > 0, and O(t) > 0 on [to, tf].

4.2. Existence of Optimal Control

Model Equation 3 is developed to describe the impact of global warming on the marine ecosystem
through the interactions among GHG concentration, temperature, plankton, fish population, and ocean oxy-
gen. To mitigate these effects, two control variables are introduced: mangrove planting w;, which enhances
carbon sequestration, and nutrient waste management uy, which supports marine environmental balance. In
this section, this study establish the existence of an optimal control for system Equation 3, showing that there
exist admissible strategies u; and wus that minimize the adverse effects of global warming while preserving the
system within realistic and sustainable bounds.

Based on, the existence of an optimal control for system Equation 3 can be established by verifying
the following standard conditions.

¢ The Admissible Control set is Nonempty.
Define
U := {(u1,u2) measurable | 0 < uq(t) <1, 0 <ug(t) <1, Vt e [0,¢f]}.

Clearly, (u1,u2) = (0,0) € U (the problem without control), hence U # (.

e U is closed and convex.
Letv; = (1141, u21), Vo = (ulg,UQQ) €U and \ € [O, 1] Then

)\1)1 —+ (1 — )\)'UQ = ()\ull —+ (1 — )\)Ulz, )\'LL21 —+ (1 — )\)Ugg),

and since [0, 1] is convex, this study have 0 < Aug; + (1 — ANuga < 1land 0 < Augy + (1 — Nuge < 1
a.e. on [0, t7]. Thus U is convex. Moreover, if (41, 25,) — (w1, u2) in L (or uniformly a.e.), then the
bounds 0 < wu;, < 1imply 0 < u; < 1 a.e., hence (uy,us) € U and U is closed.

* Well Posedness and Boundedness of the State System.
For any (u1,u2) € U, the right-hand side of (3) is continuous in the state variables and measurable in ¢
(with bounded controls), and it is locally Lipschitz in (G, T, P, F, O) on the positive region. Therefore,
(3) admits a unique solution on [0, ¢ ¢]. Furthermore, since G, T, P, F, O are continuous on the compact
interval [0, t 7], they are bounded:

0<G(t) <Gmax, 0<T(t) <Tmaxs 0<P(t) < Prax, 0<F(t) < Fhpax, 0<O(t) < Opax-
Consequently, the vector field is bounded on [0, ¢f]; e.g.

G < 71Gmax + 91 FmaxGmax + 03Tmaxs T < 12 max + 01GimaxTimax,
and similarly for P , F , 0.
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¢ Convexity of the Running Cost in the Controls.
Consider the standard performance index

J(uy,uz) = /Otf (zlG(t) + %(Auf(t) +Bu§(t))> dt.

The control-dependent term q(u1, u2) := 3 Au} + 2 Bu3 is convex since its Hessian is

v%:[é g}zo (4,B >0).

Moreover, G(t) is bounded on [0, ], hence J is well-defined and bounded below on /.

» Affine Dependence on the Controls.
The controlled system (3) can be written in the affine form

x:f(x)—i_ulgl(x)—’_quQ(m)v l':(G,T,P,F,O),
So the state dynamics are linear (affine) in the controls and bounded for bounded states.

Thus, all hypotheses of the existence theorem in Fleming and Rishel are satisfied; hence, there exists
an optimal control (u},u3) € U that minimizes J subject to Equation 3.

5. NUMERICAL SOLUTION

This section presents the numerical results of the proposed optimal control model using the PMP-RK4
scheme. The simulations are carried out to illustrate the dynamic behavior of the state variables and control
functions over the prescribed time horizon. In particular, the numerical study is used to compare the uncon-
trolled and controlled scenarios and to examine how moderate variations in selected scaled parameters affect
the resulting system behavior. The definitions and numerical values of the parameters used in the simulations
are listed in Table 2.

5.1. Controlled and Uncontrolled Dynamics

The numerical results in Figure 2 show a clear contrast between the uncontrolled and controlled sce-
narios. Without control, the GHG concentration G(t) increases continuously from about 0.04 to 1.75 at t = 20,
while the atmospheric temperature T'(¢) rises from about 0.07 to nearly 0.10, indicating progressive environ-
mental deterioration due to sustained emission accumulation and warming.

