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Abstract

The social-ecological nexus (SEN) offers a framework to capture the complex and dynamic
interactions and interdependencies between human communities and the natural systems
that support them. This study analyzed the SENs within a village tank cascade system
(VTCS), a social-ecological system (SES) located in the dry zone of Sri Lanka. The study
adopted a participatory approach, combining fuzzy cognitive mapping (FCM) to determine
key SES properties of the VICS. The FCM process identified 49 nodes (elements) and
434 edges (connections) within the study landscape that contribute to system performance.
Network graphs were generated using centrality metrics—degree, betweenness, and eigen-
vector centrality—to identify the most influential nodes and edges contributing to system
sustainability and productivity. The study identified nine nodes as the most influential
elements in the SEN which are critical for balancing trade-offs between sustainability and
productivity in the VTCS. Three distinct clusters of elements influencing sustainability
and productivity emerged from the SEN graph: (i) ecological cluster, (ii) social-ecological
cluster, and (iii) social cluster. Understanding the role of SES elements and their positions
in the SEN is crucial for identifying gaps within the system and informing tailored manage-
ment interventions. These findings offer a theoretical basis for optimizing sustainability
strategies aimed at enhancing the overall productivity and resilience of SES. Consequently,
this approach exposes the complexities of the SEN, making it widely applicable to similar
SESs globally.

Keywords: social-ecological system; social-ecological nexus; participatory system map-
ping; social network analysis; complexity; sustainability; productivity; resilience; village
tank cascade system
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1. Introduction

Social-ecological systems (SESs) represent integrated frameworks in which human so-
cieties and the ecosystems that support them are highly interconnected [1]. SES landscapes
are continuously shaped by repeated interactions between people and nature, creating
long-term, complex interdependencies that determine their overall sustainability and pro-
ductivity [2,3]. The concept of the social-ecological nexus (SEN) emerged in the early 1980s
as a framework for addressing the complex interactions and interdependencies among
resource systems and their connections to human and ecological well-being. It has become
a widely used and promising approach in human-environment and sustainability sciences
and is crucial in addressing present sustainability challenges [4,5]. Because SESs operate as
complex adaptive systems, evaluating sustainability and productivity metrics—such as risk,
vulnerability, adaptive capacity, and resilience—requires model-based analyses utilizing
network science tools [6]. SEN modeling enables the analysis of social and biophysical
elements including processes and functions as an integrated system [7]. Thus, the SEN
approach is a powerful tool for characterizing complex interdependencies and examining
the outcomes of human-nature interactions that produce ecosystem goods and services [1].
Most ecosystem goods and services are generated in SESs through the complex interactions
of ecological processes and human actions. This reflects the foundational principle of
systems theory and ecology that all components of the environment are fundamentally
interdependent—’everything is connected to everything else’ [6-13].

Dating back to the 4th century BCE, Sri Lanka’s village tank cascade systems (VTCSs)
are among the oldest, most resilient SESs designed to combat dry zone water scarcity
against climatic uncertainty. These interconnected networks of tanks positioned along
watersheds capture, store, and reuse monsoon rains, ensuring that surplus water from one
reservoir flows into the next rather than being wasted. For two millennia, this sustainable
system has maintained ecological balance, securing both livelihoods and biodiversity.
Although many systems were abandoned after the 13th century due to climate shifts and
changing power dynamics, many village tanks were later rehabilitated by the British and
the Department of Agrarian Development. Today, however, several systems are threatened
by global environmental changes, imperiling rural food security. Urgent resilience strategies
are needed to protect these vital systems. At present, approximately, 16,500 active village
tanks function as clustered VTCSs, sustained through a blend of traditional community
engagement and management by farmer organizations and government agencies [14].

Village tank cascade system (VTCS) landscapes comprise a diverse mosaic of land use
and land cover types shaped by centuries of human—environment interaction. Furthermore,
their structural and spatial patterns support high levels of agricultural and biocultural
diversity, playing a vital role in sustaining local food production and rural livelihoods [15].
VTCSs operate as interconnected networks comprising multifunctional resource systems
(e.g., food, water, ecological, and socio-cultural production), resource units (e.g., farmlands,
livestock, irrigation water, forests, and ecotourism entities), and the users interacting within
them. Moreover, VICS elements interact with external socioeconomic and political settings
(e.g., markets and policies) and related environmental factors, including climate variability,
pollution, and ecosystem service flows [16].

Assessing the interconnectedness between social and ecological elements of the system
facilitates understanding of the relative importance of these relationships in terms of
sustainability and productivity of the landscape [17]. Thus, mapping the SEN within a SES
helps to uncover system properties and bridge the gap between humans and ecosystems,
allowing for a holistic understanding of how these interconnected components influence
each other and determine system sustainability and productivity [18].
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Mapping the social-ecological nexuses (SENs) also enables the quantification of in-
terconnectedness between system properties, such as land, water, biodiversity, energy,
traditional knowledge, biocultural diversity, and governance [4,19]. Some SENs may
negatively affect ecosystem integrity, leading to degradation of system properties and inter-
connectedness and damaging ecological functions that are essential for maintaining system
resilience [18,20]. Systematic identification of SENs is essential for assessing adaptive
capacity, resilience, and vulnerabilities in the system and for promoting systems thinking
for sustainable solutions. Thus, the SEN approach allows detailed mapping of how social
and ecological elements interact. Visualizing these relationships helps identify key drivers
of change, feedback loops, and potential leverage points for sustainability, rather than
considering social or ecological issues in isolation [21].

Contemporary SEN research increasingly conceptualizes human and environmental
systems as complex adaptive systems [22]. Furthermore, the SES framework proposed
by Ostrom [23] offers a useful theoretical foundation for identifying system elements and
relationships between social and ecological components, analyzing these interactions and
external influences within critical biophysical limits. The framework also supports SEN
mapping and enhances the interpretation of systems dynamics and interactions [1]. From
this perspective, a VICS can be understood as an integrated people-in-nature system,
underscoring that human communities exist as a part of the natural environment rather
than separate from it. Both external factors and internal mechanisms can also influence
human-nature relationships (Figure 1).
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Figure 1. Conceptual illustration of the interconnectedness among social and ecological components
and external influences within a VTCS, based on the SES elements proposed by Ostrom [23] and
Berkes and Folke [24] Source: Prepared by the authors.
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Over the past decade, SEN research has grown significantly, yet several gaps and
underrepresentations remain. A major blind spot is the strong geographic bias toward
Europe, North America, and China, which leaves vulnerable regions, such as South Asia,
critically underrepresented in SEN literature [25]. Specifically, SEN analyses within the
context of Sri Lankan social-ecological systems are severely lacking [19,26]. Furthermore,
facilitating genuine stakeholder participation in SEN research remains methodologically
challenging. To address these challenges, future investigations should prioritize multi-
source, unbiased data collection methods and technologies to better explore the complex
interactions between social and ecological components [27,28].

