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Biodiversity loss poses severe challenges for conserving rare species, particularly in
socio-ecological landscapes where human livelihoods depend on natural resources. This
study proposes a society-inclusive dynamic model to evaluate conservation strategies
for Amorphophallus gigas, a rare plant species found in North Sumatra, Indonesia. The
model integrates ecological dynamics, community participation, and governance
support into a coupled system of nonlinear ordinary differential equations, which are
numerically solved using a Runge—Kutta scheme and enhanced by an optimization
framework. Two scenarios were simulated over a 100-year horizon. Under baseline
conditions without interventions, the population only grows modestly to ~180
individuals, ecological health stabilizes at ~0.55, and community involvement remains
low (~0.45). With government regulation and support, the population rises to ~620
individuals, ecological health improves to ~0.85, socioeconomic benefits increase to
~0.75, and community involvement grows to ~0.80. These results demonstrate that
aligning ecological goals with policy measures and incentive-driven community
programs creates positive feedbacks that sustain biodiversity while improving
livelihoods. The study contributes a quantitative framework that explicitly incorporates
human dimensions into conservation modeling. Limitations include the use of
simplified spatial dynamics and the exclusion of climate change factors, highlighting
the need for future extensions toward more realistic applications.

1. INTRODUCTION

tubers are widely used as an important local food source. The
plant has ecological, cultural, and economic significance for

Biodiversity loss is a pressing global issue, with many
species facing unprecedented risks of extinction due to habitat
destruction, overexploitation, and climate change [1-3]. Rare
plant species are among the most vulnerable, as their restricted
distribution and ecological specialization make them
particularly sensitive to environmental changes. Yet, these
plants often play critical roles in ecosystem stability and
resilience, as well as in sustaining human livelihoods.

Conservation of rare plants is therefore not only an
ecological necessity but also a socio-economic challenge.
Effective strategies must balance biodiversity protection with
the needs of local communities that depend on plant resources
for food, income, and cultural purposes [4-6]. Achieving this
balance requires approaches that go beyond traditional
conservation models and incorporate the perspectives of
multiple stakeholders.

One such species is Amorphophallus gigas, a rare giant
plant endemic to parts of North Sumatra, Indonesia. It is found
in the Simandiangin Hamlet, Sungai Kanan District, where its
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surrounding communities. However, its population is under
increasing threat due to land conversion, agricultural
expansion, and unsustainable harvesting practices [7-9].

The situation of Amorphophallus gigas reflects a broader
challenge: how to conserve rare species in landscapes where
human activities and ecological systems are deeply
intertwined. Protected areas remain a cornerstone of
conservation [3], but in practice, they are often insufficient to
prevent biodiversity decline. Studies have highlighted the need
to manage conflicts between conservation and human
development, which requires more integrative approaches [10,
11].

Previous modeling studies have provided valuable insights
into ecological dynamics, land-use conflicts, and biodiversity
management. However, most of these approaches have
emphasized ecological factors while neglecting social and
governance dimensions [10, 11]. As a result, they fall short in
capturing the complexity of socio-ecological systems where
conservation outcomes depend not only on biological
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processes but also on human behavior
interventions.

This study seeks to address this gap by developing a society-
inclusive dynamic model that explicitly integrates ecological,
socioeconomic, and governance components. The model
captures the interactions between plant population growth,
community involvement, ecological health, and conservation
policies. Unlike traditional ‘fences and fines’ strategies [12],
it adopts a more inclusive perspective, recognizing that
conservation success requires aligning ecological goals with
community interests.

The case study of Amorphophallus gigas in North Sumatra
provides a unique opportunity to apply and test this modeling
framework. By simulating scenarios with and without
conservation interventions, the model evaluates how strategies
such as protected area designation, incentive-based
community programs, and regulated resource extraction
influence long-term plant persistence and human wellbeing.
The integration of field data and parameter estimates ensures
that the model reflects local realities [5, 8, 9, 13].

