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Abstract: Social-ecological systems (SESs) in the Andean-Amazon transition zone are complex and adaptive and
can withstand disturbances through strong interconnections between social and ecological factors. This study
employed a comprehensive analysis of these SESs using the community capital approach. Data were collected
via community capital-based surveys to identify distinct producer types and calculate a socioecological status
index (SESI) for each. The analysis revealed three rural family types namely, multifaceted producers (MP, 42.3%),
biodiverse producers (BP, 34.6%), and versatile producers (VP, 23.1%), each characterized by differing capital
endowments and productive logics. Furthermore, social, financial, and natural capital significantly influenced
the equilibrium and functionality of these SESs. MP families, characterized by multiple productive activities,
organic waste use for fertilizers, and forest conservation areas, exhibited the highest SESI values. BP families
showed the greatest productive autonomy, supported by strong cultural capital, traditional knowledge, and
high medicinal plant diversity. VP families had the lowest SESI values, with greater dependence on government
subsidies and nonagricultural income. The SESI proved to be a valuable tool for differentiating socioecological
conditions across producer types, underscoring the importance of integrated capital endowments for system
stability and resilience in the Andean-Amazon transition zone.

Keywords: participatory rural appraisal, rural families, socioecological status index.

Resumo: Os sistemas socioecoldgicos (SES) na zona de transicdo Andino-Amazonica sdo complexos e
adaptativos, exibindo capacidade de resistir a perturbacbes por meio de fortes interconexdes entre fatores
sociais e ecoldgicos. Este estudo empregou uma andlise abrangente desses SES utilizando a abordagem do
capital comunitario. Os dados foram coletados por meio de pesquisas baseadas no capital comunitario para
identificar tipos distintos de produtores e calcular um indice de estado socioecologico (SESI) para cada um.
Aandlise revelou trés tipos de familias rurais: Produtores Multifacetados (MP, 42,3%), Produtores Biodiversos (BP,
34,6%) e Produtores Versateis (VP, 23.1%), cada um caracterizado por diferentes dota¢des de capital e logicas
produtivas. Os capitais social, financeiro e natural influenciaram significativamente o equilibrio e a funcionalidade
desses SES. As familias MP, caracterizadas por multiplas atividades produtivas, uso de residuos organicos
como fertilizantes e areas de conservacdo florestal, apresentaram os maiores valores de SESI. As familias BP
demonstraram maior autonomia produtiva, sustentada por forte capital cultural, conhecimento tradicional e
alta diversidade de plantas medicinais. As familias VP apresentaram os menores valores de SESI, com maior
dependéncia de subsidios governamentais e renda ndo agricola. O SESI mostrou-se uma ferramenta valiosa para
diferenciar as condi¢bes socioecoldgicas entre os tipos de produtores, ressaltando a importancia das dota¢des
integradas de capital para a estabilidade e resiliéncia do sistema na zona de transicdo Andino-Amazonica.

Palavras-chave: avaliagdo rural participativa, familias rurais, indice de estado socioecoldgico.
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The community capital approach provides key perspectives on socioecological systems in the Andean-Amazon region of Colombia

1. Introduction

Social-ecological systems (SESs) are typically characterized as resilient, dynamic, nonlinear, and
adaptive. These systems demonstrate the ability not only to endure change but also to sustain
their functionality amidst disturbances, particularly concerning the interconnection between
social and ecological factors (Partelow, 2018). Within this framework, the interactions among
system components are acknowledged to engender emergent behaviors at the systemic level
(Sterk et al., 2017).

Therefore, the holistic approach to SESs emphasizes the interdependence between natural
and human components. This requires a systemic understanding that recognizes the complex
relationships among elements within the system (Burkhard & Maes, 2017; Virapongse et al.,
2016). Schaich et al. (2010) argued that the landscape plays a central role in this understanding,
as it integrates the ecological and functional dimensions with the spatial context, influencing
both resource diversity and the services provided by the system.

In this context, the provision of services and the diversity of resources in ecosystems are
constantly changing due to human activities and institutional decisions (Rincon-Ruiz et al., 2014;
Béng, 2020). Expanding agricultural frontiers, for example, increases production pressure and
resource overexploitation, altering interactions within social-ecological systems (Bardsley &
Wiseman, 2016). This dynamic and complex nature has spurred efforts to understand these
interactions among social, economic, and environmental factors, with the goal of developing
comprehensive approaches (Berrouet et al., 2018).

