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As the intensity of global environmental challenges increases, so does the need to understand and strengthen the
resilience of interconnected systems. This research underscores the crucial role of adaptive governance in
navigating the complexities of the Water-Energy-Food-Ecosystem nexus, particularly under the pressures of
changing climatic conditions. The study conducts an in-depth analysis of adaptive capacities by identifying
critical components such as assets, flexibility, organization, learning, and agency as fundamental elements of
adaptive governance in sanitation practices. Data were collected through structured questionnaires and analyzed

using binary probit and logit models to examine how these attributes influence community engagement in
sanitation. Descriptive analysis was also used to summarize respondent characteristics and attribute

distributions.

1. Introduction

The escalating impacts of climate change present complex challenges
to managing essential resources within the Water-Energy-Food-
Ecosystem (WEFE) nexus, particularly in rapidly developing regions
like Labuan Bajo, Indonesia. Labuan Bajo, known for its critical role as a
gateway to the Komodo National Park, has experienced significant
socio-economic transformations driven by tourism and fishing industries
[1]. These transformations exert considerable pressure on local infra-
structure, especially sanitation systems [2], which are crucial for sus-
tainable development and environmental conservation. Sanitation, a
critical component of urban infrastructure [3-6], directly influences the
broader spectrum of the WEFE nexus by impacting water quality, energy
consumption, food production safety, and ecosystem health. Effective
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sanitation systems reduce environmental pollution, prevent disease
proliferation, and contribute to the overall health and well-being of the
community [7,8]. However, traditional approaches to sanitation often
fail to address the interconnected nature of these resources
comprehensively.

Adaptive governance emerges as a promising approach to address
these interlinkages by incorporating flexibility, learning, and stake-
holder engagement into resource management practices [9,10]. This
approach facilitates the development of resilient infrastructure systems
that can adjust to ecological and societal changes without compromising
functional integrity or sustainability. The concept of adaptive gover-
nance within the WEFE nexus emphasizes the need for integrated
management strategies that consider the dynamic interactions between
water, energy, food, and ecosystems. Despite the growing recognition of
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the interconnected challenges posed by climate change across the
Water-Energy-Food nexus, particularly in coastal urban settings [3,6,
11], significant gaps persist in our understanding and implementation of
effective adaptive governance frameworks. While numerous studies
have explored individual aspects of the WEFE nexus, such as water
resource management or energy efficiency [12-16], fewer have
addressed the comprehensive integration of all these elements within
the context of community sanitation systems. This lack of holistic
approach limits the effectiveness of interventions aimed at enhancing
resilience and sustainability in response to environmental and societal
pressures.

There is an evident gap in the practical application of adaptive
governance strategies that explicitly connect sanitation with water,
energy, food security, and ecosystem health. Most existing research and
policy frameworks tend to silo these components, failing to capture the
synergistic potential of an integrated approach. This oversight can lead
to suboptimal resource use, increased environmental degradation, and
missed opportunities for enhancing community resilience against
climate variability [17,18]. While adaptive governance is touted for its
potential to enhance system flexibility and stakeholder engagement
[19-21], detailed empirical evidence on its implementation and out-
comes in the sanitation sector is sparse. There is a particular lack of data
on how adaptive governance principles are applied in real-world set-
tings to improve sanitation infrastructure, especially in regions facing
rapid urbanization and ecological sensitivity like Labuan Bajo. This gap
in knowledge and practice underscores the need for targeted research
that can bridge theoretical frameworks with actionable governance
strategies. Furthermore, the role of community agency and participatory
mechanisms in shaping sanitation practices within the WEFE nexus is
not well-documented. Understanding how community inputs and in-
teractions influence policy formation and resource management is
crucial for ensuring that adaptive governance systems are not only in-
clusive but also effective in meeting the diverse needs of all stakeholders
involved. There is a critical need for innovative methodologies that can
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quantify the impacts of integrated adaptive governance approaches on
sanitation and overall nexus sustainability. Current evaluation models
often lack the complexity to assess cross-sectoral dynamics and in-
terdependencies effectively, making it challenging to measure the
real-world effectiveness of nexus-oriented governance strategies.

This study is focused on investigating the implementation of adap-
tive governance in Labuan Bajo, with the goal of enhancing the sus-
tainability and resilience of its sanitation systems. To achieve this, the
research specifically examines the adaptive capacities essential for
robust governance, which include assets, flexibility, organization,
learning, and agency. These capacities are explored in depth to deter-
mine how they can be effectively leveraged to improve sanitation ser-
vices amid the challenges posed by environmental variability and the
pressures of an increasing urban population.This research aims to un-
derstand how these adaptive capacities can be optimized by examining
their current status, identifying gaps, and proposing enhancements. It
also considers the sociodemographic variables that influence public
participation and support for sanitation initiatives, such as age, gender,
income, and occupation, which are crucial for tailoring approaches to
the specific context of Labuan Bajo. Through this detailed examination,
the study seeks to offer comprehensive insights into how adaptive
governance can be tailored to improve sanitation resilience and sus-
tainability, thereby contributing to the broader goal of enhancing the
quality of life and environmental health in urban settings.