Finally, this study makes three contributions. First, it
develops a coupled system of ordinary differential equations
(ODEs) to represent socio-ecological interactions. Second, it
applies the model to simulate conservation and policy
scenarios over a century-long horizon. Third, it employs
optimization techniques to identify strategies that maximize
both ecological and social outcomes [11, 14]. In doing so, the
research advances the integration of human dimensions into
mathematical conservation models and provides insights for
policy design and community-based biodiversity management
[6, 15-18].

and policy

2. METHODOLOGY

This study employed a dynamic, society-inclusive
mathematical model to examine conservation strategies for the
rare plant Amorphophallus gigas in Simandiangin Hamlet,
Sungai Kanan District, North Sumatra, Indonesia. The model
integrates ecological, spatial, and socioeconomic dimensions,
recognizing that the persistence of rare plants depends not only
on biological growth but also on human behavior and
conservation policies. The main purpose of the model is to
simulate population dynamics under different management
scenarios and to identify conservation strategies that
simultaneously support ecological resilience and community
wellbeing.

The framework of the model consists of three
interconnected components. The first is the ecological
component, which represents the biological processes of
Amorphophallus  gigas, including growth, reproduction,
mortality, and the effects of habitat quality. The second is the
spatial component, which describes land use and land cover
changes driven by agricultural expansion, human population
growth, and resource extraction. The third is the
socioeconomic component, which captures household
livelihoods, harvesting practices, decision-making, and levels
of community participation in conservation programs.
Together, these components form a system with multiple
feedback loops that link ecological health, community
behavior, and conservation outcomes.

Several assumptions were introduced to maintain
tractability. The growth rate of the plant population is assumed
to be constant at 10% per year, while the extinction rate is set
at 2.5% per year. The initial population size in 2023 is
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estimated to be 92 individuals, based on field observations
[19]. Habitat quality is assumed to decline proportionally with
land conversion but improve under conservation interventions
such as restoration and protection. Community involvement in
conservation is represented as a continuous variable ranging
between 0 and 1, where higher values indicate stronger
engagement. Finally, government regulation and support are
treated as external drivers that can either positively or
negatively influence conservation outcomes.

The ecological sub-model is formalized using a recurrence
relation for population size:

P(N) = {(1 + r)N.P(0)} — m.{(1 + r)N — 1. P(0)} (1)
where,

P(0) = Current population of Amorphophallus gigas

P(N) = Total population of Amorphophallus gigas in the
Nth year

r = Average population growth rate of Amorphophallus
gigas per year

m = Average extinction of the Amorphophallus gigas
population per year

Substituting parameter values gives:

P(N) = (1+0.)N.P(0) — 0.025[(1 + 0.1)¥-1P(0)] 2)

This formulation predicts that the population will grow from
92 individuals in 2023 to approximately 99 individuals in
2024, and to around 619 individuals by 2045, under the
assumption of constant growth and extinction rates [20].

The spatial sub-model accounts for land use change and
habitat degradation. Habitat quality is modeled as a dynamic
index that influences the carrying capacity of the population.
The carrying capacity is expressed as:

K(t) = Kpax-H(t) 3)
where, K4, 1s the maximum carrying capacity under intact
habitat, and H(t) is the habitat quality index, ranging from 0
to 1. Habitat declines as land conversion increases, while
restoration or protection can increase habitat quality. Remote
sensing analysis and land cover data were used to parameterize
this component [21, 22].

The socioeconomic sub-model describes community
behavior, economic benefits, and participation in
conservation. Community involvement is modeled

dynamically as a function of socioeconomic benefits,
ecological costs, and external incentives:

i—f:AC(l—C)+yS—vE (4)
where, C is community involvement, A is the intrinsic growth
rate of participation, S represents socioeconomic benefits, E
represents ecological costs, and p, v are coefficients linking
benefits and costs to participation. This representation allows
the evaluation of strategies such as incentive schemes,
payments for ecosystem services, or community-based land
use planning [6-8].

The complete model was implemented in Python. A fourth-
order Runge—Kutta algorithm was used to solve the system of
ODEs numerically. The simulation horizon was set at 100
years, covering the period from 2023 to 2123, in order to
capture long-term dynamics. Initial conditions were based on
field surveys, while parameter values were derived from both



literature and empirical studies [19-22]. The computational
framework allows flexible testing of conservation policies,
including habitat restoration, sustainable harvesting, and
incentive-based conservation programs.

Two main scenarios were evaluated. The baseline scenario
represents the case without any conservation interventions,
where population dynamics are driven solely by natural
growth, mortality, and ongoing habitat loss. This reflects a
“business-as-usual” trajectory. In contrast, the government
intervention scenario introduces regulatory measures,
community incentives, and conservation support. This
includes protected area designation, regulated harvesting, and
programs designed to enhance community participation. By
comparing these two scenarios, the model provides insights
into the effectiveness of different strategies in balancing
ecological persistence and socioeconomic benefits.