Understanding the interactions that drive structural change in resource management requires
a comprehensive analysis of SESs. This analysis goes beyond assessing the abundance and
diversity of natural elements. It also explores local connectivity in terms of food accessibility
and the organizational structures that empower processes of social interest (Baggio et al.,
2016; Burkhard & Maes, 2017). Therefore, the community capital approach is adopted since
it provides a holistic view of community development through the different types of capital
(social, cultural, political, economic and ecological), which reveals the complex interconnections
between natural and social components that are indispensable for the understanding/analysis
of social-ecological systems (Taylor et al., 2023).

The Colombian Andean-Amazon region has undergone noteworthy environmental
transformations. This vital ecosystem serves as the primary water source for human
consumption and productive activities in the area (Torres et al., 2021). However, it faces
challenges due to ongoing occupation and deforestation, leading to alterations in its
ecological state and a decline in its self-regulating ability (Lapola et al., 2023). These changes
pose risks and have detrimental effects on both the local population and the ecosystem
itself (FSIN, 2014).

The observed changes are closely linked to conventional agricultural practices such as
cattle ranching and monoculture farming, suggesting unsustainable resource extraction
and unplanned service use in this region (Armenteras et al., 2005). The direct impacts of
progressive climate change on ecological systems further compound this. In response,
this study adopts a community capital framework to examine the socioecological
dynamics in the Colombian Andean-Amazon region, contributing to a more integrated
understanding of local systems. Accordingly, this study addresses the following research
question: How do the distinct community capital endowments of each rural household
type shape their socioecological state? We hypothesize that rural household typologies
characterized by more balanced and diversified capital endowments exhibit higher
socioecological state levels.
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2. Theoretical foundation

Social-ecological systems are complex systems characterized by interactions between
social and ecological components (Berkes & Folke, 2000). These components constitute an
indivisible whole whose reciprocal interactions between elements drive the evolution of
social-ecological systems (Challenger et al., 2014). The inherent bidirectional relationship
between human actions and environmental responses emphasizes the dynamics of these
integrated systems, where human actions alter the environment, and environmental changes
influence human societies and their practices (Gonzalez et al., 2021; Salas-Zapata et al.,
2012).

The dynamic nature of social-ecological systems allows them to be recognized as adaptive
systems characterized by nonlinearity and feedback mechanisms that enable continuous
adjustment, self-organization, and adaptation over time (Castillo-Villanueva & Velazquez-Torres,
2015). Consequently, a holistic and transdisciplinary approach is required to study these
systems across scales (Ostrom, 2009). Such an approach enables a thorough understanding
of the complex interdependencies between human populations and their environment
(Delgado et al., 2019), contributing to elucidating the structure of interactions between social
and ecological systems, with the goal of enhancing their adaptive capacity (Castillo-Villanueva
& Velazquez-Torres, 2015).

Therefore, the community capital framework offers an alternative approach to understanding
social-ecological systems. This framework considers the diverse resources and assets held
by individuals and communities, categorized as i) usable, ii) storable and preservable, and iii)
investable. These community capitals are thus deployed to generate further resources in the
short, medium, and long term (Gutierrez-Montes et al., 2009a). By encompassing social, cultural,
political, economic, and ecological capital, this framework provides a holistic perspective on
community development, emphasizing the interconnections between social and ecological
systems (Taylor et al., 2023).

3. Methodology

This study was conducted in the Department of Caquetd, Colombia, situated between
1°30' N and 1°10' N latitude and 75°35' W and 76°00' W longitude. This region has a
mean annual temperature of 25 °C, an average annual rainfall of 3,600 mm concentrated
primarily between April and November, and a light dry season from December to March.
The Andean-Amazon landscape within this department extends across altitudes 300 to 900
meters above sea level, covering an area of approximately 6,772 km?, which is equivalent
to 7.3% of the departmental extension (Mosquera-Guerra et al., 2025). This study focused
specifically on the municipalities of Belén de los Andaquies, Florencia, and San José del
Fragua (Figure 1), within a physiographic unit classified as an erosional structural mountain
landscape, characterized by slopes ranging from 12% to 50% (Instituto Geografico Agustin
Codazzi, 2010).