This study aims to advance understanding of the social-ecological nexus within a
VTCS in Sri Lanka using a participatory systems approach. The specific objectives are to
(i) identify and characterize the key social and ecological components of the system and map
the interactions among them in order to determine the most influential elements shaping
system sustainability and productivity; and (ii) identify clusters of strongly interconnected
social and ecological components that contribute to maintaining overall system perfor-
mance of the VTCS. By bridging participatory data collection with quantitative network
analysis, this research fills critical knowledge gaps and provides fresh, actionable insights
into the functioning of coupled social-ecological systems in traditional cascade landscapes.

Understanding SES elements and their relationships within a SEN enables policy
makers to design tailored adaptive co-governance strategies that are more effective than
uniform, top-down approaches [29]. Achieving long-term sustainability outcomes of an SES
requires aligning the attributes of resource systems, resource units, and actors to generate
goods and services, and to obtain desired economic outputs (productivity) while maintain-
ing system structure and function in the face of disturbances (resilience) [30,31]. The SEN
approach therefore provides a vital tool for managing social-ecological productivity in a
sustainable manner.

2. Materials and Methods
2.1. The Study Landscape

The Mahakanumulla village tank system (MVTCS) is situated in the Anuradhapura
District of Sri Lanka, within the Malwathuoya river basin in the country’s North Central
province in Sri Lanka. The MVTCS landscape was selected for this study because of
its unique GIAHS characteristics, including rich biocultural diversity integrated with
traditional knowledge and multifunctional land use systems. The MVTCS adequately
represents the socio-economic and social-ecological relationships among diverse resources
systems that sustain livelihoods and well-being [19]. The system comprises 28 village tanks,
covering 4450 ha. The study area supports a population of 3432 (47.8% male and 52.2%
female) distributed across 1193 households, and ten farmer organizations operate within
the landscape. Using a 1:10,000 digital land use map produced by the Land Use Policy
Planning Department (LUPPD) of Sri Lanka, six major land use system categories and
fifteen associated major and micro land use types were identified [32] (Figure 2).
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Figure 2. Study area location and main land use systems. Land use data source: [33].

Species-based ecosystem services are highly prominent in the MVTCS landscape.
Across its various land use types, the system supports 276 plant species (including shrubs,
small plants, and trees) and 191 faunal species, comprising mammals, reptiles, birds,
amphibians, land snails, butterflies, and dragonflies [32]. Baseline survey findings reveal
that the MVTCS harbors exceptionally high levels of agrobiodiversity, encompassing 150
actively cultivated crop species. A significant proportion of this diversity is represented by
traditional crop landraces, with local farming communities sustaining 110 distinct landraces
and varieties [34].

Three traditional farming systems, namely, lowland paddy cultivation, rainfed upland
crops, and homestead farming form the core agricultural practices within the MVTCS. The
area contains three major soil groups: reddish-brown earths—rhodustalfs (60%), low humic
gley—tropaqualfs (30%), and alluvials (10%). These soils create distinct drainage conditions
that enable farmers to adopt and maintain the three traditional farming systems. Lowland
paddy cultivation, which occupies roughly 20% of the total land area, remains the dominant
agricultural activity in the landscape [35,36]. Farming in the MVTCS has been historically
dependent on close interactions with local biodiversity, traditional ecological knowledge,
and long-standing cultural practices that support food production and community well-
being [35]. A food security survey revealed that 13 food groups are available in the MVTCS.
However, on average, only 6-7 out of 13 food groups and around 9 individual food items
are consumed daily by the community [33].

Agricultural lands within the MVTCS are highly fragmented with many individual
farms occupying less than 2 ha [37]. Over the past three decades, changes in land use, land
cover, and landscape configuration across VICSs have altered key ecological functions and
reduced the capacity of these systems to supply ecosystem services, thereby increasing
challenges for sustainable food production [26,36]. Long-term assessments reveal substan-
tial shifts in the MVTCS landscape between 1910 and 2019 [38]. These include a 27-fold
increase in population and a seven-fold expansion in home gardens, alongside marked
declines in forest (79%) and scrubland (49%) cover. Collectively, these trends indicate
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rising vulnerability within the MVTCS, largely driven by intensified human activities and
landscape pressures [36,39].

The study area experiences a tropical monsoonal climate with a well-defined bi-modal
rainfall pattern. The annual average rainfall is 1320 mm (with intra-annual variation rang-
ing from 798 to 2483 mm), enabling farmers to cultivate during two major seasons driven by
monsoonal and inter-monsoonal cycles. Historical data from the local meteorological sta-
tion located in Anuradhapura indicate that average monthly rainfall varied from 24.1 mm
to 261.5 mm between 1870 and 1970 (non-global warming period), and from 13.7 mm
to 258.4 mm between 1971 and 2020 (global warming period) [40,41]. Furthermore, the
50-year average daily temperature (1971-2020) is 28 °C (ranging from 27 °C to 29 °C) [42].
Evaporation ranges from 3.5 to 7.5 mm/day (peaking between May and September), while
annual evapotranspiration ranges from 1000 to 1400 mm [43]. Consequently, local farming
practices, agricultural production, and community livelihoods are fundamentally shaped
by these climatic conditions.

Collectively, the social, ecological, hydrological, and geomorphological characteristics
of the MVTCS play a vital role in buffering climate stresses and sustaining food production.
However, long-term land use and increasing intra-annual climate variability have signifi-
cantly reduced the system’s capacity to provide ecosystem services [19,35]. Unpredictable
rainfall patterns and the growing frequency of extreme events, such as droughts, floods
and heatwaves, have severely disrupted agricultural production and local livelihoods [44].
Furthermore, recent research indicates that ongoing climate variability over the past three
decades, combined with projected climate change impacts on paddy production in tradi-
tional cascade regions, will further intensify future challenges for maintaining farming
productivity and food security [42].