3. RESULTS AND DISCUSSION

The model results highlight the complex interactions
between ecological, socioeconomic, and policy variables in
shaping the long-term persistence of Amorphophallus gigas.
Without targeted conservation efforts, the population in
Simandiangin Hamlet is projected to decline, while
interventions incorporating community engagement and
government support significantly improve both ecological and
social outcomes. To capture these dynamics, the most
dominant variables in the community-inclusive system were
selected and are summarized in Table 1.

Table 1. Rare plants conservation factors

Variable Description Scale
Rare plant population size
R (Amorphophallus gigas) R20
C Community involvement level 0<C<l1
E Environmental quality index 0<E<1
S Ecological health index 0<S<1
T Socio-Economic bf?n_eﬁts to local 0<T<1
communities

P Conservation efforts intensity 0<P<l1
G Government regulation level 0<G=1
M Government support level 0<M<1

The model formulation includes multiple interacting
components. The ecological sub-model captures plant growth,
ecological health depends on both population size and
conservation activities, while community and socioeconomic
sub-models account for participation levels and benefits.
Government regulation and support are included as additional
drivers. The governing equations are shown below:

e Ecological component

Rare plant population growth:

ar P
L=rp(1-7)+aC— T +9G (5)
Ecological health dynamics:
C=YE+8P —eT —¢M (6)

e Socioeconomic component
Community involvement dynamics:
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dac

E=/1C+,uS—vT+vM (7
Socio-economic benefits dynamics:
L=ns +xP —(C (8)
e Conservation efforts component
Conservation efforts dynamics:
& =nT +pP — 0 — wG 9)
¢ Government intervention component
Government regulation dynamics:
& = ¢G +yP — T (10)
Government support dynamics:
& =M +vC — ¢E (11)

The values of all parameters used in the simulation are
presented in Table 2.

Table 2. The parameter values of the conservation model

Parameter Description Value
(per year)
r Intrinsic growth rate of rare plant 10%
. . 800
K Carrying capacity of the rare plant individuals
u Community involvement 0.05
coefficient on plant growth ’
Conservation efforts coefficient on
B 0.01
plant growth
y Ecological health growth rate 0.1
S Plant population coefficient on 0.02

ecological health
Conservation efforts coefficient on
& . 0.005
ecological health

Community involvement growth

A 0.2
rate
Socio-economic benefits
U coefficient on community 0.1
involvement
v Conservation efforts coefficient on 0.005
community involvement )
Socio-economic benefits growth
n 0.2
rate
Plant population coefficient on
K . . 0.01
socio-economic benefits
Community involvement
4 coefficient on socio-economic 0.005
benefits
b Conservation efforts growth rate 0.1
Plant population coefficient on 0.02
P conservation efforts ’
Ecological health coefficient on
o . 0.01
conservation efforts
Government regulation growth rate 0.05
Plant population coefficient on 0.01
4 government regulation ’
o Government regulgtlon coefficient 0.005
on conservation efforts
T Government support growth rate 0.02
Community involvement
0 . 0.005
coefficient on government support
’ Ecological health coefficient on 0.001

government support




3.1 Optimization framework

The objective is to maximize a measure of overall
conservation success, J, over a defined time period. This could
be a weighted combination of plant population, ecological
health, and socio-economic benefits.

Maximize: | = fotfi"“l(WPP + wgE + wS)dt

Subject to:

0<P<
0<EL
0< S<
o< C<
0<T<
0<G< 1,
o< M<1

=

PRPRPRR

(U

where, wp, wg, and w, are weights representing the relative
importance of each component.

To evaluate conservation outcomes, an optimization model
was formulated to maximize overall conservation success:

J = [,/ (wpP + wpE + wgS) dt (12)

subject to ecological and social feasibility constraints. The
weights wp, wg, ws allow prioritization between plant
population persistence, ecosystem health, and socioeconomic
benefits.