To provide an integrated overview of the analytical workflow, Figure 2 summarizes the
methodological framework designed to address the research question regarding how distinct
capital configurations shape the socioecological state. The diagram illustrates the sequential
pathway from data collection and household typification through multivariate analyses to the
construction of the socioecological state index (SESI).
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Figure 1. Location of the study area in the Andean-Amazon region of Caquetd, Colombia. The upper
right corner shows the location of the study area in southern Colombia, particularly in the Caqueta
department.
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Figure 2. Analytical workflow of the study, illustrating the integration of community capital,
household type, and the socioecological state index (SESI).
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3.1 Capital endowments and data collection

The study was conducted from December 2022 to July 2023. During this period, a purposive
sampling approach was employed to select 52 rural households affiliated with local producer
associations and expressing interest in participation. These households were distributed
across three municipalities in the study area: Florencia (n=26), Belén de los Andaquies (n=16),
and San José del Fragua (n=10). This selection focused on households actively engaged in local
organizational processes, which are key drivers of regional territorial dynamics.

Detailed data were collected from each household utilizing the Participatory Rural Appraisal
Tool (PRA) developed by Chambers (1996). This tool encompasses various aspects, including
i. general and sociodemographic information; ii. housing characteristics; iii. subjective well-
being; iv. food security; v. productive activities and natural resources; and inquiries into vi.
associations, vii. nonagricultural income, viii. farm characteristics, and ix. perception of climate
change (more details in Duran-Bautista, 2025).

The questions were structured considering the seven community capitals (Table 1), following
the classification proposed by Flora (2007). These types of capital include social capital (SC),
natural capital (NC), financial capital (FC), built capital (BC), cultural capital (CC), political capital
(PC), and human capital (HC). Similarly, several studies guided this research, including those by
Gutierrez-Montes et al. (2009b), Sudrez et al. (2021), Suarez et al. (2022), Bernal et al. (2023),
and Fierros & Avila-Foucat (2017).

Table 1. General description and classification of capital types.

Capital Aspects Addressed Components
Human Capital Individual competencies; resource a. Education; b. skills; c. personnel; and
(HC) development and access; d. capabilities.

understanding and acquisition of
knowledge, and community building.

Social Capital (SC) Social connection and organization. a. Organization; b. Action and group
work.
Cultural Capital Cosmovision and social perspectives. a. Work practices; b. productive
(CO) practices and use of productive
systems.
Political Capital Decision-making (individual and a. Presence of government institutions
(PC) group determination) and resource  in the community; b. Access to decision-
mobilization. making outside the community.
Natural Capital Natural resources (goods and services a. Climate; b. water; c. soils; d.
(NQ) to the community). biodiversity; and e. landscapes.
Financial Capital Available financial resources; a. Own money; b. Credit; and c. Savings.
(FC) investment and development; business

capacity building; entrepreneurship and
social impact initiatives.

Built Capital (BC) Social welfare infrastructure and a. Rural housing; b. land for production;
facilities c. technological capacity of households;
d. supply of public services,
telecommunications.

Source: Taken and adapted from Emery & Flora (2006); DFID (Department for International Development, 1999).

3.2. Typification of rural households and their association with capital variables

Rural family types were identified using hierarchical cluster analysis with Ward’s method and
Gower distance based on data from household surveys. For quantitative variables, linear mixed
models—LMM (Di Rienzo et al., 2012) were subsequently constructed using the “Ime” function
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from the “nlme"” package (Pinheiro et al., 2013). Types previously identified were included as
fixed effects, whereas families were considered random effects.

The assumptions of normality and homogeneity of variance were verified through an
exploratory analysis of the residuals, using Fisher's LSD test with a significance level of 5% for
mean comparisons. For qualitative variables, contingency tables were constructed to assess
significant differences between types.