2.2. Nexus Mapping Process

SEN mapping was conducted through a workshop that adopted a three-step process:
(i) “identify’, (ii) ‘connect’, and (iii) ‘reflect’ [17,45]. Twenty local experts selected as key
informants from within the study landscape were involved in the mapping process. In
addition, five external experts were invited from academia and research organizations to
participate and facilitate the three-step mapping process. The workshop used the Fuzzy
Cognitive Mapping (FCM) technique to capture the associations between landscape ele-
ments identified by local experts regarding landscape social and ecological context [46].
FCMs consist of ‘nodes’ representing a well-defined set of variables describing system char-
acteristics (e.g., elements, actions, processes, functions, values, or events) and ‘edges’, which
specify the connections between factors (i.e., links among nodes). While the associations
identified in this study indicate a correlation between nodes, they do not establish causal-
ity. These findings therefore reflect patterns of association rather than a cause-and-effect
relationship [47].

The study defines local expertise as deep, site-specific knowledge of the landscape,
encompassing ecosystem services, biodiversity, agroecology, traditional knowledge, food
systems, land use, climate, livelihoods, and community practices. Academic and research
experts involved in the mapping brought expertise in from a wide range of social-ecological
disciplines and practices, such as social anthropology, livelihood studies, agrobiodiver-
sity, conservation, wildlife, ecology, land resources managements, forestry, food security,
ecotourism, ecology, policy, and governance. They selected key academic and research
partners for this exercise, including Wayamba University of Sri Lanka and the Natural
Resources Management Center of the Department of Agriculture, both of which have
extensive experience in landscape-level studies of VTCS sustainability and productivity.
Combining these types of transdisciplinary expertise is essential to capture the holistic
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nature of the ‘identify’, ‘connect’, and ‘reflect’ processes in SEN mapping. This systems-
thinking approach has long been used to understand complex system dynamics, such as
food-biodiversity—-water-energy nexuses, and to simulate them over time and space [48].

During the first step, participants identified SES elements (nodes) that influence
landscape sustainability and productivity. In the second step, they mapped relationships
(edges) among these elements. In the final step, participants justified the selected SES
elements and their relationships in relation to SES attributes. Before starting the mapping
process, the physical boundaries of the study landscape were defined. The elements and
their dynamics were explained at the landscape level using the SES framework proposed
by Ostrom (2009) [23] that comprises of three key domains (social, ecological, and social—-
ecological outcome) and the linkages among them. Through the use of this structure,
participants were able to identify SES elements embedded within each domain and mapped

their relationships for SEN analysis (Figure 3).

( W | )
L — — :
b - - B // -
Resil‘irence °. A .ro Shifting
? Invasvlve "M cultivation
Land use species biodiversity | Benefits of
¢ . ‘ I Traditional
b Wildlife Biocultural knowledge ecosy'stem
pollution |mpﬁacts practices * Adap{ation services
Water Habitats Microbes
/ Soil
Climate

\_/ Al Vegetat\lon_J Animals /

Ecological elements \ Social to Social Ecological to Ecological = Social to Ecological

[] Social-Ecological Outcomes

links links links

Figure 3. Conceptual framework illustrating the multi-level social-ecological nexus of a VICS (a—c),
highlighting the diverse interactions and interdependencies between social and ecological domains
that generate ecosystem services and disservices. Source: Prepared by the authors.

2.2.1. Identification of Nodes

Participants commenced the mapping process by identifying the nodes to be included
in the nexus map. Each node was written on a ‘sticky’ note and placed on a wall. Par-
ticipants validated the identified nodes by explaining their importance for maintaining
livelihoods and landscape sustainability.

2.2.2. Connecting Nodes

Participants established connections between nodes based on a broad definition of
association, specifically representing perceived cognitive relationships among them. To
ensure conceptual rigor and avoid trivial connections, participants were required to justify
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each association. Consequently, the participants frequently discussed and challenged
the rationale behind the connections, deciding on their appropriateness through group
consensus. These connections were non-directional, excluding any assumption causality.
Insights from these deliberations were systematically documented.

2.2.3. Reflection of the Nodes and Connections

The final step involved interpretation of the landscape context, ensuring the integra-
tion of a diverse set of identified nodes and contextualizing network interactions. Accurate
reflection depended on appropriate assumptions regarding interacting elements, the nature
of their interactions, and the spatiotemporal scale at which these interactions occur [7].
Some reflection processes emerged during the previous step as experts established connec-
tions between nodes. The reflection process enabled the participants and researchers to
contextualize the network by developing a coherent narrative that captured the intricacy of
the SEN, challenges, and opportunities for maintaining sustainability, productivity, and
resilience. These discussions were also recorded in note form.

2.3. Modeling SES Nexus Properties

Identified edges were manually drawn and converted into a numerical data file by
assigning unique identifiers to each edge (connection) and node (element). These data
were stored in a Comma-Separated Value (CSV) file. The nodes and edges were modeled
and visualized using the ‘igraph” social network analysis (SNA) package in R statistical
software version 4.1.2 [17,49-55].

2.3.1. Centrality Measures

Centrality measures are used in SNA to evaluate the relative importance or influence
of nodes in a network structure, using different algorithms based on graph theory to assess
their position and connections [56]. Three SNA metrics were used to visualize and analyze
the structure of the network, revealing patterns of connections and relationships that
included (i) degree centrality (DC), (ii) betweenness centrality (BWC), and (iii) eigenvector
centrality (EVC). Understanding these network structures and relationships helps identify
the most influential elements that contribute to system sustainability and productivity [57].

DC is the simplest of the three centrality measures and is used to compute and
represent a node’s degree. It is a count of the number of social-ecological connections
associated with a node. DC is used to identify dominant nodes in a network. It indicates
the relative importance and connectivity of a node within a network. In graph theory, the
normalized number of connections associated with a node (v;) in an undirected network,
known as its degree centrality, is defined as follows [45]:

divy)
N-1

DC(vi) = 1)
where N is the number of nodes and d,) is the number of edges of the node (v;) [58].
BWC in SNA is a measure of a node’s importance within the system. It measures
the frequency with which a node lies on the shortest paths connecting other nodes in the
network. In other words, BWC estimates the extent to which the removal of a node would
disrupt social-ecological connections among other nodes in the network. As such, BWC
is an important indicator of network connectivity, and the removal of nodes with high
BWC can significantly affect network stability. Therefore, BWC can be considered a proxy
indicator of SES resilience. Nodes with high BWC scores act as bridges, controlling the flow
of energy and information between different elements of the network. Consequently, these
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nodes exert greater influence, as many shortest paths pass through them. The BWC of a
node v is defined as follows [58,59]:

BWC(v) = Y © jk@
j<k p]k

()

pji = Total number of shortest paths between nodes j and k
pjk(v) = Total number of shortest paths between nodes j and k that pass through node v

Eigenvector centrality (EVC) provides a quantitative assessment of a node’s influence
within a network. It evaluates a node’s importance based on the centrality of its neighboring
nodes; thus, each node’s centrality score depends on the scores of the nodes to which it
is connected. Unlike simpler centrality measures, EVC considers not only the number
of connections a node has but also the significance of those connections. As a result, a
node may achieve a high EVC score even with relatively few connections, provided those
connections are to highly influential nodes [60,61]. EVC x for a node v as follows:

1
EVCxy, = X Z ay tXt (3)
teG

where G represents the set of nodes in the network, ay + denotes the value in the adjacency
matrix corresponding to nodes v and t, x; represents the eigenvector centrality of node t,
and A denotes the eigenvalue of the adjacency matrix.

2.3.2. Prioritizing the Most Influential Nodes

Centrality measures provide a quantitative means of assessing the relative importance
of social-ecological elements and the relationships that link them, with each metric captur-
ing different dimensions of influence within the network [62]. In this study, BWC was used
to estimate how the removal of a node would disrupt the social-ecological connections
between other nodes in the SEN. BWC is often preferred over DC and EVC for analyzing
SENs because it proxies for resilience and sustainability [63]. It highlights critical bridges
and bottlenecks that facilitate the flow of social-ecological processes between distinct social
and ecological components [64]. Thus, BWC often identifies the most vulnerable nodes that
contribute to system resilience. These nodes are capable of maintaining social-ecological
functions despite disturbances, and also potential leverage points for sustainability in-
terventions [65]. Therefore, BWC scores are critical for evaluating system stability and
functionality, as they identify nodes that facilitate the flow of resources and energy across
communities [45].

In addition to BWC, the study identifies maximal cliques, which represent densely
connected and cohesive subgroups within the network. A maximal clique is a set of nodes in
which every node is directly connected to all the others. These cliques can function relatively
independently and facilitate efficient internal information transfer, thereby enhancing
the network’s capacity to withstand disturbances and adapt to change—key aspects of
resilience and sustainability. Furthermore, maximal cliques introduce redundancy into
the network, contributing to overall system resilience [66]. Identifying all meaningful
subgroups in the network is more informative than focusing solely on the single largest
(maximum) clique, making maximal cliques particularly useful for decision-making. To
identify and plot maximal cliques, the study used the ‘igraph’ package in R (version
4.1.2) [17,49-55].
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2.3.3. Clustering of Nodes

Network graphs typically exhibit strong clustering characteristics that represent nu-
merous interconnected sub-groups that are more densely linked internally to the rest of
the network. Such clusters are often referred to as communities. In essence, nodes within
a community are more strongly linked to one another than to nodes outside the commu-
nity. Clustering thus provides a useful means of simplifying and visualizing complex
interactions by grouping similar entities [67].

Prior to detecting clusters or groups, the graph substructure must be simplified. This
involves removing edge loops—edges that connect a node to itself—and multiple edges
between the same pair of nodes. Since the analysis focuses only on whether two nodes
are connected, redundant nodes do not affect the results and can be removed without
loss of meaningful information [68]. The study employed the ‘Fast Greedy” algorithm for
community detection using the Fast_Greedy function in the igraph package in R (version
4.1.2) [17]. Analyzing SEN using the Fast Greedy algorithm is often preferred over methods
like the ‘Louvain’ and ‘Walktrap” algorithms. The Fast Greedy algorithm maps clear, scale-
dependent boundaries and generates perfectly nested dendrograms. This hierarchical
approach is computationally efficient and uniquely suited for identifying nested ecological
interdependencies. Consequently, it enables researchers to visualize not only the final
community structure but also the stepwise clustering of individual social and ecological
elements into larger functional groups—a process critical for assessing SES resilience. The
resulting communities were visualized using both network graphs and dendrograms. In
addition, the analysis reports the modularity score, which indicates how effectively the
network is divided into distinct communities by comparing the density of intra-community
and inter-community connections [58,69,70].

3. Results
3.1. Nexus Properties

During the nexus mapping workshop, the participants identified a total of 49 nodes
and 434 edges representing the social-ecological nexus of the study landscape. Of these,
seventeen nodes were identified as social properties; fourteen nodes related to ecologi-
cal properties, and eighteen nodes were identified as social-ecological properties. The
centrality measures for each node in the SEN—DC, BWC, and EVC were calculated to
quantitatively assess their influence in the SEN of the study landscape. The mean number
of connections per node was 17.71 (SD = 7.98, variance = 63.70); that of social-ecological
nodes was 20 (SD = 7.55, variance = 57); and that of ecological nodes was 17.58 (SD =7.90,
variance = 62.51). The mean for social nodes was 13.25 (SD = 8.10, variance = 65.64). The
social-ecological nodes had an average of 2.42 and 6.75 more edges than ecological nodes
and social nodes, respectively.

