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Abstract

Community flood resilience is defined as a multi-dimensional capacity, shaped by the
dynamic interplay of social, human, financial, physical and natural capitals. Yet, previ-
ous studies and existing adaptation strategies have predominantly addressed these dimen-
sions in isolation, neglecting the analysis of their interactions. This study contributes to
the development of integrated, systems-based adaptation strategies by examining how
interactions among capitals shape resilience outcomes. Drawing on Flood Resilience
Measurement for Communities (FRMC) data from 293 flood-prone communities from
19 developing countries globally, this study adopts a mixed-methods design combining
network analysis of covariation between capitals with a qualitative thematic analysis of
stakeholder-perceived causal mechanisms linking those capitals. Our findings reveal that
resilience is not simply the sum of independent capitals, but an emergent property of their
interactions. Both quantitative and qualitative analysis show dense connections among
capitals, with social capital found to play a central role by enabling coordination, resource
mobilization, and knowledge exchange. Financial and human capitals were also found to
act as foundational enablers, particularly in supporting the development and effective use
of physical and natural assets. Feedback loops among capitals highlight the importance of
mutually reinforcing dynamics in building adaptive capacity. These findings underscore
the need for disaster risk reduction and climate adaptation strategies to move beyond
siloed interventions. We advocate for integrated funding and policy frameworks that tar-
get coupled capitals, such as pairing infrastructure development with social & financial
capacity-building, to leverage synergies across sectors.
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1 Introduction

Floods are among the most pervasive and costly disasters worldwide, and their frequency,
intensity, and impacts are rising due to climate and environmental change (IPCC, 2022).
Worldwide, flood losses are already estimated to cost USD 90 billion annually, and are
projected to rise dramatically to USD 600 billion by 2050 due to the combined effect of
climate change, urban expansion, and socioeconomic growth (Alfieri et al., 2017; EEA
(European Environment Agency), 2024; GHD 2022). Global warming is intensifying the
water cycle, increasing extreme rainfall and amplifying both pluvial and fluvial flood risks
in many regions (Seneviratne et al. 2021). Concurrently, sea-level rise and coastal subsid-
ence are worsening flood hazards in low-lying urban and delta regions, while ecosystem
degradation such as deforestation and wetland loss undermine natural flood buffers. These
hazard drivers intersect with rapid urbanization and land-use change to expand flood expo-
sure, particularly in low- and middle-income countries, where vulnerability is often highest
(Winsemius et al. 2016). An estimated 1.8 billion people already live in areas exposed to
once-in-100-year floods, with 89% residing in developing countries (Rentschler et al. 2022).
Exposed communities face repeated flood impacts that disrupt livelihoods and erode devel-
opment gains, trapping them in poverty (Chapagain et al. 2025; Hochrainer-Stigler et al.,
2025; Paszkowski et al. 2024).

Addressing escalating flood risks requires integrated, cross-sectoral strategies, but cur-
rent approaches often remain fragmented across sectors and governance levels, limiting
their effectiveness and exacerbating vulnerability (IPCC, 2022; Kundzewicz et al. 2018).
Numerous adaptation approaches have been developed, such as grey infrastructure (i.e.,
engineered physical interventions like flood walls), nature-based solutions (e.g. wetland
restoration), social protection mechanisms (e.g. safety nets), and investments in community
capacity (e.g. community based early warning systems) (Aldrich & Meyer, 2015; Sudmeier-
Rieux et al. 2021). However, these strategies are typically planned and assessed in isolation
by different sectors or disciplines: flood walls are planned by engineers, insurance schemes
by financial actors, early warning systems by emergency services, and reforestation by envi-
ronmental agencies. This fragmentation reflects a broader challenge in both policy, practice
and academic communities: adaptation is often conceptualized and operationalized through
isolated components rather than integrated systems (Parviainen et al. 2025). As a result, syn-
ergies and trade-offs among interventions are poorly understood (Kundzewicz et al. 2018).

In recent years, the concept of community resilience has gained prominence as a con-
cept for designing and assessing flood adaptation strategies, thanks to the realization that
the resilience of communities determines their capacity to adapt to environmental changes
(Keating et al. 2017). Resilience is increasingly conceptualized as being composed of mul-
tiple capitals who all help communities absorb and adapt to disturbances (Hochrainer-Sti-
gler et al., 2025). For example the Sustainable Livelihoods Framework (Scoones 1998),
the Community Capitals Framework (Emery and Flora 2006), and the Baseline Resilience
Indicators for Communities (Camacho et al. 2023) posit that a critical mass of diverse assets
(human, social, financial, natural and physical) enables communities resilience. Empiri-
cal studies have confirmed the importance of each capital in isolation. For example, social
capital has been found to play a critical role by fostering collective action, information and
resource sharing, and social support (Aldrich 2012; Aldrich & Mayer, 2015; Dynes 2006;
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Nakagawa and Shaw 2004). Human capital equips individuals with knowledge, skills, and
adaptive capacities that facilitate effective decision-making, resource management, and
problem-solving (Cinner & Barnes, 2019; Fabricius et al. 2007; Ford et al. 2020). Financial
capital enables investments in preparedness, mitigation, and recovery efforts, and reduces
vulnerability to personal ruin through e.g. insurance and social safety nets (Heltberg et al.
2009; Tariq et al., 2021). Physical capital provides critical infrastructure and services that
support protection, response, and recovery (Heltberg et al. 2009; Tariq et a., 2021). Natural
capital provides critical ecosystem services such as flood regulation, erosion control, and
local weather regulation (Lucatello & Alcantara-Ayala, 2024; Sudmeier-Rieux et al. 2021;
Vicarelli et al. 2024).