The relationships between the 49 variables representing the seven capitals and the identified
rural household types were explored using principal component analysis (PCA) to explore
patterns and trends. Additionally, a Monte Carlo test was employed to statistically assess the
effect of types on the variables. To visualize the results, graphical outputs were generated
using the Ade4 (Thioulouse et al., 2018) and ggplot2 (Wickham, 2016) packages. All analyses
were conducted in R version 3.6.1 (R Development Core Team, 2019).

3.3 Socioecological state index

Following the approach proposed by Sseguya et al. (2018), an additive index of the socioecological
state (SESI) was developed to highlight the characteristics of producers with higher or lower
SESI. This index is derived from three subindicators: social, economic, and ecological. Within
the social subindicator (SubS), cultural capital (CC), human capital (HC), political capital (PC), and
social capital (SC) were added. The economic subindicator (SubE) combined financial capital (FC)
and built capital (BC), while the third ecological subindicator (SUbECL) incorporated variables
of natural capital (NC).

To analyze and compare individual producer data across different subindicators, standardization
was performed by the researchers. The dataset for each subindicator was grouped, and the
original values were summed. These sums were then standardized to a scale of [0-1] by dividing
the value obtained for each producer (Subi) by the maximum value of the subindicator across
all producers. This process can be expressed as:

Subi [0-1] = Uj/U (1)

where:
Subi = any of the evaluated indicators belonging to the same dataset
Uj = mean value for each individual producer
U = maximum value of the subindicator for all producers during the evaluation
[0-1] = standardized values ranging from 0 to 1
After standardization, the subindicators were summed and transformed to a scale of 0 to 1,
resulting in the socioecological state index (SESI) = SubS + SubE + SubECL. Higher SESI values
indicate rural family types with a higher socioecological level.

3.4 Synergies between capital and the index of the socioecological state

A Pearson correlation analysis (a = 0.05) was used to assess the relationships between specific
capital types (e.g., natural, social, and human) and the socioecological state index (SESI) within
each rural family type. Additionally, linear mixed models (LMMs) with the type as a fixed effect
and family as a random effect were used to compare capital and SESI across types. Fisher's
LSD test was performed for post hoc comparisons of means. Boxplots were generated using
ggplot2 (R version 3.6.1) to visualize the data distribution across types.
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4. Results and Discussion

4.1 Types of rural families

Based on the cluster analysis of 49 variables characterizing each family, three distinct types
of rural families were identified (Figure 3a): multifaceted producers (MP), versatile producers
(VP), and biodiverse producers (BP). These households are largely determined by their access to
natural and financial resources. These resource endowments, as highlighted by Narain et al. (2008),
subsequently shape the development of other components within each family. Understanding
these producer types, as posited by Guan etal. (2011) and Halmy et al. (2015), is therefore critical
for analyzing the complex dynamics of social-ecological systems in different contexts.

Statistical analysis revealed seven key quantitative variables that significantly differentiated
the farm types (Table 2): total flora (TOFLA), productive activities (PROAC), land use distribution
(area under temporary crops) (DICUL), land use distribution (total area) (DITOT), number of crops
grown (NUCRF), and total economic income from agricultural sales (IPROO). Additionally, chi-
square tests (p < 0.05) revealed significant associations between farm type and the qualitative
variables of animal presence and main occupation.

Table 2. Characteristic Variables of Rural Family Types.

\ETE] ][ Type
MP VP BP

TOFLA 7.55+0.72a 6.17+0.97a 8.39+0.79a
PROAC 3.95+0.07a 2.08+0.1b 4+0.08a
DICUL 2.51+0.46a 2.35+0.63a 2.69+0.51a
DITOT 48.1+£9.66a 17.3¢13.1a 23.4+10.7a
NUCRF 2.91+0.3a 2.42+0.41a 2.33+0.33a
FAASO 0+0.1b 0+0b 1+0a
IPROO 18.73+£3.17a 13.2+4.3a 15.743.51a

TOFLA: Total flora, PROAC: Productive activities, DICUL: Land use distribution (area under temporary crops), DITOT:
Land use distribution (total area), NUCRF: Number of crops grown, IPROO: Total economic income from agricultural
sales, MP: Multifaceted Producers, VP: Versatile Producers, BP: Biodiverse Producers.