In terms of BWC, social and social-ecological nodes were ranked consistently higher
than ecological nodes. The mean betweenness was determined to be 15.53 (SD = 18.37,
variance = 337.77); for social nodes it was 19.6 (SD = 25.16, variance = 633.14); for social—
ecological nodes the mean was 19.0 (SD = 22.14, variance = 490.2); and for ecological nodes
the mean was 11.71 (SD = 11.88, variance = 141.24). Nodes were ranked from highest to
lowest importance based on the BWC scores (Table 1). The SEN plots generated based on
the centrality measures DC, BWC, and EVC are presented in Figure 4.
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Table 1. Nodes and the important centrality metrics of the MVTCS social-ecological nexuses.
Centrality Measure
Node .
Experts’ Reflections Cluster
#) P DC BWC Cum.Sum EVC
BWC
Support food availability while providing cash
Food crops income to purchase food not produced locally.
(35) Serve as core livelihood component of the 3 94.62 94.62 0.85 s
system
Plant and animal species that contribute to the
Flora and fauna landscapg s unique biodiversity. .Thls ensures 38 73.87 168.49 1 E
(28) ecological processes and functions of the
system
Paddy farming . . .
@) Rice production lands in command areas 28 41.38 209.87 0.78 S
Land use Land use and its consequences (positive or
negative) on both society and the ecological 28 41.03 250.9 0.73 SE
(47) g y g
system.
Optimal rainfall, temperature, humidity, solar
Climate radiation, and relative humidity contributing
(29) to maintaining ecological processes and 31 37.74 288.64 0.86 SE
functions to ensure provision of ecosystem
services for humans, plants, and animals
. Use of traditional knowledge for farming,
Traditional knowledge human health (Ayurveda), and management of 30 31.29 319.93 0.86 SE
17) y g
biodiversity, including agrobiodiversity
An ancient, interconnected network of small,
Village tanks man-made .tanks (reseryo;rs) jbullt to capture 28 29.42 349.35 0.79 SE
(10) and store rainwater for irrigation, primarily in
the dry zone
. Local people’s knowledge and attitude toward
Knowledge and attitudes natural resources, agricultural practices, and 26 28.87 378.22 0.73 S
(14) g P
sustainable utilization
Catchment forest located in upstream areas of
Village forest t.he YTCS protected by commumty or local 2% 283 406.52 071 E
(6) institutions to ensure continued supply of
forest-based ecosystem services
. Aesthetic and cultural appreciation generated
Aesthetic anc(i4gl)11tural values through the ecosystem and cultural practices of 28 23.78 430.3 0.84 SE
the landscape
Sustainable inland fisheries associated with
Inland fisheries (37) tanks supports food and nutrition security and 18 23.58 453.88 0.49 SE
livelihoods
Livestock Animal husbandry within the system supports
(36) food and nutrition, farming operations, and 18 22.81 476.69 0.47 S
livelihoods
Habitats for species Maintenance of habitat quality increase
33) P ecological productivity and habitat 27 21.87 498.56 0.79 E
connectivity
Pollution of natural water bodies due to
Water pollution various anthropogenic activities. Application
(48) of nature-based solutions for prevention and 19 20.64 5192 0.54 SE
mitigation
Soil microorganisms and soil properties that
Soil support ecological processes and functions to
(30) maintain the ecological productivity of farming 2 198 539 0.66 E
lands
Management practices Maintenance of ecological commons such as
8 15) P village tanks, micro land uses, and other 22 16.92 555.92 0.61 S
socio-economic infrastructure
Use of modern technology for agriculture,
Technol livelihoods, and ecosystem management.
e (1g) oY Improved agronomical practices for 19 16.73 572.65 0.5 S

maintaining and increasing efficiency of the
agriculture systems
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Table 1. Cont.
Centrality Measure
Node Experts’ Reflections Cum.Sum Cluster
@) DC BWC X EVC
BWC
Biocultural practices Use of biodiversity, cultural elements, and
a 8)p traditional knowledge for farming practices 23 15.33 587.98 0.69 SE
and social well-being
Impact of wild animals Human-elephant COl:lﬂlCtS, w1'ld a'mmal attack 19 13.71 601.69 0.56 S
(45) effects on farming and livelihoods
Pollination Social-ecological habitats provide favorable
(25) conditions for the survival of pollinators and 22 13.65 615.34 0.67 SE
production of their services
Fresh water supply Ecosystems provide clean water for irrigation,
39) drinking, and the sustenance of flora and fauna 20 13.52 628.86 0.57 E
Agrobiodiversity Malntenance of .economlcally and 'eco¥0g1c‘jﬂly 9 13.37 642.23 0.66 SE
(34) important species and crop genetic diversity
Indigenous medicine Indigenous medlcme—assogated practices and 19 12.86 655.00 0.58 SE
(40) plant species
Home gardens Production of hort1cu_1tgral food crops, spices, 19 123 667.39 0.59 SE
(8) and medicinal plants
Local governing institutions Act as the primary interface between
& (1)g community needs, administrative action, and 10 9.74 677.13 0.22 S
natural resource management
Micro land uses Ecological common land parcels associated
(13) with tank environs that mostly provide 18 9.3 686.43 0.54 E
regulating ecosystem services
Markets and accessibility Better access to agricultural markets and 9 8.97 695.4 0.18 S
®) supply chains beyond the landscape
Serub and erasslands Land cover with low trees, bushes, shrubs, and
(1% grasses. Support both human and animal 13 7.53 702.93 0.34 E
well-being and land environmental stability
Raw materials Timber, fuelwood, and raw materials for the
1) cottage industry. Important livelihood 13 6.01 708.94 0.4 SE
component of the system
Fertilizer Maintains soil fertility that supports the
(32) economic productivity of farming lands 16 529 714.23 0.51 s
Erosion prevention Vegetation cover and micro land uses help to
(21) reduce runoff and stabilize soil 13 4.67 7189 04 E
F(()ngge Grasses and fodder for livestock 14 4.23 723.13 0.45 S
Community organizations Fgrmelj associations, su.ch as paddy, 11ve§t9ck, 1 379 726.92 0.29 S
(2) fisheries, focus on agricultural productivity
e s Rich vegetation and soil help to purify water
Water p(;;l)ﬁcatlon and ensure freshwater flow for human and 13 3.74 730.66 0.39 E
animal well-being
Wild foods Foods from wild flora and fauna to improve
(38) dietary diversity and human health 16 344 7341 055 E
Invasive aquatic plants Act as a disruptive force that alters both
(2 6) P ecological functions and the human and animal 11 343 737.53 0.32 SE
communities that depend on aquatic ecosystem
Shifting (C;;hlvahon Upland rainfed shifting cultivation lands 12 3.37 740.9 0.4 SE
Spiritual values (44) Elements for splrltu;llapézactlces and sense of 13 33 7442 043 SE
Pests and diseases . . .
@7) Pest and disease control in farming lands 14 3.21 74741 0.48 S
Moderation of extreme events Mitigate the impacts of extreme climate events
such as droughts, floods, and air pollution to 12 2.69 750.1 0.38 E

(26)

protect vulnerable communities
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Table 1. Cont.
Centrality Measure
Node Experts’ Reflections Cum.Sum Cluster
@) DC BWC X EVC
BWC
Seasonal crops (12) Seasonal food crops based on climatic seasons 12 2.37 752.47 0.38 S

Groundwater recharge

Forests and tanks help to recharge ground
water aquifers to ensure a freshwater supply 11 221 754.68 0.37 E

@3 for domestic use and farming

Adaptation Ecosyst(?m-b.ased adaptatlpn to manage 1 202 756.7 037 SE
(19) disaster situation such as climate extremes