Yet, despite this multidimensional conceptualization and empirical investigations, these
capitals often remain treated as independent, static, stocks to be accumulated and mobi-
lized separately, mirroring the siloed implementation of adaptation strategies (Laurien et
al. 2022). Consequently, there remains limited understanding of how these resources may
reinforce or undermine one another, limiting our ability to design coherent and effective
adaptation strategies (Tariq et al. 2021; Hofbauer et al. 2025).

The Flood Resilience Measurement for Communities (FRMC) is a standardized, empiri-
cally validated framework developed by the Zurich Flood Resilience Alliance to assess
community flood resilience and support adaptation building. It is grounded in a multi-capital
approach and evaluates 44 sources of resilience across five interdependent capital domains:
human, social, physical, natural, and financial (Hochrainer-Stigler et al. 2025). Community
resilience is defined as “the ability of a community to pursue its social, ecological, and eco-
nomic development objectives while managing disaster risk in a mutually reinforcing way”
(Keating et al. 2017). The FRMC uses household surveys, focus groups, expert assessments,
and secondary data, to build a comprehensive assessment of community resilience at mul-
tiple time points, and where possible, compares these with post-event outcomes to evaluate
actual resilience performance. Between 2018 and 2024, baseline and endline assessments
were conducted in 293 flood-prone communities in 19 low- and middle-income countries
(Hochrainer-Stigler et al. 2025).

Building on this FRMC dataset, we systematically analyse how different forms of capi-
tal interact to shape community resilience to floods. We adopt a mixed-method approach,
combining quantitative network mapping of capital interactions over time with qualitative
thematic analysis of mechanisms of change perceived by stakeholders, to examine how
capitals co-vary and influence each other in shaping flood resilience.

This study investigates the hypothesis that community flood resilience is an emergent
property of capital interdependencies rather than merely the sum of discrete capitals. By
examining these interdependencies, we aim to determine whether interactions among these
capitals are predominantly mutually reinforcing, to assess if specific capitals hold central
roles in fostering resilience, and to identify key mechanisms responsible for those inter-
dependencies. Doing so, we aim to provide actionable insights for integrated adaptation
planning.

The remainder of the paper is structured as follows: Sect. 2 details the FRMC concept
and framework as well as data and methods used, Sect. 3 presents the results, Sect. 4 dis-
cusses their implications for research and practice, and Sect. 5 provides a brief conclusion
and outlook to the future.
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2 Methodology
2.1 The FRMC framework and tool

This study uses a mixed-method approach to analyse community resilience to floods, con-
trasting qualitative and quantitative data collected through the FRMC, a framework and tool
developed by the Zurich Climate Resilience Alliance and implemented in 293 flood-prone
communities from 19 countries (Albania, Bangladesh, Bolivia, Cambodia, El Salvador, Jor-
dan, Kenya, Malawi, Nepal, Mexico, Montenegro, Mozambique, Nicaragua, Peru, Philip-
pines, Senegal, South Sudan, Vietnam, Zimbabwe) between 2018 and 2024, allowing for an
assessment of resilience changes over time. While the broader FRMC framework includes
post-event outcome assessments (depicted in Fig. 1), this study relies exclusively on base-
line and endline studies conducted to analyse resilience capacities. Baseline and endline
studies used the same method, indicators and were conducted in the same communities.

The Zurich Climate Resilience Alliance is a multi-stakeholder partnership that strength-
ens community resilience to floods through research, policy engagement, and interventions
(Laurien et al. 2020). The Alliance includes NGOs, research institutions, and the private
sector. Resilience is conceptualised as multidimensional and encompassing social, human,
natural, financial, and physical capitals, aligning with social-ecological resilience theories
(Folke 2006), and emphasizing preparedness, adaptation, and long-term transformation.
Operating in flood-prone regions in sub-Saharan Africa, Latin America, Asia, and Europe,
the Alliance assesses community resilience to climate hazards with the FRMC and co-
develops locally tailored resilience-building interventions with local communities and other
stakeholders (Laurien et al. 2020).
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Fig. 1 FRMC data implementation process. Based on Laurien et al. (2020)
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A cornerstone of the Alliance’s work is the FRMC, which holistically assesses resilience
using qualitative and quantitative data (Laurien et al. 2020). The FRMC methodology has
evolved over time to reflect improved understanding of resilience and expanding climate
risks. Launched in 2013, the original Flood Resilience Measurement Tool (FRMT) assessed
over 80 potential sources of resilience across five capitals, and was empirically tested in
over 100 communities. This provided extensive feedback which informed the develop-
ment of a revised “NextGen” FRMC, on which this study relies. This NextGen FRMC
was deployed between 2018 and 2024, focusing on 44 core indicators to improve usability
and comparability while retaining theoretical depth. Since 2025, the methodology has been
revised a third time to encompass multiple climate hazards, in what is now called the Cli-
mate Resilience Measurement for Communities (CRMC). This CRMC is currently being
deployed, and data not yet available.

This study uses data from the “NextGen” FRMC. In partnership with communities,
implementing teams conducted structured baseline and endline studies in the same com-
munities between 2018 and 2024, assigning resilience grades to 44 resilience indicators
(Table 1). The FRMC categorizes each of the 44 resilience indicators into one of five capitals
(Table 1), allowing to gain a finer understanding of determinants of resilience in communi-
ties across space and time. Each capital is measured as the average value of its constituent
sources. The data collection and grading were participatory, involving local stakeholders
(community members, local government officials, and other relevant actors) to ensure that
evaluations and plans were informed by local knowledge and priorities.