For example, compared with the versatile producer (VP) type, a greater proportion of farms
within the multifaceted producer (MP) type possessed animals. Furthermore, compared with
agricultural producers, the biodiverse producer (BP) type had a greater concentration of
individuals identified as Agro-livestock producers within the VP type (Table 3). These diverse
land use practices, associated with the distinct producer types in the Andean-Amazon transition,
contribute to the ongoing transformation and potential degradation of ecosystem services,
a trend consistent with the findings of Nagendra et al. (2013) on accelerated ecosystem
transformation driven by anthropogenic activities.

Table 3. Representative categorical variables in rural families. The percentage of each category per
variable is shown. The p value was obtained using contingency tables (chi-square statistics) for the
association of the variables.

Categorical MP VP BP
Variable Category (%) (%) (%) pvalue
The presence Abundant 100.00 16.67 100.00  0.0001
of animals on Not abundant 0.00 8333 0.00
the farm

MP: Multifaceted Producers, VP: Versatile Producers, BP: Biodiverse Producers.
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Table 3. Continued...

Categorical Category MP VP BP pvalue
Variable (%) (C0) (%)
Main Livestock producer, Pensioned 4.55 0.00 0.00 0.0002
occupation Agro-livestock producer, Teacher 4.55 0.00 0.00
Agro-livestock producer, Transporter 4.55 0.00 0.00
Agro-livestock producer, Contractor 4.55 0.00 0.00

Agro-livestock producer, Public employee 4.55 0.00 0.00
Agricultural producer, Metal carpentry 0.00 8.33 0.00

Agro-livestock producer, Tourist Guide 4.55 0.00 0.00
Agricultural producer, Craftswoman 0.00 8.33 0.00
Merchant 0.00 8.33 0.00
Agro-livestock producer, Laborer 9.1 0.00 1.1
Agro-livestock producer 63.64 8.33 88.9
Agricultural producer 0.00 66.67 0.00

MP: Multifaceted Producers, VP: Versatile Producers, BP: Biodiverse Producers.

The relationships among the 49 variables of the seven capitals explored by principal
component analysis (PCA) explained 19.1% of the data variability across the two axes.
The variables total flora (TOFLA), total species with medicinal use (TSMED), and total species
with use of windbreakers (TSUWI) contributed to the first axis and opposed to the machinery
(MACH]I) variable. The second axis was influenced primarily via the presence of animals on the
farm (PANFA), area under pasture (ARPAS), and productive activities (PROAC), in contrast to
total family occupations (TOTFA) and total family schooling (TSCFT). Significantly different rural
family types were identified (8.67% variance explained, p = 0.001) based on the results of the
Monte Carlo test (Figure 3a). In particular, Axis2 separated the MP and VP types.

4.1.1. Versatile producers (VP)

The versatile producer (VP) type, which comprises 23.1% of the families studied, is characterized
by a larger family size (FYMES) and a higher educational level (TSCTF). With respect to financial
capital, VP farms present a lower number of crops (NUCRF). Consequently, their annual agricultural
production in kilograms (TOPRO) is lower than that of other family types, which translates to
lower annual agricultural income. A key characteristic of this family type is the presence of
agroforestry areas (AGROF), which is associated with less dependence on animal production
(PANFA) and less pasture area (ARPAS), with income diversification being an important strategy
through varied occupations (TOTFA).

These results coincide with those of Hoang et al. (2014), who reported that households
employing nonagricultural livelihood strategies may enhance food security and mitigate
environmental pressure, as noted by Bezu et al. (2012) and Bernal et al. (2023). Financial
support for VP families comes from various sources, including government subsidies and
loans (HASLD). These are primarily used for farm investments, maintenance, or personal
expenses. With respect to cultural capital, VP families stand out for their strong perception of
local knowledge on climate change (LOKCC). They exhibit a keen awareness of changing local
temperatures (CTEMP). Their agricultural production is based on subsistence-oriented crops
such as sugarcane, plantain, cassava, and cocoa, reflecting their lower market integration and
the predominance of household food security over commercial specialization.
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4.1.2. Multifaceted producers (MP)

This type constitutes 42.3% of the families studied and is characterized by several primary
activities (MAOCC), especially agricultural work. They stand out for their extensive use
of pasture areas (ARPAS) and employ more hired labor (THILA). Additionally, compared
with other family types (DITOT), MP families manage larger farms. The use of tools and
machinery (MACHI) remains consistent for maintaining a high presence of animals (PANFA)
and cultivating a wide variety of crops (NUCRF). Organic waste is utilized for producing
fertilizers (GAFER) and animal feed (GAFEE). There are areas dedicated to stubble (ARDES)
and forestland (ARFOR; Figure 3a, b).