2. Theoritical framework

Fig. 1 illustrates a theoretical framework that encapsulates the
integration and interdependencies within the Water-Energy-Food-
Ecosystem (WEFE) nexus, particularly focusing on sanitation. This
framework visually organizes the relationships and synergies between
the components of the WEFE nexus demonstrating the multifaceted in-
teractions through various governance strategies that enhance resilience
and sustainability. At the heart of the diagram is the WEFE nexus, with
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Fig. 1. Theoretical framework for the WEFE nexus in sanitation.
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branching elements representing the specific interactions across
different resources. Each segment, corresponding to a different resource
within the nexus, is connected through adaptive capacity attributes such
as assets, flexibility, organization, learning, and agency [22,23], which
are essential for adaptive management and sustainable environmental
governance [24,25].

In the water section of the framework, the focus is on advanced water
recycling and treatment facilities, which are crucial assets for sustain-
able water management [26,27]. The framework also shows the
importance of flexibility in systems that adapt to water scarcity and
organizational coordination with water management authorities [28,
29]. Additionally, it emphasizes community initiatives for water quality
monitoring [30,31], showcasing a proactive approach to water resource
management. For energy, the framework illustrates the integration of
renewable energy sources and the importance of energy-efficient sani-
tation technologies [32,33]. It highlights organizational collaborations
with energy sectors and community empowerment for adopting
energy-efficient solutions, indicating the proactive roles communities
play in energy sustainability. In terms of food, the framework addresses
nutrient recovery systems that transform waste into agricultural re-
sources, demonstrating an effective use of organic waste. It also includes
community-led composting programs and joint projects between sani-
tation and agricultural sectors [34,35], suggesting a strong link between
waste management and food production. The ecosystem component
emphasizes green infrastructure that integrates sanitation with envi-
ronmental conservation [36,37], underscoring the role of ecosystems in
supporting overall nexus sustainability. It also points to the need for
learning opportunities like workshops on energy conservation and ed-
ucation on sanitation’s impact on the environment [38], which equip
communities with the necessary knowledge to support ecosystem
health.

Table 1 outlines the interconnected roles of WEFE components in
enhancing sanitation practices and highlights how sanitation, in turn,
supports broader sustainability goals within the WEFE nexus. The water
segment emphasizes the dual role of sanitation in improving water
quality for various uses while promoting conservation efforts through
the recycling and reuse of wastewater [39-41]. This cyclical benefit
enhances both the effectiveness of sanitation practices and the sustain-
ability of water resources. In the energy sector, the focus is on how
sanitation can reduce operational costs and environmental impacts by
integrating renewable energy solutions [42,43]. Sanitation systems
themselves contribute to energy production, particularly through the

Table 1
Components of the WEFE Nexus Applied to Sanitation.

WEFE Benefits to sanitation Contributions of sanitation
component
Water Improved water quality and Enhanced water conservation

availability for sanitation
processes through sustainable

through efficient wastewater
treatment and reuse in

water management practices.

irrigation and industrial
processes.

Energy Access to renewable energy Production of renewable energy
sources can power sanitation (e.g., biogas) from the digestion
facilities, reducing operational of sewage sludge, contributing
costs and environmental impact.  to the energy supply and

reducing greenhouse gas
emissions.

Food Efficient sanitation ensures safer ~ Nutrient recovery from
water for irrigation, promoting wastewater provides valuable
healthier agricultural practices. fertilizers for agriculture,

improving soil fertility and crop
yields.

Ecosystem Healthier ecosystems reduce Proper waste management

disease vectors associated with
poor sanitation, creating a
cleaner environment.

minimizes pollution, protects
biodiversity, and maintains the
ecological balance of water
bodies and land.
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conversion of waste into biogas [44,45], which is a renewable energy
source that also helps in reducing greenhouse gas emissions. For food,
the table highlights how sanitation practices that ensure clean irrigation
water can lead to healthier agricultural outputs. Furthermore, the re-
covery of nutrients from sanitation processes provides additional ben-
efits by enriching soil quality [46,47], which in turn boosts agricultural
productivity and sustainability. Lastly, the ecosystem component dis-
cusses how improved sanitation helps in reducing disease vectors and
creating cleaner environments [45,48]. Effective sanitation is crucial for
maintaining the health of ecosystems, as it prevents pollution and sup-
ports biodiversity by preserving natural habitats and balancing ecolog-
ical interactions.

Table 2 provides a comprehensive overview of the adaptive capacity
within the WEFE nexus. These attributes are essential for the adaptive
management and sustainable governance of environmental resources,
ensuring that each component can effectively respond to the dynamic
challenges presented by changing climatic and socio-economic condi-
tions. In the water component, the focus is on advanced water recycling
and treatment facilities that ensure the availability and quality of water
[39,41], coupled with systems designed to adapt to water scarcity. This
is complemented by the organizational coordination with water man-
agement authorities to align policies and practices and
community-driven initiatives focused on water quality monitoring and
advocacy, which are crucial for maintaining water-centric policies. The
energy section highlights energy-efficient sanitation technologies that
reduce power usage and the integration of renewable energy sources like
solar-powered water treatment systems [49,50]. This includes collabo-
rative efforts between energy sectors to manage the demands of sani-
tation systems and workshops aimed at conserving energy, which are
vital for reducing the environmental impact of sanitation facilities.