For the baseline and endline assessment, the FRMC dataset encompasses 293 communi-
ties across 19 countries, representing a total estimated community population of approxi-
mately 0.7 million people. Data were collected from 16,946 households and focus groups,
key informants, and secondary data sources, as well as grades assigned to each of the
sources of resilience.

After completion of the endline study, an additional qualitative assessment was con-
ducted to understand causes of changes in community resilience. Implementing teams
assessed what led each of the 44 indicators to decrease, increase, or remain stable. This
evaluation process was collaborative, involving discussions with local stakeholders and
among implementing teams. In particular, teams aimed to understand the extent to which
NGO interventions, local actors’ actions, community actions, and contextual factors
impacted grades.

2.2 Data analysis

This study adopts a mixed-methods design. Quantitative and qualitative data were collected
concurrently through the FRMC framework, then analysed separately, and later integrated
to provide a more comprehensive understanding of capital interactions (Creswell and Plano
Clark 2017), as described in Fig. 2. We conducted a quantitative analysis of FRMC grade
through correlation network mapping to assess whether statistically significant co-varia-
tions between resilience capitals were observable. We conducted a complementary quali-
tative thematic analysis of stakeholder-perceived causal mechanisms shaping interactions
between capitals.

This mixed-method approach allowed to capitalize on their complementary strengths: a
quantitative analysis of FRMC data to identify generalizable patterns from a large global
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Table 1 The 44 sources of Code Capital Source Name
resilience in the FRMC and their

categorization into 5 capitals

FO1  Financial Household asset recovery

F02  Financial Community disaster fund

F03  Financial Business continuity

F04  Financial Household income continuity strategy
FO5  Financial Risk reduction investments

F06  Financial Disaster response budget

FO07  Financial Conservation budget

HOl1 Human Evacuation and safety knowledge

H02 Human First aid knowledge

HO3 Human Education commitment during floods
H04 Human Flood exposure awareness

HO5 Human  Asset protection knowledge

HO6 Human Future flood risk awareness

HO07 Human  Water and sanitation awareness

HO8 Human Environmental management awareness
HO09 Human Governance awareness

NO1 Natural Natural capital condition

NO2 Natural Priority natural units

NO3 Natural Priority managed units

NO4 Natural Natural resource conservation

NO5 Natural Natural habitat restoration

POl  Physical Flood healthcare access

P02  Physical Early Warning Systems (EWS)

P03  Physical Flood emergency infrastructure

P04  Physical Provision of education

P05  Physical Household flood protection

P06  Physical Large scale flood protection

P07  Physical Transportation interruption

P08  Physical Communication interruption

P09  Physical Flood emergency food supply

P10  Physical Flood safe water

P11  Physical Flood waste contamination

P12  Physical Flood energy supply

S01  Social Community participation in flood related activities
S02  Social External flood response and recovery services
S03  Social Community safety

S04 Social Community disaster risk management planning
S05  Social Community structures for mutual assistance
S06  Social Community representative bodies

S07  Social Social inclusiveness

S08  Social Local leadership

S09  Social Inter-community flood coordination
S10  Social Integrated flood management planning
S11  Social National forecasting policy & plan

sample and a complementary qualitative analysis to contextualize the dynamics and pro-
cesses underpinning those patterns. In more detail, the quantitative analysis used commu-
nity grades for the 44 sources of resilience from baseline and endline surveys.
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Fig.2 data sources and analytical strategy. Quantitative and qualitative data from FRMC studies were first
analysed independently, before being contrasted in a comparative analysis

All sources of resilience were graded on a scale from A to D, converted to numerical
values (A=100, B=66.6, C=33.3, D=0) to facilitate numerical aggregation. The numeri-
cal scores for relevant sources within each capital (Supplementary 1) were then averaged
to generate an overall score for each capital. The methodology behind this grading system,
including its validity and reliability, is detailed in Laurien et al. (2020) and Chapagain et al.
(2024).

At the beginning, descriptive statistics were calculated for each of the five capitals for
the FRMC baseline and endline surveys to provide insights into the distribution and central
tendencies of resilience scores at both time points. We then conducted paired t-tests for
each capital to assess whether the differences in mean scores between baseline and endline
were statistically significant. Then, we conducted a correlation network analysis to explore
the interrelationships among the five capitals. Data from the baseline and endline surveys
were combined under the assumption that the relationships among capitals remain stable
over time, as separate correlation analysis for the baseline and endline produced similar
results. Pairwise Pearson correlation coefficients were calculated across the dataset to cap-
ture linear co-variations among capital scores. These coefficients were used to construct
an undirected weighted network, with nodes representing the five capitals and the weight
and darkness of edges indicating the strength of correlations. The network was visualized
using a force-directed layout displaying the structure of interrelationships among capitals.
Finally, we performed a second-level correlation analysis among the 44 underlying sources
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of resilience to help reveal which specific sources drove the capital-level co-variations
(Supplementary 1.3).