3.2 Scenarios and simulation

Scenario 1: Baseline (No Conservation Efforts)

The baseline simulation was run over a 100-year horizon
with initial conditions P(0) = 10,E(0) = 0.5,5(0) =
0.2,€(0) = 0.1,T(0) = 0.05. Figures 1(a)-1(e) display the
outcomes for population, ecological health, socioeconomic
benefits, community involvement, and conservation efforts.

e Plant population (Figure 1(a)) shows only a modest
increase initially, but growth slows due to limited
conservation support and habitat degradation. Without
targeted interventions, the risk of long-term decline
remains high.

e Ecological health (Figure 1(b)) rises quickly but
stabilizes at a lower level, suggesting that ecosystem
quality remains vulnerable.
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(b) Health index vs. ecological health
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Figure 1. Time evolution of the main state variables in the society-inclusive conservation model
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e Socioeconomic benefits (Figure 1(c)) increase gradually
but remain modest, indicating that the community gains
little incentive to sustain conservation.

e Community involvement (Figure 1(d)) improves over
time but plateaus at a low-to-moderate level, insufficient
for strong conservation outcomes.

e Conservation effort (Figure 1(e)) grows initially due to
spontaneous actions but lacks sustained momentum.

Overall, the baseline scenario demonstrates that without

government  or  structured  community  programs,
Amorphophallus gigas conservation remains fragile. The plant
population may persist in the short term, but long-term
viability is threatened by weak social and policy support.

Scenario 2: Government Intervention

In the second scenario, government regulation and support

were introduced, with initial conditions P(0) = 10, E(0) =
0.5,5(0) =0.2,C(0) = 0.1, T(0) = 0.05, G(0) =0.2,

M (0) = 0. The updated model incorporated interaction terms
linking policy with ecology and society. Specifically,
government regulation (G) and government support (M) were
modeled with logistic-type dynamics that allow for growth,
saturation, and cross-interactions with plant, community, and
ecosystem components. The updated system of equations is as
follows:

¢ Plant population growth

dap P
E:rp(1—;)+ aC — BT + PG (13)
e Ecological health dynamics
dE
E=yE(1—E)+ 6P — T — M (14)
e Community involvement dynamics
Z—f: AC(L = C)+ uS — vT + vM (15)
e Socioeconomic benefits dynamics
das
s nS(1 — S)+ kP — {C (16)

e Conservation efforts dynamics

ar

e aT(1 — T)+ pP — 0E — wG (17)
¢ Government regulation dynamics
dc
o oG(1 — G)+ YP — T (18)
e Government support dynamics
M M1 - M)+ vC — EE (19)

at

The inclusion of government regulation (G) and
government support (M) creates feedback loops: government
regulation increases with plant population but may suppress
excessive conservation efforts, while government support
strengthens with community involvement but can be reduced
by ecological stress.

3.3 Simulation results

The simulations were carried out over a 100-year horizon
using the same Python-based framework as in Scenario 1.
Figures 2(a)-2(g) present the outcomes across ecological,
social, and policy dimensions.

e Plant population (Figure 2(a)) shows a strong and
sustained increase, demonstrating the positive impact of
regulation and support on population persistence.

e Ecological health (Figure 2(b)) improves rapidly and
stabilizes at a high level, creating favorable conditions for
biodiversity.

e Socioeconomic benefits (Figure 2(c)) steadily rise,
indicating that community livelihoods improve alongside
conservation.

e Community involvement (Figure 2(d)) increases
consistently, showing that policy interventions and
incentives encourage participation.

e Conservation efforts (Figure 2(e))
suggesting sustained collective action.

e Government influence (Figure 2(f)) grows steadily,
reflecting stronger regulatory and supportive roles.

e Market impact (Figure 2(g)) also increases, highlighting
potential for eco-tourism or sustainable resource use.

remain high,
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Figure 2. Objective function values as a function of key state variables in the conservation-policy optimization framework
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3.4 Results

Scenario 1: Baseline (No Conservation Efforts)

The baseline simulation (Figures 1(a)-1(e)) indicates that
Amorphophallus gigas shows only modest growth under
natural conditions. The plant population rises slowly to about
180 individuals by year 100, which is far below the carrying
capacity. Ecological health improves initially but stabilizes at
a moderate index (~0.55), leaving the system vulnerable to
disturbance.

Socioeconomic benefits grow gradually from 0.2 to ~0.40,
reflecting limited improvement in local livelihoods.
Community involvement rises slightly but plateaus at ~0.45,
insufficient to sustain conservation momentum. Conservation
efforts grow at first but stagnate at ~0.50, showing weak long-
term commitment without external support.