Industri Small- and medium-scale industries that
(1;159) es support livelihoods. Also contribute to air 7 0.95 757.65 0.21 S

pollution

Irrigation water quality

Micro land uses help the purification of
irrigation water by reducing toxins and salinity 10 0.92 758.57 0.32 E

24) in the water flow
Microfinance Provides s'mall loans for loca'l farmlpg, small 5 0.73 759.3 01 S
4) business, and cottage industries
Subsidies Government subsidies for fertilizer and 4 06 759.9 0.09 S

©)

disaster events

Carbon sequestration

Absorption of carbon dioxide by plants for net
primary production contributes to 6 0.58 760.48 0.19 E

20) ecosystem-based greenhouse gas mitigation
Air pollution Health, environmental, and economic impacts
p(31) of deterioration of both ambient and indoor air 8 0.55 761.03 0.28 SE
quality
DC, degree centrality; BWC, betweenness centrality; EVC, eigenvector centrality; C, cluster; VICS, Village Tank
Cascade System; Cum.Sum, cumulative sum; E, Ecological; S, Social; SE, Social-Ecological.
® ® ® ®
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Figure 4. Social-ecological nexus maps of MVTCS illustrating (a) degree centrality, (b) betweenness
centrality, and (c) eigenvector centrality. Node sizes are proportional to the centrality scores.

3.2. Most Influential Nodes

BWC scores were used to identify and prioritize the most influential nodes in this
SEN. Nodes were ranked from highest to lowest based on their BWC values. The cumu-
lative sum of BWC scores was calculated, and a subset comprising the highest-ranked
nodes—accounting for just over 50% of the total cumulative BWC—was selected. By setting
a cumulative BWC threshold of 50-55%, we ensured that the analysis remained strictly
focused on the core nodes and edges that drive the VTCS nexus, preventing peripheral
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Paddy farming

Soil

(a)
@)

Traditional knowledge

data from skewing the results. Extending the threshold beyond 55% primarily introduces
lower-scoring nodes that have a little effect on network modularity or information flow.
Conversely, reducing the threshold below 50% risks excluding vital secondary intermedi-
aries that maintain the stability of the SEN. Experts conclude that the 50-55% cutoff strikes
the optimal balance between comprehensive SEN coverage and analytical precision [5].
The nine top-ranked nodes contributed 53% of the cumulative score. These nodes include
(i) food crops (#35), (ii) flora and fauna (#28), (iii) paddy farming (#7), (iv) land use (#47),
(v) climate (#29), (vi) traditional knowledge (#17), (vii) village tanks (#10), (viii) knowledge
and attitudes (#14), and (ix) village forest (#6). Therefore, these were identified as the most
influential nodes in the SEN graph.

The analysis identified 299 maximal cliques, ranging in size from two to nine nodes.
Across all cliques, the ‘flora and fauna’ node appeared most frequently (184 times), whereas
‘carbon sequestration” appeared the least (3 times) out of 49 nodes. Figure 5a illustrates
one of the largest maximal cliques, which consists of nine nodes. This group includes
six ‘most influential’ nodes excluding ‘land use’, ‘village tanks’, and ‘village forest’. Fur-
thermore, the cumulative frequency of each node was ranked, revealing that a subset
of 12 nodes accounted for approximately 60% of the total cumulative frequency. These
12 nodes are ‘#28-flora and fauna’, ‘#43-aesthetic and cultural values’, ‘#29-climate’, “#35-
food crops’, ‘#6-village tanks’, ‘#17-traditional knowledge’, ‘#33-habitats for species’, ‘#47-
land use’, ‘#7-paddy farming’, ‘#14-knowledge and attitudes’, ‘#10-village forest’, and
‘#34-agrobiodiversity” (Figure 5b). Notably, nine of the “most influential” nodes, identified
by BWC scores, were also present in this top-tier subset.

(b)

Agrobiodiversity
Village forest
Ki led d attitud
Knowledge and attitudes nowledge and attitudes

Paddy farming

Biocultural practices Land use

Aesthetic and cultural
values

Climate

Habitats for species
Traditional knowledge

@ Village tanks

Food crops
Food crops
Climate
Aesthetic and cultural values
Flora and fauna
0 20 40 60 80 100 120 140 160 180 200
Flora and fauna Frequency

Figure 5. Maximal cliques and node frequencies in the SEN of MVTCS. (a) The SEN map of one of
the largest maximal cliques. (b) Frequencies of the most important nodes across all maximal cliques
identified in the SEN.

3.3. Network Clusters

Community detection analysis grouped the nodes into three distinct clusters based
on the Fast Greedy algorithm (modularity score = 0.135) within the SEN of 49 nodes and
434 edges. The resulting communities were visualized both as a network and a dendrogram,
with clusters represented by different-colored branches. This combined visualization illus-
trates how social and ecological elements of the MVTCS are organized into clusters based
on their similarities, interactions, and, in some cases, dissimilarities. Experts interpreted
and labeled these clusters based on their influence on overall system performance. Accord-
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ingly, the clusters were categorized as (i) ecological, (ii) social-ecological, and (iii) social
(Figure 6).

Each cluster contained a mixture of a previously identified ecological, social, and
social-ecological nodes. In the dendrogram, the distance at which branches merge indi-
cates the degree of similarity or dissimilarity between clusters: shorter vertical linkages
represent higher similarity; longer linkages indicate greater differences between clusters.
The key characteristics of each cluster, based on their properties and interconnections, are
synthesized below.

11. Scrub and grasslands —
20. Carbon sequestration

28. Flora & fauna

23. Groundwater recharge

30. Soil

21. Erosion prevention

22. Water purification

06. Village forest .
33. Habitats for species . ECO|0gIC3|

38. Wild foods
13. Micro land uses

24. Irrigation water quality

39. Fresh water supply

26. Moderation of extreme events N
19. Adaptation ——
31. Air pollution

43. Aesthetic and cultural values

29. Climate

25. Pollination

M 08. Home gardens

40. Indigenous medicine

18. Biocultural practices

44, Spiritual values . .
17. Traditional knowledge Social-Ecological
09. Shifting cultivation

37. Inland fisheries

46. Invasive aquatic plants

48. Water pollution

10. Village tanks

34, Agrobiodiversity

41. Raw materials

47. Land use ~
05. Markets and accessibility .
03. Subsidies

01. Local governing institutes

04. Microfinance

35. Food crops

02. Community organizations

36. Livestock

42. Forage

49. Industries -
16. Modern technology . SOCIaI
07. Paddy farming

45. Impact of wild animals
15. Management practices
14. Knowledge and attitudes
12. Seasonal crops

32. Fertilizer

27. Pests and diseases

Wil

[y
o
o

I
40 30 20

Figure 6. Social-ecological nexus in the MVTCS, represented as a dendrogram with distinct commu-
nity clusters. Highlighted nodes indicate the nine most influential nodes.