Under food, nutrient recovery systems that convert waste into fer-
tilizer for agricultural use are noted [47,51,52], alongside flexible waste
management practices that provide organic fertilizers during peak
farming seasons. This is supported by joint projects between sanitation
and agricultural sectors to utilize waste as a resource, and training on the
benefits and methods of using manure and compost in agriculture [53],
which enhance the sustainability of food production. The ecosystem
component illustrates the integration of green infrastructure that en-
hances sanitation with ecosystem conservation and the implementation
of adaptive measures to prevent pollution [36,37]. This involves
multi-stakeholder engagement in designing eco-friendly sanitation so-
lutions and education programs focused on the impact of sanitation on
biodiversity and ecosystem health [54]. Finally, the framework high-
lights the critical role of agency in empowering local communities to
adopt and promote energy-efficient solutions and community-led com-
posting programs [55-57]. This proactive community involvement
supports local agriculture and contributes to environmental sustain-
ability and resilience within the WEFE nexus.

3. Method
3.1. Study area and population

Labuan Bajo, situated on the western tip of Flores in the Nusa
Tenggara region of Indonesia, was selected as the focal area for this
study (Fig. 2). This location is renowned for its rapidly growing tourism
industry, largely due to its proximity to the Komodo National Park. As of
the year 2022, Labuan Bajo has a population of 6973, with a population
density of 506 individuals per square kilometer. This setting presents a
distinctive socio-economic and environmental context, shaped primarily
by the tourism and fishing sectors. On one hand, tourism generates
increased economic activity, public attention, and investment in infra-
structure [1,24,58], offering an opportunity to improve basic services
such as sanitation through public-private partnerships and government
support [59,60]. On the other hand, the rapid and often uncoordinated
expansion of tourism has led to increased waste generation, seasonal
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Table 2

Adaptive capacity within the WEFE Nexus.
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Nexus Adaptive capacity

Component . . _

Assets Flexibility Organization Learning Agency

Water Advanced water recycling Systems that adapt to water Coordination with water Educational programs on water- ~ Community initiatives for
and treatment facilities to scarcity by optimizing water management authorities to saving techniques and the water quality monitoring and
ensure quality and use in sanitation. align policies and practices. importance of water advocacy for water-centric
availability. conservation in sanitation. policies.

Energy Energy-efficient sanitation Integration of renewable Collaboration with energy Workshops on energy Empowerment of local
technologies that reduce energy sources like solar- sectors to manage energy conservation in sanitation communities to adopt and
power usage. powered water treatment demands of sanitation processes. promote energy-efficient

systems. systems. sanitation solutions.

Food Nutrient recovery systems Flexible waste management Joint projects between Training on the benefits and Community-led composting
that convert waste into practices that provide organic  sanitation and agricultural methods of using humanure and  programs that support local
fertilizer for agricultural fertilizers during peak sectors to utilize waste as a compost in agriculture. agriculture.
use. farming seasons. resource.

Ecosystem Green infrastructure that Adaptive measures to prevent ~ Multi-stakeholder Education on the impact of Advocacy for stringent

integrates sanitation with
ecosystem conservation.

Physical and institutional
assets that support effective
sanitation

pollution and enhance the
natural purification
processes.

The ability of sanitation
systems to adapt to varying
conditions.

engagement in designing
eco-friendly sanitation
solutions.

The structures and systems
that govern sanitation
operations.

sanitation on local biodiversity
and ecosystem health.

Ongoing processes to enhance
understanding and improve
practices.

environmental regulations
and clean-up campaigns.

The capacity of individuals
and groups to make informed
decisions and take action.

population surges, and spatial inequalities in access to clean water and
sanitation especially among marginalized local communities. While
central to local livelihoods, the fishing industry further contributes to
coastal pollution and places stress on already vulnerable marine eco-
systems. Together, these dynamics make Labuan Bajo a compelling case
for investigating how adaptive governance can address sanitation
challenges in the face of overlapping pressures from economic growth,
environmental degradation, and demographic change [2].

Participants in this research included a diverse cross-section of the
population, encompassing local residents, business owners, and in-
dividuals engaged in the tourism and fishing industries. These groups
were intentionally selected due to their direct involvement in and
impact on sanitation practices. A stratified sampling method was
employed to ensure representativeness, categorizing respondents by
occupation and residential area to capture varied socio-economic per-
spectives and geographic nuances. However, given Labuan Bajo’s
unique socio-economic (tourism, fishing) and environmental charac-
teristics, the findings may not be fully generalizable to regions with
different contextual conditions. The context of Labuan Bajo, influenced
heavily by tourism and fishing industries, may limit the generalizability
of findings to regions with different socio-economic dynamics. None-
theless, similar small coastal towns or island communities in the Global
South such as Zanzibar in Tanzania [61] and El Nido in the Philippines
[62] may find this case study particularly relevant. Future studies should
replicate this model in such contexts to validate its applicability and
refine adaptive governance strategies tailored to their local realities.