To complement this quantitative analysis, we conducted a thematic analysis of qualita-
tive data of stakeholder-reported mechanisms having caused changes in grades between
baseline and endline, providing insights on mechanisms driving interrelationships among
capitals. Following Clarke and Braun’s (2013) six-step method, we first organized data in
capitals, resilience sources and countries, before immersing ourselves in the data through
repeated reading to gain familiarity with it and identify key patterns. We then generated
codes for distinct mechanisms and extracted relevant quotes to illustrate mechanisms and
enhance transparency in the analytical process. Next, we structured the results into a nar-
rative, categorizing mechanisms by capital. The result section provides a concise narra-
tive synthesis of the mechanisms, and the supplementary information provide a detailed
description enriched with quotes (Supplementary 2). The final phase of the qualitative anal-
ysis involved constructing a causal diagram mapping the mechanisms and the connections
between capitals. To synthesize the results of the thematic analysis and visually represent
the interconnections between capitals, a causal loop-based system map was constructed.
We used causal statements describing how specific mechanisms (e.g., community savings
groups) linked one capital to another. These statements were then translated into directed
edges between capitals, forming a network of perceived influence. This approach draws on
established principles from systems thinking to provide an empirically grounded model of
stakeholder-informed pathways of resilience (Barbrook-Johnson and Penn 2022).

As a final analytical step, we integrated quantitative and qualitative data. The network
map showing quantitative correlations between grade changes, and the system map show-
ing mechanisms perceived by stakeholders to generate interactions between capitals, were
compared to identify similarities and differences, providing a richer understanding of inter-
actions between capitals. We present the similarities and differences in the result section and
assess their implications in the discussion section.

3 Results

The analysis of the FRMC data provides a comprehensive view of the interactions between
capitals and how they impact community resilience. The results are presented in 4 sections.
First, we briefly present the overall quantitative changes in community grades and the net-
work map based on the correlations between capitals. Second, we present a system map of
perceived interaction between capitals, developed from qualitative data. Third, we provide
a narrative synthesis of the mechanisms presented in the system map. Finally, we compare
the network map and system map.

3.1 Resilience score changes and network map

The assessment of community flood resilience scores across the five capitals (5Cs) revealed
a notable improvement from the baseline to the endline assessment (Table 2). Most com-
munities experienced significant progress in all five capitals, with social capital showing the
highest increase in median score (36.37 to 63.64), financial capital increasing from 28.58 to
42.86, human capital increasing from 51.85 to 66.67, natural capital increasing from 33.34
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Table 2 Descriptive statistics of community resilience scores across the 5 capitals in baseline and endline
assessments

Capitals ~ Baseline End-line

Mean SD Median Min Max Mean SD Median  Min Max
Financial 29.92 17.36  28.58 0.00 85.72 42.08 22.00 42.86 0.00 95.24
Human 5144 1598 51.85 11.11  88.89 66.78 13.92  66.67 2593  96.30
Natural 3586 15.82 33.34 0.00 86.67 47.56 17.70  46.67 6.67 100.00
Physical  36.19 15.00 36.12 5.56 80.56 49.31 14.77 47.23 11.11  80.56
Social 3526 17.00 36.37 3.03 78.79 59.83 17.00 63.64 9.09 87.88

to 46.67, and physical capital showing the lowest increase, from 36.12 to 47.23. Paired t-test
results confirmed that these changes were statistically significant for all five capitals at the
p<0.05 level.

We do not discuss these grade changes in detail and refer to Hochrainer-Stigler et al.
(2025) for a detailed analysis and focus here on interdependencies which were not presented
yet. The network map (Fig. 3), based on the correlation matrix among the five capitals
(Supplementary 1.3), reveals varying strengths of interconnections between capitals giving
rise to community flood resilience. A detailed heat-map between the 44 sources of resilience
composing the 5 capitals (Supplementary 1.2) and a narrative synthesis of these interactions
(Supplementary 1.3) shows a more granular picture of these interdependencies.

In more detail, social capital emerged as a central source in the communities surveyed,
with strong and positive correlations to all other capitals. Physical capital showed strong
positive correlations with financial, human, and social capital, but it did not exhibit a signifi-
cant relationship with natural capital. Financial capital was strongly linked to physical and
social capital, while its correlations with human and natural capital were weaker. Human
capital was strongly correlated with physical and social capital and had weaker associations
with financial and natural capital. Finally, natural capital had comparatively weaker ties to
other capitals remained an integral part of the network, contributing to the broader system
of capital interactions. Overall, the five resilience capitals were found to be deeply intercon-

Fig. 3 Capital interaction
network map based on the cor-
relation matrix. Note: Thicker
and darker edges represent
stronger interactions between
capitals, and capitals with many
strong relationships appear closer
together

Correlation
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nected, forming a system where improvements in one capital were often accompanied by
improvements in others.

3.2 Systems mapping

While quantitative data of grade changes allowed to build a network map exploring quanti-
tative covariations between capitals, qualitative data of stakeholder-reported mechanisms of
grade changes allowed us to conduct a detailed narrative analysis of the causal mechanisms
perceived to generate interactions between capitals, as well as to synthesize these interac-
tions into a system map (Fig. 4) providing a complementary picture to the quantitative
network map.

This system map displays the mechanisms identified and how they connect the five capi-
tals to create an integrated whole. Social capital appears particularly connected, having the
highest number of direct links to other capitals (11 outward links, 4 inward links). Many of
those are toward human capital, which also has numerous links to other capitals (4 outward
links, 7 inward links). Financial capital is also highly connected (4 outward links, 7 inward
links). On the contrary, physical (3 outward links, 5 inward links) and natural capitals (3
outward links, 3 inward links) display fewer links to other capitals. Specific mechanisms (in
white boxes) are presented in the remainder of the result section.

