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Abstract

Flood risk is increasing worldwide and there is a growing need to better understand the co-benefits of investments in disaster
resilience. Utilizing a multinational community flood resilience dataset, this paper takes a systems approach to understanding
community-level flood resilience. Using a cluster analysis and bivariate correlation methods, we develop a typology of commu-
nity flood resilience capacity based on community characteristics and five capitals (human, financial, natural, physical, and
social). Our results reinforce the importance of context-specific policymaking and give recommendations of four distinct clusters
to investigate the relationship between flood resilience and prevailing development conditions. We especially find that commu-
nities with higher interactions between their capital capacities tend to have higher flood resilience levels. Additionally, there are
indications that stronger interactions between community capacities can help to induce multiple co-benefits when investing in
disaster resilience. Our results also have important policy implications on the individual community level. For example, based on
our results, we suggest that communities with lower flood resilience capacities and interactions can best build resilience on
leveraging their relatively higher human capital capacities to strengthen the financial and social capitals. Negative effects might
happen for urban communities when co-benefits of natural and physical capital are not fully integrated. The highest flood
resilience capacity is found in communities with a well-balanced household income distribution which is likely a contributing
factor to the importance of financial capital for this cluster. Our results emphasize the importance of an integrative approach to
management when implementing systematic flood disaster resilience metrics and development measures.

Keywords Community - Disaster resilience - Measurement - Standardized metric - Data collection - Cluster analysis

Introduction However, while some detailed quantitative analysis of select-
ed resilience indicators can be found either on the household
(Jones and Tanner 2017; Tambo and Wiinscher 2017) or re-
gional level (Adger et al. 2005; Cutter 2016; Lam et al. 2015;
Parsons et al. 2016), especially in the case of disasters, there

are only a handful of community-based resilience studies

The collection of quantitative baseline estimates to track prog-
ress in disaster resilience is seen, similar to the Sustainable
Development Goals, as a requirement for success in reducing
risk and achieving sustainable development (UNISDR 2015).
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available (Cutter et al. 2014; Twigg 2009). These studies usu-
ally look at one or two communities at most and hence do not
generate the data required to identify and analyze generaliz-
able insights about interactions between community assets or
characteristics. Indeed, the community level is a dynamic
complex system with many interactions at lower “levels”
(e.g., individuals and groups within communities), capacities
between local and national institutions, as well as beyond the
community boundaries (e.g., municipality, national, or even
global levels) (Cutter et al. 2008; Shaw 2006). The dynamic of
all multiple interactions across scales is therefore an important
element in measuring disaster resilience at the community
level.

Estimates of disaster resilience that focus only on economic
indicators and/or physical robustness attributes miss much of
the complexity inherent to the community system and disaster
resilience (Keating et al. 2016). This paper focuses on com-
munity flood resilience and aims to fill part of this gap by
analyzing the relationships between community capitals using
data from 118 communities of nine countries (including
Afghanistan, Bangladesh, Haiti, Indonesia, Mexico, Nepal,
Peru, Timor-Leste, and the USA). The focus on flooding is
no coincidence as it is one of the most threatening disasters in
terms of losses and damages worldwide with an increasing
number of people exposed to flooding. Between 1970 and
2010, the number people living in a flood prone community
has almost doubled, and the estimated financial losses has
multiplied tenfold in the last three decades (CRED 2018).
The community level was chosen because most of the direct
and indirect flood impacts happen at this level, and it is the
level at which much effective action to build flood resilience
can be taken.

In this paper, we begin to systematically assess resilience to
flood events, using a holistic and system-based approach. Our
dataset captures detailed multi-dimensional attributes of disas-
ter resilience and provides consistent and reliable baseline
estimates of community disaster resilience capacity
(Campbell et al. 2019). We analyze this dataset using a
multi-capacity approach that includes aspects of human, fi-
nancial, social, natural and physical dimensions, as well as
other socio-economic indicators.