3.2. Data collection

In the study conducted in Labuan Bajo, a structured questionnaire
was developed as the primary tool for data collection, specifically
designed to delve into various components of the WEFE nexus in relation
to sanitation. This questionnaire was crafted to assess several key as-
pects: physical and institutional assets that underpin effective sanita-
tion, the adaptability of sanitation systems to changing conditions, the
governance structures overseeing these operations, processes aimed at
enhancing understanding and improving sanitation practices, and the
capacity of individuals and groups to make informed decisions and
initiate action. The questionnaire was structured to capture both quan-
titative and qualitative data. It included a series of binary questions
where a response indicating the importance or presence of a feature was
coded as ’1’, and the absence or irrelevance as '0’. These questions
addressed the presence of physical and institutional assets, the adapt-
ability of sanitation systems, governance structures, ongoing

improvement processes, and individual and group agency. Demographic
variables such as gender, income, education, age, marital status, occu-
pational roles such as fishermen and tourist operators, and the willing-
ness to participate in sanitation initiatives were also coded in a binary
format to streamline the analysis process.

To ensure the contextual relevance and clarity of the questionnaire, a
pilot test was conducted in November 2023 involving 50 randomly
selected residents from Labuan Bajo. This phase allowed the research
team to identify potential linguistic, cultural, or conceptual mis-
understandings, which were subsequently addressed through revisions
to the wording, sequence, and phrasing of several questions. Feedback
from the pilot also guided the development of interviewer scripts and
behavior protocols, promoting culturally sensitive engagement with
respondents. Data collection was conducted over a three-month period
from January to March 2024 through face-to-face interviews adminis-
tered by trained enumerators. This method was deliberately selected to
maximize response accuracy, particularly in a setting with varying levels
of literacy and familiarity with formal survey tools. In-person interviews
enabled enumerators to clarify questions, ensure full comprehension,
and reduce non-response rates. Additionally, this approach allowed re-
searchers to observe non-verbal cues such as hesitation, confusion, or
discomfort which were valuable in interpreting the sincerity and con-
fidence behind responses. Nonetheless, the use of structured question-
naires inherently carries the risk of response bias, particularly in studies
exploring behavioral engagement and community attitudes. Re-
spondents may feel compelled to provide socially desirable answers,
especially when discussing topics such as environmental responsibility
or willingness to participate in public programs. This tendency can
compromise the reliability of self-reported data, particularly when
community members perceive the interviewer as being affiliated with
government or academic institutions. To mitigate these limitations,
multiple safeguards were integrated into the research design. First, the
pilot test helped refine question phrasing to minimize leading or sug-
gestive wording that might cue a ‘desirable’ answer. Second, all enu-
merators received intensive training in neutral interviewing techniques,
with a focus on maintaining nonjudgmental posture and tone
throughout the interview process. Third, the face-to-face interviews
were conducted in the local dialects, ensuring comfort and clarity.
Fourth, participants were assured of anonymity, data confidentiality,
and the voluntary nature of their participation. These reassurances were
critical in encouraging openness and candidness, particularly when
participants expressed dissatisfaction or hesitation about local sanita-
tion conditions.

Each interview session lasted between 5 and 15 min, during which
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Fig. 2. Map of Labuan Bajo, western tip of Flores, Indonesia: Study area.

the interviewers collected comprehensive data while observing high
ethical standards. All participants were fully informed about the study’s
objectives, the voluntary nature of their participation, and the confi-
dentiality of the information they provided. Informed consent was ob-
tained from all participants prior to the interviews. Additionally, the
entire study protocol, including the data collection methods and ethical
considerations, was reviewed and approved by a local ethics committee
to ensure it met international standards for research involving human
subjects. Collectively, these methodological and ethical safeguards were
designed to enhance the credibility, validity, and reliability of the
findings, while acknowledging and transparently addressing the
inherent limitations of structured, self-reported survey methods.

3.3. Data analysis

Upon the completion of data collection, the responses gathered from
the structured questionnaires in Labuan Bajo were meticulously digi-
tized to facilitate a systematic analysis. The digitization process was
critical, ensuring that all collected data were accurately entered into a
computerized database for subsequent analysis. This phase was essential
in transforming the raw data from the field into a format suitable for
detailed statistical evaluation. The analytical phase of the study utilized
a blend of descriptive and inferential statistical techniques to dissect and
understand the data comprehensively. Descriptive statistics played a
pivotal role in this process by providing initial insights into the
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distribution and central tendencies of the responses. This involved
calculating means, medians, modes, and standard deviations, which
helped in summarizing the general patterns in the data and setting the
stage for more complex analyses.

For the inferential analysis, the study employed binary probit and
logit regression models. These models are particularly suited for dealing
with binary dependent variables, such as the willingness to participate
in sanitation activities, which was the primary outcome of interest in
this research. The choice of probit and logit models was driven by their
robustness in estimating relationships between a binary dependent
variable and multiple independent variables, providing insights into the
factors that significantly influence the likelihood of participation [24,25,
63,64]. The inferential analysis was structured around three specific
models, each designed to explore different facets of the factors influ-
encing participation willingness:

1. Overall Model: This model combined variables from both adaptive
and socio-demographic categories, offering a comprehensive view of
how various factors converge to affect participation willingness. It
integrated aspects related to physical, institutional, and adaptability
features of sanitation systems alongside personal attributes like in-
come, education, and occupation.

2. Adaptive Preference Model: Focused specifically on the adaptability
aspects of sanitation systems, this model aimed to isolate and
examine how the perceived importance of adaptive capacity in
sanitation systems influences participation decisions. This model was
particularly important for understanding the responsiveness of the
community to changes in sanitation infrastructure and policy.