3.3 Interactions synthesis

In this section, we provide a narrative synthesis of the qualitative data, detailing the stake-
holder-reported mechanisms that drive interactions between the five capitals. Rather than
statistical covariation, this section focuses exclusively on the perceived causal pathways
generating these links. This section explains how the mechanisms connect the five capitals
into an interdependent system, where investments in one lead to improvements in others and
deficiencies in one can constrain resilience. Due to its importance, a focus on social capital
was given. A more expansive synthesis and supporting quotes are presented in the supple-
mentary information (Supplementary 2).

3.3.1 Social capital

Social capital emerged as a particularly influential capital, with stakeholders considering
that it impacted other capitals through numerous mechanisms. Social capital was found to
influence human capital through formal and informal groups playing key roles in dissemi-
nating disaster risk reduction (DRR) knowledge, organizing training activities, and foster-
ing collective action (such as rescue operations, or waste management preventing disease
outbreaks during floods). Social cohesion also helped reduce antisocial behaviours, such
as theft or exploitation, especially during or after crises. Greater equality and inclusion of
women and minorities were also considered to improve their access to education and DRR
knowledge and skills, thus improving their human capital. In addition, social capital was
considered to influence financial capital, through mutual support mechanisms (such as gifts,
loans, and remittances from relatives) which enabled asset recovery without harmful coping
strategies such as selling livestock. Community groups were found important by sharing
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Fig. 4 System map of mechanisms and capitals. Capitals (in blue boxes) are connected via mechanisms
(in white boxes). Arrow heads indicate the direction of impact. For example, community association and
saving groups (social capital) can provide financial training and loans (financial capital)

financial advice, sharing knowledge of risk reduction strategies, and providing information
about formal schemes such as insurance or financial relief.

Furthermore, social capital was considered to enhance physical capital by supporting the
development and maintenance of protective infrastructure. Community cohesion and coor-
dination allowed residents to mobilize internal assets (e.g. labour, tools) and gain access to
external resources through advocacy, enabling the construction and upkeep of dykes, drain-
age systems, and other DRR infrastructure. Social ties also supported the establishment of
effective community-based early warning systems. Social capital was also considered to
support natural capital by promoting awareness of environmental issues and mobilizing
collective action for protection and restoration. Community norms, local planning, and part-
nerships with external actors helped implement conservation and nature-based solutions.

Interestingly, social capital not only influenced many other capitals but was influenced
by other capitals as well (Fig. 4). Human capital, particularly leadership skills and DRR
knowledge, enabled effective cooperation and collective action. Community leaders were
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essential in organizing preparedness and promoting inclusive governance. Financial capital
supported community events and planning activities that strengthened social cohesion; its
absence, however, often strained social relations. In some cases, financial hardship follow-
ing disasters eroded trust and led to increased antisocial behaviours, weakening the com-
munity’s social fabric. For more detailed discussions we refer to Supplementary 2.5.

3.3.2 Human capital

Human capital, encompassing individual knowledge, skills, education, and health (Cinner
& Barnes, 2019), was considered central to enhance agency and reduce vulnerability. It
contributed to resilience across multiple domains. For example, it was indicated by the
interviews to support financial capital as greater skills and training allowed for livelihood
diversification, enabling households to buffer shocks and maintain income during floods.
DRR education additionally helped reduce asset losses by encouraging proactive behaviour
and implementing protective measures, reducing risks of losses. These mechanisms were
thought to similarly protect physical capital. Human capital was also thought to support
natural capital protection by increasing awareness of the ecological functions of forests,
wetlands, and rivers. In contrast, lack of awareness was considered to hinder conservation
policies implementation.

As social capital, but to a lesser extent, human capital was also found to be influenced by
other capitals. Social capital was essential to mobilize communities and organize capacity
building and information sharing events. Financial capital was considered key to educa-
tion access, with flood related financial losses causing children to leave school and take
on household responsibilities. Physical capital helped safeguard education and healthcare
access by maintaining transport routes, communication systems, and public infrastructure
during crises. Effective communication networks were also considered key to distribute
DRR information and timely alerts. More details are available in Supplementary 2.2.

3.3.3 Financial capital

Financial capital was also found important by enabling improvements in all other capitals
but also requiring social and human capitals to be mobilized effectively. Regarding social
capital, financial resources were found necessary to organize community events and flood
management meetings that strengthened coordination, and to support community participa-
tion in those events. Conversely, financial hardship was considered to undermine social
cohesion, at times leading to antisocial behaviours. Financial capital was considered neces-
sary to maintain access to education and healthcare, core components of human capital.
Regarding physical capital, dedicated budgets allowed for investments in infrastructure
building and maintenance, including roads, culverts, and embankments. Both individual
and collective risk reduction efforts depended on available funds, either through commu-
nity pooling or advocacy for external funding. Financial capital was also considered to
impact natural capital, with poverty sometimes leading to unsustainable practices such as
deforestation. Conversely, investment in sustainable livelihoods could reduce pressure on
ecosystems.

Financial capital was also shaped by other capitals. Social capital provided community
financial safety nets and improved access to institutional support. Human capital increased
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income-generating capacity and reduced exposure to losses via vocational training and DRR
awareness. Physical capital, for example dykes, protected assets and ensured economic con-
tinuity. Natural capital, when sustainably managed, could provide income through ecosys-
tem services, but its degradation could lead to trade-offs between short-term financial gains
and long-term flood risks. See Supplementary 2.1 for more details.