3.3.1. Ecological Cluster

This cluster comprises interconnected biotic and abiotic elements that underpin eco-
logical resilience, including soil, water, climate, air, flora, fauna, and habitat areas. Together,
these components shape the environmental thresholds and adaptive capacity of the sys-
tem [71]. Thus, the role of this cluster is to maintain ecological resilience and provide
the foundation for system sustainability [72]. The nodes within this cluster represent
functional ecological units, such as micro land uses that support water filtration, forests
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that conserve biodiversity, and vegetation that regulates clean air and buffers extreme
weather events [73,74]. These units are interconnected through natural corridors, including
stream networks, cascades of village tanks, grasslands, rivers, and wildlife corridors, which
facilitate the flow of energy, materials, and species. As a result, this cluster strengthens the
system’s capacity to absorb, adapt to, and reorganize following disturbances (e.g., floods,
or extreme climate events) while maintaining structural and functional integrity [72,75].

Ecological resilience within SESs forms the basis for food security, disaster risk reduc-
tion, and sustained ecosystem service provision [75,76]. Accordingly, this cluster plays
a critical role in supporting year-round food production, including paddy and seasonal
crops. Participants emphasized the importance of maintaining ecological infrastructure
to ensure reliable water availability for agriculture and livelihoods. They also identified
major internal and external stressors such as climate change, habitat loss and fragmentation,
biodiversity decline, pollution, and invasive species that interact with other clusters and
may act synergistically to weaken ecological resilience and adaptive capacity [77].

3.3.2. Social-Ecological Cluster

This cluster represents social-ecological outcomes (SEOs) that emerge from inter-
twined, combined results within both human (social) and natural (ecological) systems
caused by their continuous interactions—often characterized by interdependencies and
feedback loops across society and nature that shape sustainability and productivity out-
comes [78]. It encompasses both positive and negative SEOs [79], ranging from en-
hanced community resilience to adverse conditions, such as social-ecological traps, where
poverty, environmental degradation, and hidden economic externalities reinforce one
another [80,81]. The nodes in this cluster reflect integrated processes that support social—
ecological production functions and generate benefits for communities [11]. Examples
include (a) shifting cultivation in forest areas that support food production during dry
seasons, (b) beekeeping in home gardens, which enhances pollination and fruit produc-
tion, (c) indigenous medical practices that rely on medicinal plant species, (d) biocultural
practices linking biodiversity, traditional knowledge and cultural values, (e) cultivation of
traditional varieties and landraces that enhance agrobiodiversity and food security, (f) aes-
thetic values that promote recreational opportunities, mental and physical well-being, and
(g) spiritual values that foster cultural identity and spiritual well-being. Collectively, these
SEOs contribute to quality of life and community resilience in the face of global change [79].

This cluster also captures the complex feedback loops between social and ecological
subsystems [11,79]. Examples include reinforcing degradation through (a) pollution from
land use change, (b) invasive species spread from upstream pollution, and (c) climate
impacts reducing ecological resilience, as well as stabilizing responses through (d) nature-
based solutions like tank wetlands, forests, and grasslands that enhance system resilience.

3.3.3. Social Cluster

The social cluster comprises nodes associated with social production outcomes that
support livelihoods, food security, and human well-being. It encompasses three key dimen-
sions of productivity: (i) physical accessibility—technology, institutions, and infrastructure),
(ii) human—modern knowledge, community organizations, farming, and management
practices, and (iii) financial—monetary resources such as subsidies, micro-finance, markets,
and livelihood activities including agriculture and industry, as well as fertilizer inputs,
pesticides inputs, and cost of wildlife impacts [78]. These three dimensions collectively
enhance the adaptive capacity and resilience of the system, while bridging the gap between
social and ecological clusters through adaptive co-management processes—an essential
component of system sustainability [82,83]. Furthermore, the social cluster promotes shared
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values, traditions, and collaboration across clusters, which are vital for the governance and
sustainable management of the system [84].

4. Discussion
4.1. SEN Approach

Since the introduction of Ostrom’s SES framework [23], substantial research has sought
to understand SES dynamics and drivers of change (Figures 1 and 3) [85,86]. In recent years,
SEN research has advanced significantly, particularly in analyzing the intricate interactions
and interdependencies among system components that shape ecosystem functions [5,87].
By mapping these relationships, SEN approaches enable a deeper understanding of the
feedback mechanisms between social and ecological systems. These linkages can either
sustain system functionality or lead to conditions where sustainability and productivity
are compromised [29,88]. By applying the SEN approach, these interdependencies can
be analyzed and modeled as nodes and edges (Figures 4 and 5), allowing for the analy-
sis of connectivity patterns that influence system performance across scales [5,89]. This
study demonstrates that integrating Ostrom’s SES framework with the SEN approach
provides a robust methodology for mapping complex interrelationships within social and
ecological systems within a highly integrated micro land use zoning context. Consequently,
this methodological approach can be adapted to other VICSs in Sri Lanka, as well as to
comparable, highly diverse social-ecological landscapes globally [14].

4.2. Most Influential Nodes

SEN metrics provide a systematic means to analyze SES interactions and interdepen-
dencies and identify the relative importance of SEN components against sustainability and
productivity [55,90]. In this study, centrality metrics identified the nine most influential
nodes in the MVTCS nexus which are vital for maintaining system performance [45]. The
most influential nodes with high BWC scores act as critical bridges and gatekeepers that
control the flow of information, resources, and ecological processes. Thus, they are not
merely popular or abundant; rather, they serve as vital communication channels linking
human activities (e.g., knowledge, farming) to the physical landscape (e.g., village tanks,
forests) and natural processes (e.g., climate, flora, and fauna). Altering these keystone
elements would severely degrade or fragment the entire network [91].

Understanding the roles and positions of these elements within the SEN is crucial
for identifying system resilience, vulnerabilities, and opportunities for strengthening con-
nections through tailored co-management strategies [92]. Ecological elements help absorb
disturbances, while social elements enhance adaptive capacity and help prevent unde-
sirable system transformations [87,93]. However, interdependencies on social-ecological
interaction can produce negative outcomes, such as environmental pollution and degrada-
tion, which reduce productivity and increase system vulnerability [79]. Thus, SEN mapping
provides a useful framework for visualizing these critical relationships and enables the
development of strategies that enhance sustainability and productivity.