As our standardized data on community flood resil-
ience comes from multiple countries and contexts, collect-
ed in the years from 2015 to 2017, it allows us to explore
whether there are common community “types.” In order
to reduce complexity and understand the common charac-
teristics of community resilience across contexts, we build
a typology of community flood resilience. While we ac-
knowledge that communities have specific characteristics
and need local engagement for building resilience, finding
a common typology of these characteristics could raise
awareness and share learnings for community flood
resilience.
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We focused on one key question regarding disaster resil-
ience at the community level, namely, what are the pre-event
characteristics for different groups of communities based on
their resilience capacities and socio-economic development
that help build community flood resilience?

This paper is organized as follows. We first provide a back-
ground to the concept of disaster resilience and its measure-
ment (“Concept of disaster resilience” section), followed by a
description of the Flood Resilience Measurement for
Communities (FRMC) framework and the tool for data col-
lection and assessment (“Study area and data
collection”section). We proceed to explain the methods used
to analyze the data in “Method for analyzing community flood
resilience clusters”section and present the results of the anal-
ysis in the “Results” section. In “Discussion: a typology of
community flood resilience”’section, we discuss the findings,
and finally present a forward-looking perspective of the re-
search agenda in this field.

Concept of disaster resilience
A holistic concept

The concept of resilience has been taken forward in multiple
disciplines as emphasized by several literature reviews, in-
cluding engineering (Davoudi et al. 2012; Holling 1996),
socio-ecological systems (Holling 1973), psychology
(Berkes and Ross 2013; Luthar 2006; Norris et al. 2008;
Welsh 2014), and economics (Hallegatte 2014; Rose 2009).
With increasing disaster risk owing to both climate change,
extreme weather patterns and development dynamics that cre-
ate greater exposure to risk, disaster resilience has moved into
the limelight (Cutter et al. 2014; Keating et al. 2016; Manyena
2006; Ostadtaghizadeh et al. 2015). Applications of the con-
cept to disasters have been discussed in the literature, and
disaster resilience has come to the fore as a concept with the
potential to help integrate disaster risk management, sustain-
able development and climate change adaptation concerns
(Adger 2000; Béné et al. 2012; Berkes and Folke 1998;
Keating et al. 2016). Broadly, these theorists argue that a ho-
listic concept of resilience is needed for a better understanding
of the interrelations between human, financial, natural, social,
and physical systems.

Within the disasters field in particular, a multidimensional
view of resilience being composed of several capacities is
common. For example, Constas et al. (2014) identify resil-
ience as a “multidimensional capacity.” Capacity-focused ap-
proaches also align with the concept of sustainable develop-
ment (Deneulin and Shahani 2009; Folke et al. 2002), for
example, the five capitals of the sustainable livelihoods frame-
work (DfID 1999), which further contribute to the integrative
potential of the resilience. The five capitals approach picks up
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on linking disaster resilience with community development by
assessing development beyond the economic perspective
(DfID 1999; Keating et al. 2017). This approach recognizes
that community functionalities are sometimes difficult to sub-
stitute with manufactured or economic capital and emphasizes
the value of developing all community capacities. Community
wellbeing—holistically conceptualized beyond economic
indicators—is thus treated as stemming from a set of commu-
nity capacities related to human, natural, social, financial, and
physical spheres, where their interactions play a particularly
important role in community wellbeing and development
(Norris et al. 2008; Wilson 2010).