3. Socio-Demographic Model: Concentrating exclusively on de-
mographic factors, this model assessed how variables such as gender,
age, income, and educational levels impact the willingness to engage
in sanitation practices. This analysis was crucial for identifying de-
mographic predictors of participation and tailoring community-
specific interventions.

While these statistical models offered robust insights into the re-
lationships between adaptive governance factors and participation
willingness, we also recognized the importance of qualitative depth to
contextualize and validate our findings. To complement and confirm our
quantitative results, we conducted a series of key stakeholder interviews
with local tourism operators, village heads, and academic researchers
familiar with sanitation governance in Labuan Bajo. These semi-
structured interviews provided firsthand narratives about sanitation
challenges, governance bottlenecks, and community motivations, of-
fering a richer understanding of the socio-political and environmental
dynamics at play. The qualitative feedback helped triangulate the sta-
tistical results supporting, for instance, the importance of physical
infrastructure and institutional presence in fostering engagement and
also revealed nuanced barriers such as uneven coordination across
government levels, seasonal tourism pressures, and varying degrees of
trust in local institutions. This integration of stakeholder perspectives
not only enhances the validity of the study but also addresses concerns
regarding the limitations of relying solely on structured survey data.
This detailed methodological framework grounded in both quantitative
modeling and qualitative confirmation was designed to ensure rigor,
depth, and contextual relevance. By thoroughly examining the in-
terdependencies within the WEFE nexus and the diverse influences on
individual and collective behavior, the research provides valuable
knowledge to the field of environmental management and public health.

4. Result

Table 3 provides a detailed descriptive analysis of various factors
associated with the Water-Energy-Food-Ecosystem (WEFE) nexus in
sanitation adaptation, emphasizing the role these elements play in local
governance and individual commitment to sanitation improvements in
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Table 3
Descriptive analysis of variables in the WEFE nexus for sanitation adaptation.

Variables Frequency  Percent  Mean  Std.
Deviation

Physical and institutional assets 240 50.31 0.503  0.501
that support effective sanitation %
(yes importance=1;
otherwise=0)

The ability of sanitation systems to 205 42.98 0.430  0.496
adapt to varying conditions. %
(yes importance=1;
otherwise=0)

The structures and systems that 220 46.12 0.461  0.499
govern sanitation operations. %
(yes importance=1;
otherwise=0)

Ongoing processes to enhance 228 47.80 0.478  0.500
understanding and improve %
practices. (yes importance=1;
otherwise=0)

The capacity of individuals and 264 55.35 0.553  0.498
groups to make informed %
decisions and take action. (yes
importance=1; otherwise=0)

Gender (1=Female; 0=Male) 255 53.46 0.535 0.499

%

Income (1=More than minimum 289 60.59 0.606 0.489
wage; otherwise=0) %

Education (1=More than diploma 263 55.14 0.551 0.498
or bachelor degree; %
otherwise=0)

Age (1=>30 years old; 313 65.62 0.656  0.475
otherwise=0) %

Marital status (1=Married; 161 33.75 0.338  0.473
otherwise=0) %

Fisherman (1=yes; otherwise=0) 21 4.40 % 0.044 0.205

Tourist operator (1=yes; 30 6.29 % 0.063  0.243
otherwise=0)

Willingness to participate (1=yes; 153 32.08 0.321  0.467
otherwise=0) %

Labuan Bajo. This analysis delves into the components critical for
adaptive governance, specifically examining the perception of impor-
tance among community members regarding physical and institutional
assets, adaptability, organizational structures, learning processes, and
agency in sanitation decisions. The table enumerates the frequency and
percentage of respondents acknowledging the importance of these
components. For instance, physical and institutional assets supporting
effective sanitation are considered important by 50.31 % of respondents,
with a mean score of 0.503, indicating a balanced view on its signifi-
cance across the sampled population. Similarly, the ability of sanitation
systems to adapt to varying conditions is recognized by 42.98 %, with a
mean of 0.430, reflecting a substantial acknowledgment of the need for
adaptive sanitation infrastructure.

Governance structures are deemed important by 46.12 % of re-
spondents, highlighted by a mean of 0.461, while processes to enhance
understanding and improve sanitation practices are valued by 47.80 %,
with a mean of 0.478. The capacity for individual and group agency in
making informed decisions is notably recognized by 55.35 % of partic-
ipants, the highest among the governance-related attributes, under-
scored by a mean of 0.553. Demographic factors are also included to
gauge their influence on perceptions related to sanitation governance. A
significant 65.62 % of respondents over 30 years old see these issues as
important, reflected by a mean of 0.656, suggesting that older com-
munity members might be more invested or experienced in sanitation
issues. Income levels show that 60.59 % of those earning above the
minimum wage rate the discussed factors as important, with a mean
value of 0.606, possibly indicating that higher income levels correlate
with greater awareness or ability to engage with advanced sanitation
management.