Under the optimal control strategy, the system exhibits markedly improved behavior. The temperature
T(t) decreases from the beginning of the simulation and approaches zero around years 8-10, whereas G(t)
increases slightly in the early stage, peaks around year 3, and then declines steadily to a value close to zero.
This indicates that temperature is controlled immediately, while GHG concentration is reduced after a short
transient phase.

GHG Concentration Atmospheric Temperature
1.75 | = = Without control ’ o10n__ Without control e
— With control 7 With control -
L , -
1.50 L 0.08} e
D R A S
125 i
-7 0.06
1.00 | >
© PR [
075 o 0.04
050 gl
s 0.02 |
025 - -
/-\
000 C 1 1 1 L 1 1 1 1 1 000 C I 1 1 1 1 1 1 1 1
0.0 2.5 5.0 7.5 10.0 125 15.0 17.5 20.0 0.0 2.5 5.0 7.5 10.0 125 15.0 17.5 20.0
Time (years) Time (years)

Continue Next Page...
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Figure 2. Controlled and Uncontrolled Dynamics of the Coastal Ecosystem Model and the Corresponding
Optimal Control Profiles

The ecological variables show a similar improvement. Under control, the plankton population P(t)
increases substantially from about 17.5 to nearly 390, whereas in the uncontrolled case it remains almost
stagnant. The fish population F'(¢) also responds positively, rising only slightly without control but reaching
about 15 under intervention. Likewise, the oxygen level O(t) declines persistently in the uncontrolled case,
from about 12.0 to 11.43, but under control it decreases only slightly at the beginning and then remains nearly
stable around 11.89. These results suggest that reducing GHG concentration and temperature not only limits
environmental degradation, but also promotes marine productivity and maintains ecosystem balance.

The control profiles further explain this mechanism. The control us () remains high in the early stage
and then gradually declines, indicating that waste-management intervention is most effective at the beginning
to support plankton growth. Meanwhile, u; (¢) increases in the initial stage, reaches its maximum around years
2-3, and then decreases gradually, showing that mangrove planting is particularly important in the early-to-
middle phase for suppressing GHG accumulation.

Overall, the results indicate that early and intensive intervention is crucial for improving both envi-
ronmental and ecological conditions. Once recovery begins, the control effort can be reduced gradually while
maintaining system stability.

5.2. Effect of Parameter Variations

To examine how the numerical results change under moderate variations of the scaled parameters, this
study vary each selected parameter by +£20% while keeping the others fixed. The resulting terminal states and
objective functional values are reported in Table 3.

Table 3. One-at-a-Time Sensitivity Analysis Results

Parameter Perturb. G(t5) T(ty) P(ty) F(ty) O(ty) J
T5 —20% 0.070825 0.002317 102.563662 8.800289 11.880321 1.822242
r5 +20% 0.070825 0.002317 102.563662 8.800289 11.878420 1.822242
B1 —20% 0.070825 0.002317 102.563662 8.800289 11.879333 1.822242
B1 +20%  0.070825 0.002317 102.563662 8.800289 11.879407 1.822242
B2 —20% 0.070825 0.002317 102.563662 8.800289 11.901705 1.822242

B2 +20% 0.070825 0.002317 102.563662 8.800289 11.857078 1.822242
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Parameter Perturb. G(ty) T(ty) P(ty) F(ty) O(ty) J
B3 —20% 0.070825 0.002317 102.563662 8.800289 11.880148 1.822242
B3 +20% 0.070825 0.002317 102.563662 8.800289 11.878593 1.822242

The results in Table 3 indicate that the controlled system is numerically robust under moderate +20%
perturbations of the selected scaled parameters. For all tested cases, the terminal values of G(tf), T'(t5), P(ty),
F(ty), and the objective functional J remain unchanged to the reported numerical precision. By contrast, the
terminal oxygen level O(t ) shows a small response, varying from 11.857078 to 11.901705. Among the tested
parameters, /3> has the strongest influence on O(ty), with O(t;) = 11.901705 for a —20% perturbation and
O(ty) = 11.857078 for a +20% perturbation. The effects of the other parameters are smaller, for 75, O(ts)
varies from 11.878420 to 11.880321, for 51, from 11.879333 to 11.879407, and for B3, from 11.878593 to
11.880148. These results suggest that the selected parameters mainly affect the oxygen dynamics, while the
overall controlled behavior of the system remains stable over the considered time horizon.