A holistic concept of resilience needs to consider empir-
ical interactions between community capacities. Wilson
(2010) provides a theoretical foundation for assessing em-
pirical data from the perspective of multiple resilience ca-
pacities. He focuses on rural agricultural communities and
highlights that these communities are more than a source of
food and fiber production; they are also a source of envi-
ronmental and social functionalities. In particular, he em-
phasizes the relevance of multifunctionality that he defines
as multiple interactions between functionalities, which
build resilience through increased robustness and redun-
dancy within a community. Following his theory, sustain-
able and resilient communities develop similar multifunc-
tional characteristics by, for example, considering a holistic
set of capacities. This notion of “multifunctionality”
(Wilson 2014; Wilson 2008) can be a particularly powerful
theoretical concept in the community disaster risk literature
for assessing benchmark capacities and their interactions in
forward-looking standardized resilience measurement ap-
proaches (Keating et al. 2016; Mayunga 2007). For under-
standing and measuring community flood resilience, we
adopt this “multifunctionality” approach and argue that
specific systems or processes benefit from having well-
developed human, financial, natural, social, and physical
capitals within community boundaries—a concept inherent
in the theoretical foundation of FRMC framework (Keating
et al. 2017).

Keating et al. (2016), building on an interdisciplinary ap-
proach to disaster resilience, developed a conceptual systems
framework that seeks to disentangle the interactions between
disaster risk, disaster risk management, and sustainable devel-
opment. This paper and the FRMC framework follow the
definition of disaster resilience developed in that work: “the
ability of a system, community, or society to pursue its social,
ecological, and economic development and growth objectives,
while managing its disaster risk over time, in a mutually rein-
forcing way” (Keating et al. 2016, p. 80). Under this defini-
tion, disaster resilience is more than the capacity for effective
disaster risk management (although this is an integral part of
it); it is the overall capacity of a community to thrive in the
face of disaster risk.

Disaster resilience measurement

Alongside the recognition of disaster resilience as a holistic
concept, particularly in the community context, there has been
increasing debate by both academics and practitioners about
the importance of developing and operationalizing systematic
metrics of disaster resilience. There is currently neither a
mainstream procedure for determining what needs to be
assessed nor a standardized framework for defining measure-
ments and metrics. Many scholars emphasize in their reviews
the diverse approaches for measuring disaster resilience
(Asadzadeh et al. 2017; Cutter 2016; Frankenberger et al.
2014; Mayunga 2007; Schipper and Langston 2015; Sharifi
2016). The three most common approaches can be classified
into tools, scorecards, and indices with common elements fo-
cusing on attributes (such as infrastructure) and capacities
(such as social capital) (Cutter 2016).

Quantitative analyses of selected disaster resilience indica-
tors have been performed at the household and country level
(Chacowry et al. 2018; Cimellaro et al. 2010; Cutter et al.
2010; Fekete 2018; Keating and Handmer 2011). Resilience
indicators at the community level are less well studied. Most
of the studies in the literature examine only one or two com-
munities, thus providing non-consistent evidence rather than
generalizable insight into the characteristics of community
disaster resilience (Frankenberger et al. 2013; Frazier et al.
2013; Joerin et al. 2012; Johnson et al. 2018; Spector et al.
2019; Twigg 2009).

Measurement of disaster resilience is inherently complex
for two key reasons: (1) it is a latent construct realized only in
the case of a disaster (Engle 2011); and (2) as discussed above,
the community (pre-event) characteristics that influence this
latent construct are determined by a complex set of holistic,
interdependent, and difficult-to-quantify variables (Keating
et al. 2017). The challenge of measuring disaster resilience
lies in determining which community (pre-event) characteris-
tics make up this complex latent construct and measuring
them before an event occurs. Any construct or index that pur-
ports to measure the key (pre-event) characteristics of resil-
ience must then be validated by looking at the post-disaster
outcomes and impacts. However, before this validation be-
tween pre- and post-event indicators can take place, tests must
be performed on the construct of the pre-shock capacities,
specifically measurability and consistency.

A further reason for the inadequate number of empirical
studies on disaster resilience at the community level is that
collecting consistent data for a large number of
communities—which is necessary for drawing generalized
conclusions—is a resource-intensive task. Work at the com-
munity level is also challenging because of the need to engage
with many different stakeholder groups both within the com-
munity (e.g., individuals, business or trade groups, education
professionals, and local government), as well as the
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interactions beyond community boundaries (i.e., at the munic-
ipal, national, or even global level).