Table 4 employs binary probit and logit regression models to
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Table 4

Probit and Logit models for willingness to participate in sanitation adaptation.
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Variables Overall model Adaptive preference model Socio demographic model
Probit Logit Probit Logit Probit Logit
Constant —2.136%** —3.652%** —1.086%** —1.795%%** —1.422%** —2.457%**
(0.266) (0.478) (0.164) (0.278) (0.198) (0.355)
Physical and institutional assets that support effective sanitation 0.423%** 0.718%** 0.400%** 0.667*** - -
(yes importance=1; otherwise=0) (0.136) (0.229) (0.129) (0.214)
The ability of sanitation systems to adapt to varying conditions. 0.372%%* 0.604*** 0.328%** 0.553%** - -
(yes importance=1; otherwise=0) (0.132) (0.222) (0.126) (0.207)
The structures and systems that govern sanitation operations. (yes 0.251* (0.135) 0.431* (0.228) 0.142 (0.126) 0.246 (0.209) - -
importance=1; otherwise=0)
Ongoing processes to enhance understanding and improve 0.299%* 0.509%* 0.303** 0.507** - -
practices. (yes importance=1; otherwise=0) (0.136) (0.228) (0.129) (0.214)
The capacity of individuals and groups to make informed decisions 0.184 (0.140) 0.297 (0.234) 0.075 (0.132) 0.101 (0.217) - -
and take action. (yes importance=1; otherwise=0)
Gender (1=Female; 0=Male) 0.692%** 1.193%#* - - 0.653%** 1.128%%**
(0.135) (0.234) (0.129) (0.222)
Income (1=More than minimum wage; otherwise=0) 0.192 (0.170) 0.354 (0.285) - - 0.257 (0.163) 0.469* (0.274)
Education (1=More than diploma or bachelor’s degree; 0.503*** 0.853*** - - 0.437%*** 0.748%***
otherwise=0) (0.166) (0.278) (0.160) (0.267)
Age (1=>30 years old; otherwise=0) —0.056 -0.070 - - 0.041 (0.169) 0.091 (0.284)
(0.175) (0.300)

Marital status (1=Married; otherwise=0)
Fisherman (1=yes; otherwise=0)

Tourist operator (1=yes; otherwise=0)
Goodness of fit

0.157 (0.167)
1.230*
(0.320)

0.452* (0.254)

0.273 (0.283)
2.095*

(0.541)
0.746* (0.431)

0.224 (0.160)
0.974*
(0.306)

0.401 (0.247)

0.385 (0.269)
1.650*
(0.504)

0.675 (0.416)

¥2 value, p-value=1 % 26.217; df=12 15.086; df=5 18.475; df=7

Log likelihood function —257.417 —256.902 —282.466 —282.146 —274.969 —274.256

LLR 83.742 84.772 33.642 34.282 48.636 50.063

McFadden Pseudo R-squared 0.140 0.142 0.056 0.057 0.081 0.084

AIC/N 1.134 1.132 1.210 1.208 1.186 1.183
Notes: ***, ** * are significant differences at p < 0.01, p < 0.05, and p < 0.1, respectively.

examine the factors influencing willingness to participate in sanitation
adaptation. The study in Labuan Bajo applies three models each
capturing different but interconnected dimensions of community
engagement. Together, these models offer a more complete under-
standing of the key drivers behind participation. The overall model,
which integrates both governance-related and socio-demographic vari-
ables, reveals that people are more likely to participate when they
perceive strong physical and institutional support for sanitation. This
underscores the importance of well-functioning infrastructure and
trusted institutions in fostering public confidence and engagement. The
model also highlights the significance of adaptability namely, the ability
of sanitation systems to respond to changes such as seasonal tourism
surges or extreme weather. Furthermore, the presence of ongoing
learning processes and public awareness efforts is positively associated
with participation, suggesting that continuous outreach and education
play an essential role in motivating action. In contrast, individual ca-
pacity to act such as making informed decisions or initiating change
independently does not significantly affect participation, indicating that
people may rely more on collective systems and institutional leadership
than personal agency. The adaptive preference model, which focuses
exclusively on governance-related variables, reinforces these patterns.
Physical infrastructure, system adaptability, and learning processes
remain statistically significant, confirming that people’s willingness to
participate is closely tied to how well the sanitation system functions
and its responsiveness to local challenges. However, governance struc-
tures and individual decision-making capacity do not emerge as signif-
icant, suggesting that tangible and visible features of sanitation systems
carry more weight in shaping public engagement than internal man-
agement or abstract agency. The socio-demographic model, which
isolates personal characteristics, provides further insight. Women are
significantly more likely than men to participate, likely reflecting their
central role in managing household sanitation and hygiene. Higher ed-
ucation is also positively associated with participation, indicating that
awareness and understanding of sanitation’s health and environmental

benefits influence engagement. Income shows a modest but meaningful
effect, with higher-income individuals having greater capacity or flexi-
bility to participate. Occupational roles also matter fishermen and
tourism operators are more likely to engage, possibly because their
livelihoods depend directly on a clean and healthy environment. Across
all three models, it is clear that both system quality and individual
background play important roles in shaping sanitation participation.
The Overall Model effectively blends governance-related factors within
the WEFE nexus with demographic profiles, demonstrating that both
institutional and personal factors must be considered to foster inclusive
and resilient sanitation governance.

To support and triangulate these quantitative findings, the study also
conducted semi-structured interviews with key stakeholders, including
local tourism operators, village heads (kepala desa), and academic re-
searchers experienced in sanitation governance. These interviews pro-
vided valuable real-world perspectives that reinforced the statistical
results. Stakeholders consistently emphasized the importance of reliable
infrastructure, institutional support, and system adaptability mirroring
the key factors identified in the regression models. This qualitative
validation strengthens the study’s conclusions and provides a more
grounded understanding of the conditions necessary to promote sus-
tained community participation in sanitation adaptation.