6. DISCUSSION

The numerical results demonstrate that the proposed optimal control strategy provides environmental
and ecological benefits by reducing GHG concentration and temperature while improving plankton, fish, and
oxygen dynamics. The sensitivity analysis indicates that the controlled system remains robust under moderate
parameter variations, with only minor changes observed in the oxygen state. This finding suggests that the
model maintains stable qualitative behavior and that the proposed interventions remain effective under reason-
able parameter uncertainty.

The integration of oxygen dynamics strengthens the ecological relevance of the proposed model. To
avoid unrealistic fluctuations, the oxygen variable is formulated in normalized form, while oxygen-related pa-
rameters are introduced through scaled scenarios based on previous studies. This approach maintains ecological
plausibility while allowing the model to capture the qualitative role of oxygen in coastal ecosystem dynamics.
Recent studies have highlighted the importance of oxygen responses under climate stress, particularly through
plankton oxygen interactions and dissolved oxygen changes caused by warming. Compared with previous stud-
ies, the present framework provides a more comprehensive approach by integrating oxygen dynamics, optimal
control, mangrove planting, and industrial waste management into a unified coastal climate-mitigation model.

From a sustainability perspective, the findings contribute to SDG 13 (Climate Action) through climate-
change mitigation and SDG 14 (Life Below Water) through improved marine ecosystem conditions. The study
also supports SDG 8 (Decent Work and Economic Growth) indirectly, as improved coastal environmental
quality can contribute to sustainable tourism and marine-resource-based livelihoods. The proposed framework
is consistent with environmental protection efforts in Indonesia, particularly Government Regulation No. 22 of
2021 on environmental protection and management and Government Regulation No. 27 of 2025 on mangrove
ecosystem protection and management.

The proposed model is developed as a conceptual framework rather than a site-specific empirically
calibrated system. The parameters were compiled and adapted from previous studies, allowing potential trans-
fer to other coastal environments after recalibration using local data. However, direct empirical validation using
field observations has not been conducted and remains an important direction for future research.

7. MANAGERIAL IMPLICATIONS

The proposed optimal control framework provides practical insights for coastal ecosystem managers,
policymakers, and environmental stakeholders in developing integrated climate mitigation strategies. The
model can support decision-making by evaluating the potential impacts of mangrove restoration and industrial
waste management on marine ecosystem stability. For coastal management institutions, the findings emphasize
the importance of coordinating ecological conservation programs with climate mitigation actions to maintain
long-term ecosystem resilience. From a management perspective, the integration of oxygen dynamics offers
additional information for monitoring marine ecosystem health beyond conventional GHG and temperature
indicators. Decision-makers can use this framework as a supporting tool to identify effective intervention com-
binations, prioritize conservation activities, and design adaptive coastal management policies. Although further
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calibration with local environmental data is required before operational implementation, the model provides a
foundation for evidence-based planning and sustainable coastal resource management.

8. CONCLUSION

This study developed a dynamic optimal control model for GHG mitigation in coastal ecosystems
through two ecosystem-based interventions, namely mangrove restoration and environmentally compliant waste
and wastewater management. By integrating GHG concentration, atmospheric temperature, plankton, fish, and
oxygen into a unified framework, the model captures key ecological interactions in coastal systems. The ana-
lytical results establish the positivity of all state variables and the existence of an optimal control.

Numerical simulations show that, compared with the uncontrolled case, the optimal strategy reduces
GHG concentration and temperature while improving plankton and fish populations and maintaining more
stable oxygen levels. The sensitivity analysis further indicates that the controlled system remains robust under
moderate parameter perturbations.

Overall, the proposed framework highlights the potential of combining mangrove restoration and re-
sponsible waste management as an ecosystem-based strategy for coastal sustainability and climate resilience.
The study is particularly relevant to SDG 13 (Climate Action), SDG 14 (Life Below Water), and indirectly
SDG 8 (Decent Work and Economic Growth). Future research may extend this framework through empirical
validation, regional adaptation, and integration with real-time environmental monitoring data to enhance its
practical value for coastal governance and sustainability planning.
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