Financial capital (FC) for MP producers relies primarily on income generated from selling
agricultural products (INPRO). In terms of human capital (HC), they enjoy good food at home
(HOFOO) and public water services (WASHO). However, their political capital (PC) appears
limited, with minimal participation in organizations (FAASO), community action boards (JAC),
or community work activities (COWOA). Despite this, they acknowledge the presence of
national and local entities in the territory (PRENA; Figure 3a, b). Their productive systems are
dominated by coffee and plantain, crops that align with their market-oriented logic, higher
income generation from agricultural sales, and the diversified land management practices
characteristic of this typology.
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Figure 3. Types of socioecological rural producers in the Andean-Amazon region of Caqueta,

Colombia. a. Multifaceted producers (MP), Versatile producers (VP), and Biodiverse producers (BP). b.

The contribution of each variable was obtained through principal component analysis.
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This typology, which has a larger land area and generates significant income from agricultural
products compared to the VP, is characterized by higher educational attainment among its
participants. This elevated education level is associated with the diverse range of activities
undertaken on their farms, a finding supported by studies by Magdaleno-Hernandez et al.
(2014) and Perevochtchikova et al. (2018).

4.1.3. Biodiverse producers (BP)

Biodiverse producers (BP) represent 34.6% of the total number of producers, and BP families
engage in diverse productive activities (PROAC) with a wider range of animal types (NTYAN) and
higher overall production in kilograms (TPYKG). However, their farms exhibit lower crop diversity
(NUCRF). BP farms exhibit medium-sized properties with smaller dedicated forest conservation
areas (ARFOR) than other family types do. Their strength lies in diversified production systems,
providing families with a variety of food sources and ensuring household food security (Baffoe
& Matsuda, 2018).

Additionally, they exhibit high political capital through active participation in community
associations (FAASO) and action boards (JAC). However, they express concerns about the
unequal distribution of aid or project benefits by JAC presidents (EQPRE). Biodiverse producers
(BP) display strong cultural capital rooted in traditional customs (CUSTM) and the frequent
use of home remedies (USRHR). Their farms harbor a high diversity of medicinal plant species
(TSMED), highlighting their deep connection to traditional knowledge. Cocoa and sugarcane
dominate their productive systems, which, combined with their high animal diversity and
traditional management practices, reinforce the household food security and cultural continuity
that characterize this typology.

While their perception of local knowledge on climate change (LOKCC) is lower, they acknowledge
changes in precipitation patterns (DICUL). Additionally, their farms showcase diverse shrub
species that serve specific functions, such as providing shade (TSHSU), acting as windbreaks
(TSUWI), and protecting water sources (TSWAP). These diverse flora on BP farms contribute to
mitigating climatic impacts on ecosystems. This aligns with the findings of Villafuerte (2015),
who suggested that such farming families often implement conservation strategies, contributing
to their well-being and long-term sustainability.

4.2. Synergies between capital and the index of the socioecological state

Analysis of the relationships between different capital types and the SESI revealed statistically
significant differences (p<0.05). Remarkably, 92.85% of the correlations were positive (Figure 4a).
The strongest positive correlations (r>0.4) were observed between cultural capital and political
capital. Furthermore, human capital and cultural, social, political, financial, built, and natural
capital all exhibited strong positive correlations (r>0.75) with the SESI.

The relationships between various capital types and the SESI varied across producer types
(multifaceted, versatile, and biodiverse). Multifaceted Producers (MP), strong positive correlations
were evident between human and political capital (r = 0.43), financial and built capital (r > 0.50),
and social capital with both natural (r > 0.50) and financial capital (r = 0.49). Furthermore, the SESI
displayed strong positive correlations (r > 0.50) with political, human, cultural, social, financial,
natural, and built capital (Figure 4b). These results align with the findings of Gutierrez-Montes et al.
(2009b), who suggest that human or social capital endowments can enhance financial, political,
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and natural capital. Similarly, Suarez et al. (2021) emphasize the essential role of social capital
in improving family well-being and its positive impact on financial capital.