The statistical significance of the overall model is robust, with
goodness of fit indicators like the Chi-squared ()2) values surpassing the
log likelihood ratio (LLR), suggesting a strong model fit. Key findings
highlight the crucial role of physical and institutional assets, showing a
statistically significant positive impact on participation willingness in
both the probit and logit models (p < 0.01). This suggests that robust
support structures greatly enhance community members’ likelihood to
engage in sanitation efforts. Similarly, the capacity for sanitation sys-
tems to adapt to variable conditions emerges as another significant
factor, consistently valued across both models (p < 0.01), underscoring
the community’s high regard for flexible and responsive sanitation so-
lutions. The adaptive preference model focuses more narrowly on the
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adaptability of sanitation systems, exploring how the perceived impor-
tance of this adaptability influences willingness to participate. Findings
from this model reaffirm the critical value placed on adaptive capacity,
with similar coefficients in both statistical approaches (p < 0.01),
highlighting a strong and consistent preference for adaptable systems.

Conversely, the socio-demographic model isolates the impact of
personal demographic characteristics on participation decisions. This
model illuminates how gender significantly influences these decisions,
with women more likely to participate than men, as indicated in both the
probit and logit analyses (p < 0.01). Education also significantly affects
participation willingness, with better-educated individuals more likely
to engage in sanitation practices, reflecting the importance of knowl-
edge and awareness in fostering environmental stewardship (p < 0.01).
Additionally, the model offers fascinating insights into how specific
professional roles influence willingness to participate. Fishermen and
tourist operators, for instance, display unique participation patterns
likely shaped by their direct interactions with environmental conditions
and their economic dependence on a healthy ecosystem.

5. Discussion

The study conducted in Labuan Bajo presents valuable insights into
the factors that influence willingness to participate in sanitation adap-
tation, focusing on both adaptive system features and socio-
demographic variables. Using binary probit and logit regression
models, the analysis reveals several significant factors that help explain
community dynamics and individual motivations in supporting envi-
ronmental management. One key finding is the importance of effective
and accessible sanitation facilities. The presence of reliable infrastruc-
ture not only improves environmental conditions but also encourages
community members to actively engage in maintaining these systems
[65,66]. The adaptability of sanitation systems also stands out as a
significant factor. Systems that can adjust to changing environmental
and socio-economic conditions such as seasonal tourism pressures or
climate-related impacts are more likely to earn community support. This
reflects a clear community preference for resilient systems that can
respond to evolving needs. To support this, future policies should
enhance the flexibility and responsiveness of sanitation systems to better
address environmental changes and public health challenges [67,68].
Another significant factor is the role of continuous education and
awareness-building efforts. The findings show that when communities
are engaged through outreach campaigns and local education programs,
participation increases. These initiatives help build not only knowledge
but also a sense of ownership and responsibility among residents
[69-71].

From a socio-demographic perspective, the analysis highlights the
importance of gender, education, and income in shaping participation.
Women are significantly more likely to engage, reflecting their central
role in managing household sanitation and hygiene [72-74]. Moreover,
gender also affects access to facilities, decision-making power, and
exposure to sanitation-related risks [75,76]. These findings underline
the need for gender-sensitive sanitation programs that empower women
not only as participants but also as key decision-makers in adaptive
governance. Education is another strong predictor of participation. In-
dividuals with higher levels of education are more likely to understand
the importance of sanitation, support adaptive efforts, and contribute to
public health and environmental sustainability [77-79]. This un-
derscores the need for public education campaigns tailored to different
literacy levels to strengthen inclusive engagement [80,81]. Income,
while showing a more nuanced role, remains relevant. Higher-income
individuals are more likely to participate, likely due to greater flexi-
bility and fewer financial constraints [82-84]. In contrast, low-income
residents face multiple barriers, including affordability issues, time
constraints, and limited access to infrastructure [80,85]. These dispar-
ities point to the need for equity-focused interventions [86,87] such as
targeted subsidies, incentives, or community-led cost-sharing models, to
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ensure that participation is inclusive across income groups.

The Labuan Bajo case also reflects broader global issues tied to the
Water-Energy-Food-Ecosystem (WEFE) Nexus. Community willingness
to participate is closely linked to the presence of reliable institutions and
adaptable systems principles that resonate with the global call for
resilience across interconnected sectors. As climate change continues to
affect water, energy, and food systems, the lessons from Labuan Bajo
emphasize the importance of integrating flexible, community-centered
sanitation into wider nexus planning [88,89]. Moreover, Labuan
Bajo’s positive response to infrastructure investment and institutional
support supports the need for stronger physical foundations that can
withstand environmental stress. Technologies like modular wastewater
treatment systems [90] show how localized, flexible infrastructure can
reduce climate-related risks and improve system resilience. At the same
time, the nexus approach itself has limitations. Some models, such as the
Water-Employment-Migration (WEM) nexus, have been criticized for
being too abstract or lacking clear implementation strategies, especially
in the Global South [91]. For example, while governments express in-
terest in the WEM framework, there remains a gap between theoretical
interest and practical policy action. The COVID-19 pandemic further
exposed these weaknesses. Despite the interlinked nature of water, en-
ergy, and food systems, the crisis was often managed in silos, with
missed opportunities for coordinated responses [92]. This highlights the
urgent need for more integrated planning, risk-based governance, and
cross-sector collaboration to prepare for future shocks. Lastly, recent
work on the circular economy and resource nexus shows that although
sustainability initiatives are expanding in countries like Saudi Arabia,
many are not yet fully aligned with national policy frameworks [93]. To
be truly effective, nexus-based approaches must be embedded in
long-term strategies that include clear goals, policy coherence, and
meaningful community participation.