4.3. Community Detection

Community detection in MVTCS reveals how actors, resources, and institutions are or-
ganized into clusters. Cluster analysis of the MVTCS revealed a relatively low modularity
score (0.135), indicating a highly integrated, interconnected system in which socioeco-
nomic and ecological components are strongly coupled [94,95]. Such systems may exhibit
strong resilience or, conversely, a rigidity that limits adaptability and increases the risk
of social-ecological traps [96]. In contrast, higher modularity typically reflects distinct,
semi-independent clusters that can enhance adaptability and resilience (e.g., in certain
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urban systems [70,95,97]. The MVTCS clusters exhibit strong internal cohesion (many links
within) but limited external connectivity (few connections to the outside). Strong internal
ties imply that stakeholders, resources, and institutions within the system are closely linked,
sharing information, managing resources collaboratively, and creating a unified identity,
while lack of external connectivity among communities creates a monolithic structure
incapable of reconfiguration, rendering them vulnerable to catastrophic shifts that internal
cooperation cannot overcome [98,99]. To effectively identify clusters where human and
natural systems are tightly coupled, SEN mapping is essential. It transforms intricate, multi-
layered social-ecological data into manageable, comparable units, highlighting critical areas
of vulnerability or resilience for targeted sustainability interventions [5,29,100,101].

4.4. Policy and Management Interventions

Despite the deeply intertwined nature of key elements (e.g., biodiversity, soil, water,
air, food security, health, energy and climate) that ensure SES productivity, governance and
management decisions are frequently made in isolation. Such fragmented approaches result
in institutional misalignment, unquantified trade-offs, and unintended consequences. To
address this, the SEN assessment in this study provides insights for strategic interventions
that foster coherent, integrated decision-making. By overcoming systemic trade-offs and
capitalizing on cross-social-ecological synergies, the SEN framework supports transforma-
tive pathways toward long-term social-ecological sustainability in VTCSs [102].

Since key nodes bridge different parts of the SEN, they serve as the most efficient
leverage points for targeted policy and management interventions. Any policy aimed
at sustainability and productivity—such as investing in the maintenance of small irriga-
tion reservoirs (village tanks), protecting catchment forests, climate adaptation, or water
conservation—will have a ripple effect, enhancing the entire interconnected system to
achieve maximum impact. Another vital aspect of these interventions is knowledge transfer.
Because variables like traditional knowledge and farmer attitudes connect the ecosystem to
agriculture, education and capacity-building programs are the most effective strategies to
address broader challenges, such as the impacts of climate and land use change [50,103,104].

4.5. Balancing Sustainability and Productivity for Optimizing SES Performance

Optimizing the performance of SESs requires maintaining a careful balance between
socioeconomic productivity and ecosystem sustainability [23]. The long-term success of
an SES is fundamentally measured by its ability to deliver goods and services without de-
grading the underlying natural capital [105]. While human well-being relies heavily on the
continuous flow of ecosystem services, ecological integrity depends upon the sustainable
management of these extractions. Prioritizing productivity in isolation often precipitates
the "tragedy of the commons’, wherein overexploitation drives environmental degrada-
tion [106]. Pushing an ecosystem to its maximum limits for short-term economic gain
frequently jeopardizes long-term ecological health and risks systemic collapse. Conversely,
prioritizing strict ecological conservation at the expense of productivity can induce severe
economic hardship and food insecurity for dependent populations [107].

SES performance is shaped by a combination of micro-scale practices such as local
farming methods and macro-scale drivers including technological innovation, market
incentives, and policy framework. The complexity necessitates multi-scale governance
approaches that carefully evaluate trade-offs between economic output and natural capital
conservation [108]. Ultimately, SES success lies at the at the intersection of sustainability and
productivity, with resilience serving as its foundational attribute. This enables systems to
absorb shocks, adapt, and transform, and long-term viability in SESs is cultivated through
strong networks of people, landscapes, and ecosystems that facilitate the exchange of
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resources, knowledge, and trust [109]. Building resilience in rapidly changing SESs requires
sustained investments in these complex social-ecological relationships and the maintaining
of system diversity, including diverse knowledge systems, cultures, and practices [110].

4.6. Limitations

While SEN analysis utilizing participatory FCM combined with centrality measures
and cluster detection provides valuable insights into the management of SESs, it carries
inherent methodological limitations. Primarily, understanding the complex nature of
human-nature interactions is susceptible to observational errors, potential biases (e.g., the
dominance of specific voices), and incomplete data [111,112]. When data are collected
through participatory methods such as FCM, subjective choices and potential inaccuracies
often lead to uncertain datasets, which can ultimately affect the validity and utility of SEN
model outcomes [113]. Furthermore, centrality metrics are highly sensitive to misjudged or
missing nodes and edges. Therefore, accurately capturing the relational dynamics of the
system (‘'who connects to what’) necessitates both highly experienced local informants who
understand the dynamic, temporal, and qualitative aspects of social-ecological interactions
and a transdisciplinary expert team to rigorously validate the data [114].

Although the participatory mapping process in this study does not inherently estab-
lish causality between nodes/edges, incorporating directed and weighted edges yields
more precise representations of ecological and social processes, which intrinsically vary in
strength and flow. Furthermore, while the study calculated DC and EVC, the interpreta-
tion of these metrics was excluded when selecting the most influential nodes. Given the
exceptional complexity of SESs, combining the BWC (shortest path) metric with DC (total
connections) and EVC (systemic influence) significantly enhances the model’s predictive
capacity [62,115].

5. Conclusions

Adopting a social-ecological systems perspective, this study identified key properties
for optimizing sustainability and productivity within the VTCS landscape. Utilizing an
SEN approach, we highlighted nine influential elements grouped into three crucial clusters:
ecological, social, and social-ecological. The findings indicate that maximizing outcomes
requires simultaneous, integrated action across these three domains: maintaining ecosystem
resilience (ecological), fostering community adaptation (social), and supporting relational
and intrinsic values (social-ecological). Ultimately, this research emphasizes the need to
synchronize social and ecological processes, offering a framework to bridge these aspects
in both theory and practice and moving beyond traditional, simple framing approaches. By
highlighting the complexities of this specific SEN, this approach provides valuable insights
that can be adapted to other SESs globally.
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