3.3.4 Natural capital

Natural capital was reported to be efficient for protecting both physical infrastructure and
individual assets through nature-based DRR solutions (NBS) such as vegetative buffers,
floodplains, and riverbank stabilization. However, NBS were reported to not always be suf-
ficient on their own and were sometimes damaged by extreme events such as cyclones.
Financial capital, e.g. through community budgets, enabled restoration activities and sup-
ported transitions to sustainable livelihoods. As indicated in the previous paragraph, trade-
offs between financial and natural capitals could occur through the degradation of natural
capital for short-term income.

As shown in Fig. 4, natural capital was supported by social capital through raised aware-
ness, coordinated conservation actions, and enforcement of environmental rules. Social
groups at various levels were considered important to protect and restore natural capital:
community groups through self-organization, local and regional State authorities through
regulation adoption and enforcement, and bridging organizations (such as NGOs) to con-
nect and support them. Human capital, through knowledge of regulations and knowledge of
the importance of natural capitals, further supported protective and restorative actions. See
Supplementary 2.3 for more details.

3.3.5 Physical capital

As stated in the paragraphs above, physical capital was considered important to reduce flood
exposure of, and impact to, collective and individual assets, and to persons, thus protecting
financial and human capitals. Physical capital, through community based early warning
systems was also considered to support social capital by building community coordina-
tion capacities. Physical capital supported the delivery of response services and maintained
access to education, healthcare, and income generating activities. Physical capital was con-
sidered to depend on financial capital, which funded investments in individual and collec-
tive assets construction and maintenance, and on social and human capitals, necessary to
identify and coordinate appropriate actions. NBS, as part of natural capital, also contributed
to physical protection, though with limitations. (See Supplementary 2.4).

3.4 Comparative analysis

In this section, we systematically integrate the quantitative correlation network (Fig. 3) with
the qualitative system map (Fig. 4) to triangulate our findings. By comparing these distinct
datasets and analyses, we map the statistical covariations established in Table 2 against the
specifical causal mechanisms outlined by stakeholders.

Comparing the network map showing quantitative correlations between grade changes
and the system map showing mechanisms perceived by stakeholders to generate interac-
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tions between capitals reveals many similarities and some differences. A key result is that
both maps similarly give a central role to social capital, highly correlated to other capitals
(Fig. 3) and connected through a high number of mechanisms (Fig. 4).

Most of these connections originate from the social capital and are directed toward other
capitals. Both maps show similarly strong connections between social and human capitals,
highlighting their interdependence. A third similarity is that both maps show strong links
between social and financial capitals.

Overall, both maps converge in showing tight integration between social, human and
financial capitals, with mechanisms going in all directions, hinting at potential feedback
loops. Conversely, both maps show comparatively little connection between human and
financial capital, and between human and physical capital. Both maps also show that the
natural capital had the least connections to other capitals in FRMC data. While some capi-
tals are more connected than others, both maps show that all capitals are connected.

However, the system map (qualitative, Fig. 4) differs from the network map (quantita-
tive, Fig. 4) by not displaying as strong a direct link between social and physical capitals.
While the system map does not show a strong direct link, indirect links through other capi-
tals are visible, in particular through the financial and human capitals (Fig. 4.), which are
strongly correlated to both social and physical capitals in the network map (Fig. 3). We
assess other non-obvious and complex links, as well potential explanations for similarities
and differences between qualitative and quantitative results, in the discussion.

4 Discussion

In this study, we used the FRMC framework and tool to analyse how the resilience of 293
flood-prone communities across 19 countries was shaped by interaction between capi-
tals. We found that a web of mechanisms tightly connected the five capitals. Flood risk
adaptation is commonly operationalized through siloed strategies targeting individual
resilience components (e.g. physical capital), but our study suggests that approaches
ignoring interactions between capitals risk missing opportunities for synergy or, con-
versely, generating unintended trade-offs (Ward et al. 2022). As such, our results sup-
port recent calls for integrated, systems-based adaptation planning that links physical,
ecological, social and institutional domains (Folke et al. 2021; Parvianien et al. 2025;
Hofbauer et al. 2025).

Resilience score changes indicate that community resilience improved overall, with
social capital seeing the highest increase (Table 2). While our study focused on capital-level
interactions, previous studies of FRMC data provide insights on sources having contrib-
uted most to resilience improvement. Sources related to governance and coordination, such
as inter-community collaboration, disaster risk management planning, and alignment with
national forecasting systems (Table 1), were found to play a particularly important role,
thanks to their association with reduced property crime and increased external support dur-
ing and after floods (Chapagain et al. 2025). Additionally, sources linked to social cohesion
and human capital, such as mutual assistance, inclusiveness, and community participation
(Table 1), were found especially important in flood-related injuries reduction, while pre-
paredness measures (Table 1) were found important for both injuries and fatalities reduction
(Guimaraes et al. 2025). Nevertheless, these findings did not isolate a dominant source,
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rather, they indicate that resilience depends on the combined effects of multiple sources.
Below, we develop on those interactions.

While our results show a tightly connected network, they also underline the centrality
of social capital. Quantitative results indicate that social capital was strongly correlated to
other capitals, indicating that communities with higher trust, cohesion, and collaboration
(sources S1 to S11, Table 1) also tended to have better outcomes in other areas (Fig. 3 and
Supplementary 1). Qualitative results showed social capital to be a key enabling factor,
facilitating coordination and the mobilization of critical assets (financial, physical and natu-
ral, but also labour, knowledge and skills; Fig. 4). These functions enabled communities
to build, maintain and access internal and external resources, and utilize them efficiently
(Fig. 4 and Sect. 3.3, see also Adger 2003; Aldrich and Meyer 2015). Our quantitative
results (Fig. 3 and Supplementary 1.3) corroborate previous empirical studies identifying
social capital as foundational to community resilience (Aldrich 2012; Cutter et al., 2008,
Islam, 2024). Furthermore, our qualitative results (Fig. 4 and Sect. 3.3) extends our under-
standing by suggesting mechanisms and feedback loops through which social capital can
interact with other capitals. Both quantitative and qualitative results highlight in particular
the strong links between social and human capital (Figs. 3 and 4, Sect. 3.3.1 and Supple-
mentary 1.3).