5.1. Longitudinal perspectives and challenges in implementing adaptive
governance

The probit and logit regression models used in this study offer a
valuable snapshot of the factors shaping community willingness to
participate in sanitation adaptation. By integrating governance-related
factors from the WEFE nexus with key socio-demographic characteris-
tics, the results point to strong associations between participation and
enabling conditions such as physical and institutional infrastructure,
system adaptability, gender, education, and occupation. These findings
underscore the importance of context-specific policy interventions that
respond to both community needs and structural realities. However,
while this cross-sectional analysis provides useful insights into present
conditions, it captures only a single point in time. Adaptive governance
and community participation are dynamic processes shaped by evolving
environmental pressures, shifting political contexts, changes in institu-
tional trust, and ongoing learning. For instance, the adaptive preference
model reveals a current preference for flexible and responsive sanitation
systems. Yet, without longitudinal data, it remains uncertain whether
these preferences will remain stable, intensify, or diminish as circum-
stances change. Similarly, although institutional support appears strong
now, it may weaken under future leadership transitions, funding cuts, or
declining public trust.

To fully understand how adaptive governance functions over time,
longitudinal research is needed. Following communities, institutions,
and policy outcomes across multiple phases would help capture how
engagement matures, how feedback loops develop, and how governance
strategies are adjusted. This would provide richer insights into the long-
term effectiveness and sustainability of adaptive governance, not just in
Labuan Bajo but in comparable settings across the Global South.
Translating adaptive governance principles into lasting practice also
faces real-world constraints. While its theoretical benefits such as flex-
ibility, learning, and stakeholder inclusion are well recognized, imple-
mentation often struggles against structural and political challenges. In
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Indonesia and other Global South contexts, sanitation governance is
frequently fragmented across multiple agencies and layers of govern-
ment. This results in overlapping responsibilities, weak accountability,
and limited coordination, making it difficult to execute integrated, cross-
sectoral strategies especially those requiring collaboration across water,
energy, food, and environmental sectors.

Funding constraints present another major hurdle. Adaptive gover-
nance is a continuous process that demands investment in innovation,
monitoring, and sustained community involvement. Yet, many local
governments rely on short-term, project-based funding, with limited
capacity to plan for long-term resilience. These financial limitations are
compounded by political cycles and shifting development priorities,
which can interrupt or even reverse progress particularly when higher-
profile sectors like tourism or physical infrastructure overshadow sani-
tation. Community engagement, too, is vulnerable to change over time.
Although this study reveals strong local willingness to participate,
maintaining that engagement requires consistent communication,
meaningful inclusion in decision-making, and visible outcomes. Without
these, trust can erode, and participation may decline especially if past
programs failed to deliver. Moreover, institutional inertia, including
rigid procedures and reluctance to share power with communities, can
slow innovation and limit opportunities for co-management.

6. Conclusion

Our findings highlight that robust physical and institutional asset,
coupled with the adaptability of sanitation systems to changing condi-
tions, are strongly linked to increased community participation. These
elements are underpinned by effective organizational structures,
ongoing learning processes, and the agency of individuals and commu-
nities, which collectively foster a conducive environment for engaging
local populations in sustainable practices. The importance of socio-
demographic factors such as gender, education, and income in influ-
encing participation decisions also emerged distinctly from the data.
These factors are critical in tailoring community-specific approaches
that can enhance the inclusivity and effectiveness of sanitation gover-
nance. The study underscores the need for integrated approaches that
consider the intricate interconnections within the WEFE Nexus. It ad-
vocates for the implementation of policies that enhance physical and
institutional sanitation infrastructures, promote system adaptability,
and foster an organizational environment conducive to community
learning and participation. Policymakers are encouraged to consider
these insights in the design of community engagement strategies and
sanitation projects. Specifically, there is a compelling case for initiatives
that bolster education and awareness programs, enhance the respon-
siveness of sanitation systems to environmental and demographic
changes, and actively involve diverse community segments in decision-
making processes.

6.1. Policy implications

From a socio-demographic perspective, gender, education, and in-
come are key factors that influence people’s willingness to participate in
sanitation initiatives. Women are generally more involved in sanitation
activities, often because they are more directly responsible for managing
household health and hygiene. At the same time, individuals with higher
levels of education are more likely to understand the importance of
sanitation and be motivated to take part in related programs. Income
level also plays an important role. People with higher incomes tend to
have more resources and time to engage in sanitation activities, while
those with lower incomes may face challenges such as affordability or
time constraints. These differences highlight the need for policies that
make it easier for low-income groups to participate—such as financial
support, flexible programs, or community-based incentives. A more
nuanced understanding of how these factors especially gender and in-
come interact would help improve the design of inclusive sanitation
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policies. Tailored strategies that recognize these overlapping challenges
can ensure that programs are accessible and relevant to all segments of
the community, especially those who are often overlooked.
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