Overall, the baseline scenario demonstrates that without
structured interventions, the conservation of A. gigas remains
fragile: the plant persists, but its population is low, ecosystem
health is only moderately maintained, and community
engagement is weak.

Scenario 2: Government Intervention

In Scenario 2 (Figures 2(a)-2(g)), government regulation
and support were added to the system, producing significant
improvements across all indicators. By year 100, the plant
population grows to approximately 620 individuals, more than
three times the baseline scenario. Ecological health stabilizes
at a high level (~0.85), suggesting resilient ecosystem
conditions.

Socioeconomic benefits improve steadily from 0.2 to ~0.75,
indicating that conservation also strengthens local livelihoods.
Community involvement rises sharply, reaching ~0.80, nearly
double that of Scenario 1. Conservation efforts remain high
(~0.80) throughout the simulation, reflecting strong and
sustained action.

Government influence increases consistently, ensuring
policy continuity, while market impact grows to ~0.70,
suggesting opportunities for eco-tourism or sustainable use of
A. gigas resources.

The side-by-side comparison shows that Scenario 2
outperforms Scenario 1 on every indicator. Table 3 presents
the summary.

Table 3. Comparative results of Scenario 1 and Scenario 2

Indicator Scenario 1  Scenario 2 Relative
Improvement
Plant population
~ N 49449
(year 100) 180 620 244%,
Ecologlcal health 055 085 1550,
index
Socioeconomic 0,40 075 +88%
benefits
Commumty 045 080 8%
involvement
Conservation efforts ~0.50 ~0.80 . Strong
improvement
Market impact ~0.30 ~0.70 +133%

3.5 Discussion

The comparison between the two scenarios clearly
highlights the role of government policy and community
engagement in ensuring the long-term persistence of
Amorphophallus gigas. Scenario 1, relying on natural
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dynamics alone, leads to fragile conservation outcomes with
limited ecological and social benefits. In contrast, Scenario 2
shows that integrating regulation, support, and incentives
creates a virtuous cycle: the plant population grows, ecological
health stabilizes, community participation increases, and
socioeconomic gains reinforce conservation behavior.

Sensitivity analysis suggests that community involvement
(a, u,v) and government support (z,v, &) are among the most
influential parameters shaping system outcomes. This
underlines the importance of participatory conservation and
incentive-based programs.

However, the model still has limitations. Spatial
heterogeneity and climate change are not yet incorporated, and
parameter estimates require further field validation. Despite
this, the framework demonstrates the feasibility of balancing
ecological and socioeconomic objectives, providing a valuable
tool for conservation planning.

4. CONCLUSIONS

This study developed and applied a society-inclusive
dynamic model to examine conservation strategies for
Amorphophallus gigas in North Sumatra, Indonesia. By
integrating ecological, socioeconomic, and governance
components into a coupled system of ODEs, the model
provides new insights into how conservation outcomes are
shaped by interactions between plant populations, community
involvement, and policy interventions.

Simulation results show that without targeted interventions,
the A. gigas population increases only modestly, stabilizing at
~180 individuals after 100 years, with ecological health at
~0.55 and community involvement remaining weak (~0.45).
In contrast, incorporating government regulation and support
produces markedly better outcomes: the population grows to
~620 individuals, ecological health stabilizes at ~0.85,
socioeconomic benefits rise to ~0.75, and community
involvement strengthens to ~0.80. These findings demonstrate
that conservation strategies that align ecological goals with
community incentives and governance support can achieve
both biodiversity protection and improved local livelihoods.

The main contribution of this work lies in presenting a
mathematical framework that explicitly incorporates human
dimensions into rare plant conservation modeling. This
approach moves beyond traditional protectionist models by
showing how policy measures and community participation
create positive feedback that reinforces ecological resilience.

Nevertheless, the model has limitations. It assumes
homogeneous spatial dynamics, excludes potential climate
change impacts, and relies on parameter estimates that require
further field validation. These simplifications mean that while
the model captures general trends, fine-scale predictions
remain uncertain.

Future research should extend the framework by
incorporating spatial heterogeneity, climate scenarios, and
multi-species interactions. Empirical calibration through long-
term monitoring will also be critical for improving predictive
accuracy. Expanding the model to include economic valuation
of ecosystem services and trade-offs between conservation and
development could further support policy decision-making.

Overall, the study provides a quantitative and integrative
framework for guiding rare plant conservation strategies that
are both ecologically robust and socially inclusive.
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