Our findings suggests that the human capital of community leaders and champions (in
particular their leadership, inclusion, and advocacy skills; Fig. 4 and Sect. 3.3.1) can impact
communities’ ability to coordinate internally and mobilize external actors, developing bond-
ing, bridging and linking capital. Previous studies of resilience in social-ecological systems,
had similarly found that community leaders and champions played key roles of structuring
inter-individual and inter-group cooperation (Burch et al. 2014; Chaffin et al. 2016; Westley
et al. 2013; Muwafu et al. 2024). Our findings extend these studies by suggesting that, con-
versely, social capital could also reinforce human capital by fostering information exchange
and knowledge & skill development (Sect. 3.3.1-2), possibly generating mutually reinforc-
ing dynamics. Our findings further indicate that human capital might, in turn, reinforce
other capitals, by e.g. improving environmental awareness and knowledge of appropriate
measures to protect physical and financial capital (Sect. 3.3.2). This hints at interdependen-
cies between individual and collective agency, thought to be an important determinant of
resilience ( Cinner and Barnes 2019; Westley et al. 2013).

Our results further suggest that physical capital can improve social capital through com-
munity-based early warning systems, which are categorized within physical capital in the
FRMC (Sect. 3.3.1 & 3.3.5, and Fig. S2). These flood-focused organizations improve com-
munities’ coordination abilities and link between community members through information
sharing and trainings (Bajracharya et al. 2021; Marchezini et al. 2017). More generally,
our analysis indicate that physical and natural capital could play structurally different roles
from other capitals. Both physical and natural environment require careful design to reduce
risks, something which requires knowledge, coordination abilities, and financial resources,
thus underlining the foundational role of human, social and financial capital (Sect. 3.3).
Quantitative results also point at positive correlations between financial and physical capi-
tals (Fig. 3 ad S2), which qualitative results indicate could be due to a mutually reinforcing
dynamic between the two: improvements in financial capital facilitate investment in infra-
structures and protective measures, reducing exposure and vulnerability of collective and
individual assets, thus mitigating financial losses and allowing further investments (Fig. 4).
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Social and financial capitals have been argued to play critical and interdependent roles
in resilience-building: social networks need material resources to act upon (Muwafu et al.
2024), and financial resources need competent institutions and networks to be utilized effi-
ciently (Aldrich and Meyer 2015; Partelow 2020). In the communities studied, we found
that strong social capital facilitated financial training, community support, and access to
financial resources (Sect. 3.3.1 & Supplementary 1.3). Conversely, financial capital allowed
to finance community coordination events and structures (Sect. 3.3.3 and Supplementary
1.3). More generally, financial capital appears as an enabler of other capitals when chan-
nelled through effective social networks (Himes-Cornell et al. 2018; Warner et al. 2007).
The interdependency between social and financial capital suggests that investing in both
simultaneously may yield synergetic outcomes, improving all capitals and overall com-
munity resilience.

One somewhat surprising result was that natural capital appeared less connected to other
capitals in our analysis (Figs. 3 and 4). This contrasts with a growing body of literature
highlighting that natural capital can provide critical protective functions such as flood regu-
lation and erosion control, and can improve financial capital through sustainable natural
resource use (Aloscious et al. 2025; Hankin et al. 2021; Lallemant et al. 2021; Manes et al.
2024). A recent study additionally found that the five capitals, in particular social and human
capitals, influenced the adoption of nature-based solutions (Sandilya and Goswami 2024).
Our results may be due to multiple factors. Context-specific synergies and trade-offs could
have averaged to lower overall correlations: in some of our communities, exploiting natural
resources (e.g. for charcoal production) provided short-term financial gains but degraded
long-term protective functions, weakening overall resilience (Sect. 3.3.4). Conversely,
previous studies had found that conservation policies had sometimes negatively impacted
communities by depriving them of income sources and of natural resources (Dowie 2009;
Neudert et al., 2016; Ward et al. 2018). Recognizing and managing these potential trade-offs
and capitalizing on synergetic effects would thus be important. In addition, the time needed
for improvements in natural capital to benefit other capitals may exceed the time between
baseline and endline surveys and may thus not be reflected in the data. Finally, our results
could also be due to the under-representation of natural capital in stakeholders’ narratives
and its under-prioritisation in NGO interventions. The implication is that integrating nature-
based solutions into community resilience strategies remains a challenge. Ensuring that
natural capital is valued and invested in alongside other capitals will be important for truly
comprehensive adaptation strategies.