Among the VP, the majority (75%) of capital-SESI relationships were positive, with 25% being
negative (Figure 4c). The most significant negative correlation was between cultural capital and
built capital (r =-0.62). Conversely, strong positive correlations were found between social capital
and natural capital (r = 0.63), financial capital and built capital (r = 0.52), and SESI with natural
capital (r = 0.86), built capital (r = 0.54), social capital (r = 0.47), and financial capital (r = 0.49).
These observed correlations underscore the interactions and synergies between capitals, where
the endowment of one capital can positively or negatively influence others, thereby affecting
the sustainability of the system (Gutierrez-Montes et al., 2009a).

For biodiversity producers (BP), 57.15% of the relationships between capital and the SESI
were positive (Figure 4d). These positive correlations included those between cultural capital
and political capital (r = 0.68) and between SESI and natural capital (r = 0.54), cultural capital
(r=0.50), political capital (r = 0.44), and human capital (r = 0.41). However, the remaining 42.85%
of the relationships exhibited negative correlations, most notably between political capital and
built capital (r = -0.43).
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Figure 4. Pearson’s correlation coefficients between the social-ecological state index (SESI) and
each capital. A. General, b. Multifaceted producers (MP), c. Versatile producers (VP) and d. Biodiverse
producers (BP). The green color represents positive correlations, and the red color represents negative
correlations; the intensity of the color represents the magnitude of the correlations. CC: cultural
capital, FC: financial capital, BC: built capital, HC: human capital, NC: natural capital, PC: political capital,
SC: social capital, and the social-ecological state index (SESI).
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The observed correlation patterns for BP are likely associated with their high participation
in associations, working groups, and policy development, suggesting that local policies can
indeed drive positive change and learning. This engagement can translate into tangible
benefits for rural families, including improved quality of life, enhanced food security,
diversified production, and optimized resource management, ultimately leading to better
economic outcomes and reduced risks (Maldonado-Méndez et al., 2022; Roman-Montes
de Oca et al., 2020)

Across the different rural household types, most capital types were positively correlated with
the SESI. The MP showed the strongest and most positive correlations between different capital
types and SESI (Figure 4b). This implies that MP families demonstrate a strong alignment between
their social, financial, and ecological practices, contributing to a more integrated and potentially
more sustainable social-ecological system. Similar patterns were noted by Bernal et al. (2023),
who reported that producers managing larger pasture areas typically possess higher levels of
community capital, enhancing their adaptive capacity. These findings suggest that households
with broader and more diverse capital endowments are better positioned to achieve positive
socioecological outcomes.

An analysis of how the three producer types respond holistically to social, financial, and
ecological dimensions provides valuable insights. This analysis highlights the importance of
knowledge and the establishment of communal platforms, such as action boards, to empower
producers, assimilate acquired knowledge (Gutiérrez, 2015), and increase the well-being of
families (Suarez et al., 2022). As Potts et al. (2017) noted, these learning and community-based
decision-making practices foster economic transformations within the environment, driven by
conscientious production processes such as crop management.

Learning processes, as described by Gonzalez (2016), extend beyond the sustainable
transformation of products; they also play a key role in shaping rural territorial dynamics by
promoting interactions between social and ecological agents. This perspective aligns with
the approach of biodiverse producers, as highlighted by Henderson (2019), who emphasizes
the importance of diversification within coffee-growing households and its connection to the
broader socioecological system.

Multifaceted producers (MP) and biodiverse producers (BP) presented the highest levels of
built capital, natural capital, and the SESI compared to versatile producers (VP). These differences
were statistically significant (p < 0.05; Figure 5). Specifically, MP and BP households possessed
higher average values for built capital (34.88 and 42.63, respectively), natural capital (38.31 and
39.61, respectively), and SESI (35.94 and 41.83, respectively) compared to VP households (22.48,
22.07,and 22.22, respectively). Social capital also differed significantly across household types
(p < 0.001; Figure 5). MP households had the lowest level of social capital (0.55), followed by
VP (0.65) and BP (0.94).