While using a comprehensive quantitative dataset and rich qualitative insights, the study
has several limitations, highlighting avenues for future research. First, our data focuses
on community-level dynamics, and we did not systematically account for broader dynam-
ics, such as country and global trade (Conevska 2021), or macroeconomic dynamics
(Mochizuki et al. 2014), which likely influence local resilience but remain often missing in
resilience studies (Bene et al., 2014; Brown 2014). Multi-scale research linking community
and macro-level mechanisms would provide a more holistic view. Second, the two to three
years interval between baseline and endline surveys may be too short to see the full effects
of resilience-building, especially for longer term interventions (e.g. ecosystem restoration
or social norm change). Longer-term studies would be needed to observe sustained resil-
ience trajectories and delayed outcomes. Third, our results reflect average patterns across
293 communities in 19 countries. Because our current analysis aggregates data at a global
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scale, it reveals overall patterns but does not explicitly differentiate between communities
with potentially varied profiles (Chapagain et al. 2024), such as rural and urban communi-
ties where the relative importance of physical and natural capital may differ. Future research
should disaggregate these settings to uncover context-specific capital interdependencies.
Such information can then be related to risk assessment approaches (de Moel et al. 2015) for
estimating direct and indirect risks (Botzen et al. 2019) for different risk bearers or respec-
tive systems (Hofbauer et al. 2025).

Our study provides actionable insights to communities and policymakers for transition-
ing from siloed disaster risk reduction to integrated, system-based adaptation. Our results
suggest that social capital acts as functional enabler, and community-based policies should
prioritize strengthening local governance and mutual assistance network as foundational to
technical interventions. The feedback loops identified between capitals, particularly between
financial and human capitals, suggest that ‘bundled’ interventions targeting multiple capitals
would be more effective. For example, providing financial safety nets with concomitant
human capital training would mitigate immediate loss while building long-term adaptive
capacity. Similarly, policies should prioritize programs pairing infrastructure development
with social and financial capacity building to improve community capacities to manage and
maintain their infrastructures. The links identified between financial hardship and the ero-
sion of social trust, and with the erosion of natural capital, underscore the need for policies
that facilitate access to emergency funds and insurance, preventing reinforcing feedback
loops (spiral down effects) were asset and livelihood loss lead to worsening resilience. Our
results suggest that preventing this requires multi-level approaches: developing communi-
ties” own capacities, through e.g. mutual assistance networks, and developing communities’
advocacy capacities, for instance with skilled leaders and champions.

We suggest several important avenues to future enquiry. First, the assessment of longer-
term dynamics. The 2-3 years interval between baseline and endline studies may not have
captured dynamics playing over longer periods, such as the full benefits of natural capital
restoration. Future studies in the same communities may provide important additional evi-
dence. Second, disaggregating between community types, as resilience mechanisms and
correlations might differ between, for instance, urban and rural communities. Future studies
should assess whether social capital plays such a central in urban communities, and whether
the relative weight between social and other capitals, in particular human, financial and
physical, shifts in densely populated centres compared to villages with potentially stron-
ger social tissues. Third, assessing multiple scales, as local resilience is inherently nested
with regional, national and global economic and policy environments. Future studies should
investigate how the various layers of administrative and political governance institutions
support or hinder community capitals and overall resilience.

5 Conclusion

This study aimed to inform adaptation planning by uncovering how different types of capi-
tal reinforce or constrain each other in supporting community flood resilience. Building
on the FRMC framework and dataset, we systematically analysed how different forms of
capital interact to shape community resilience to floods, using a mixed-method approach.
This study advances the understanding of community adaptation to global environmental
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change by conceptualizing flood resilience not as the sum of independent assets, but as an
emergent property of dynamic interactions among social, human, financial, natural, and
physical capitals.

Our analysis drew on a rich empirical dataset collected through the Flood Resilience
Measurement for Communities (FRMC) framework from 293 flood-prone communities
in 19 low- and middle-income countries (Laurien et al. 2020). The FRMC captures both
qualitative and quantitative data on resilience across five capitals. This unique dataset
allowed us to explore not only the presence or absence of resilience components, but
also the ways in which they co-occur, reinforce, or constrain one another. We can there-
fore provide empirical and conceptual contributions to current efforts to design integrated
multi-sectoral adaptation strategies. To investigate these interdependencies, we adopted
a mixed method combining a quantitative network mapping of capital interactions with
a system mapping of stakeholder-perceived causal mechanisms. This approach is a key
innovation of this study, providing a more holistic understanding of the structure and
dynamics of capital interactions.

We conceptualized resilience as an emergent property of capital interactions, allowing
us to advance resilience theory by moving beyond static, additive conceptions of capital
toward a systems-based perspective grounded in empirical evidence. Our results also con-
tribute to the development of more integrated and effective flood adaptation strategies,
and are relevant to the broader challenge of achieving the Sustainable Development Goals
(SDGs) in a context of global environmental change.

We find that resilience emerges through a web of capitals interactions, on which resil-
ience-building interventions should capitalize. This implies that focusing on one capital or
several capitals in isolation would be misguided, and that identifying local strengths can
be as important as identifying local vulnerabilities: stronger capitals could be mobilized to
reinforce weaker capitals. Additionally, our results indicate that social and financial capitals
play key and complementary roles and that they should be addressed jointly. Moreover,
we found that improvements in physical and natural capitals were dependent upon strong
human, social, and financial capitals, as they require knowledge, coordination abilities, and
financial resources. This calls for integrated adaptation strategies leveraging these inter-
actions, opening pathways to more coherent, efficient, and locally grounded adaptation
strategies (Hofbauer et al. 2025). We suggest that community resilience is best addressed
through ‘bundled’ interventions, such as pairing physical infrastructure with financial and
human capacity building, to leverage reinforcing feedback loops and prevent potential ‘spi-
ral-down’ effects from asset and livelihood loss. Future research should address long-term
temporal dynamics, particularly regarding natural capital restoration, while disaggregating
mechanisms across diverse community types (e.g., urban vs. rural) and assessing the role of
multi-level governance in supporting local adaptive capacities.
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