Multifaceted producers (MP) and biodiverse producers (BP) exemplify a strong socioecological
relationship through their diversification practices. They integrate transformative processes
into their production, leading to sustainable agroecosystems and food security. This, in turn,
increases resilience and strengthens the social, natural, cultural, built, financial, and SESI of
various communities (Rojas et al., 2014). In alignment with the insights of Ward et al. (2017),
our findings suggest that ecological recovery strategies strengthen agroecosystems and
positively impact families. This interconnectedness between social, financial, and natural
components stems from the management practices adopted and adapted by different
producer types in our study.
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4.3 Implications for rural development and public policy

Among the identified typologies, BP most closely reflect a peasant-type productive logic,
as described by Van der Ploeg (2008, 2013), which is based on traditional knowledge-driven
ecological coproduction, plant diversity, and community-based governance, with relatively greater
productive autonomy from external markets and inputs. However, in terms of agroecological
sustainability within the Andean-Amazon transition, multifaceted producers (MP) present
stronger indicators, such as the integration of multiple productive activities, the use of organic
waste for fertilizer, and the maintenance of forestland and stubble areas, reflecting a more
circular resource management logic. These findings suggest that peasant characteristics and
agroecological sustainability, while potentially complementary, are related but not equivalent
conditions among rural producers in the Andean-Amazon transition.
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This typological differentiation provides an empirical basis for designing differentiated
development policies that move beyond the limitations of uniform, top-down approaches
(Valencia-Perafan et al., 2020). MP and BP, characterized by stronger interactions among
community capitals, may particularly benefit from policies that support diversification strategies
and agroecological transitions. As argued by Wezel et al. (2020), agroecological transitions
require policy instruments that foster the systemic transformation of agri-food systems, where
the integration of multiple elements drives sustainability gains rather than the promotion of
isolated ecological practices.

For these typologies, such instruments should focus on strengthening food security and
market access to sustain the existing synergies among their community capitals. In contrast,
Versatile Producers (VP) require targeted interventions to strengthen human and social capital
through improved organization and institutional support (Ramirez et al., 2018). These findings
suggest that rural policies should transcend uniform approaches in favor of context-sensitive
strategies that address household heterogeneity (Massardier & Sabourin, 2013), enabling more
effective targeting of institutional resources (Del Rio Duque et al., 2025)

In this context, the SESI serves as a robust decision-support tool to identify priority areas for
reinforcing specific capital interactions, mirroring recent advances in adaptable sustainability
metrics (MUhlematter et al., 2025). Scaling this approach to incorporate spatial dimensions
represents a promising avenue, given that no clear geographic pattern associated any particular
typology with either the Andean or Amazonian portion of the study area was identified, leaving
open the question of whether geographic gradients shape the configuration of community
capitals and productive logics across this transition zone.

Although purposive sampling of associated households yielded high-quality, reliable
data on community capital, we acknowledge that the voluntary nature of participation may
introduce selection bias. Therefore, the findings primarily reflect the socioecological state
of organized smallholders, and while these patterns align with regional trends, caution
should be exercised when these results are generalized to nonassociated rural populations.
However, the participants’ socioeconomic characteristics (e.g., farm size, primary crops, and
access to services) align with the general profile of smallholders in the Caqueta department,
as reported in regional census data, suggesting that the identified patterns are relevant to
the regional context.

5. Conclusions

An analysis of socioecological systems in the Colombian Andean-Amazon region demonstrated
that distinct configurations and interactions among community capitals play a central role
in shaping the socioecological state of rural households. Households characterized by more
balanced and complementary capital endowments exhibited higher socioecological state
levels, highlighting the importance of synergistic relationships among social, ecological, and
economic dimensions.

The socio-ecological state index (SESI) proved effective in identifying differences among
rural household typologies and revealing how varying capital configurations influence system
performance. Despite these advances, challenges related to unequal access to resources and
limited social synergies persist, emphasizing the need for context-specific rural development
strategies that strengthen complementary community capital. Overall, this study contributes
anintegrated analytical approach for understanding socioecological dynamics and supporting
differentiated pathways toward rural sustainability in the Andean-Amazon transition.
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