Another challenge for community-level studies of disaster
resilience is that disaster risk reduction investment by donors
and national governments focuses on short-term and direct
impacts (often using cost—benefit analyses) and ignores local
engagement instruments and participatory methods because of
the limited learning potential during project implementation
(Mechler 2016). Currently, this perspective of disaster risk
management mostly ignores the dynamics of human, social,
and environmental functions which leads to suboptimal and
unsustainable solutions that may in fact increase disaster risk
in the long term (Heine and Pinter 2012; Sendzimir et al.
2008). To systematically assess the multifunctionality of resil-
ience capacities, it is essential to investigate more into the
multiple co-benefits of community functions to manage disas-
ter resilience at the community level.

The process of measuring community disaster resilience is
a necessary first step in order to understand the key capacities
that are effective for disaster resilience and the challenges in
building them (Keating et al. 2017; Campbell et al. 2019).
While the importance of disaster resilience and its link to
sustainable development has been discussed conceptually, a
comprehensive method for measuring disaster resilience is
needed to benchmark, build, and track progress in order to
improve its relationship. In the current absence of a validated
disaster resilience measurement, this paper develops a typol-
ogy of flood resilience and links it with community socio-
economic characteristics. Similar methods for indicator-
based measurements have been conducted to identify socio-
ecological pattern for farmers in dryland (Kok et al. 2016),
vulnerable coastal communities (Chang et al. 2018; Lam et al.
2016), and Engle and Lemos (2010) identified links between
governance indicators and adaptive capacity. Such approaches
can share knowledge, resources, and successful practices that
are relevant to a particular community’s circumstances (Chang
et al. 2018).

Study area and data collection

Our data were collected on 88 sources of resilience (i.e., resil-
ience indicators) using the FRMC framework and tool. The
FRMC approach (both framework and tool) was developed by
the Zurich Flood Resilience Alliance, a partnership of non-
governmental organizations (NGOs), humanitarian organiza-
tions, risk engineers, and researchers (FRMC 2013; Keating
et al. 2017). It is based on a systems-thinking approach for
capturing the full potential of communities and understanding
local resilience characteristics at larger scales. Our dataset
consists of baseline measurements of resilience capacity (the
88 sources of resilience) taken during normal/non-flood times,
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and as such measure pre-event “latent” resilience rather than
performance during or after a flood.

The goals of the FRMC framework are to (1) help guide
community development by NGOs and programs based on
flood risk, (2) provide a platform for the empirical analysis
of resilience using a standardized measurement, and (3) en-
hance the ability of practitioners to standardize and measure
flood resilience over time and compare how flood resilience
changes as a result of different capacities and interventions
(Keating et al. 2017). The FRMC framework builds on the
five capitals of the Sustainable Livelihoods Framework
(DfID 1999) and the 4Rs of a resilient system (robustness,
redundancy, resourcefulness, and rapidity) (Bruneau 2006)
to holistically measure the sources of flood resilience.

The FRMC framework has been operationalized by an
indicator-based approach comprising 88 sources of resilience;
each “source” is an indicator measuring a discrete pre-event
characteristic thought to contribute to community flood resil-
ience. Each source is assigned to one of the five capitals:
human, financial, social, natural, or physical, one of the 4Rs,
and three other categorizations (Keating et al. 2017).

Figure 1 illustrates the way the FMRC framework and its
corresponding web and mobile-based tool was operational-
ized by trained users in communities.

For each source of resilience, users choose one or more
data collection methods (household survey, community dis-
cussion group, key informant interview, interest group discus-
sion, and secondary source data) they will use to collect data to
answer pre-defined questions related to that sources. A mixed-
method data collection approach is usually applied to increase
data reliability and robustness, and data are triangulated where
possible. These data inform users trained in the FRMC frame-
work to assign a grade—between A (best practice for manag-
ing the risk) and D (significantly below a good standard, with
the potential for imminent loss)—to each source of resilience
(see Keating et al. (2017) for a detailed description of the
FRMC framework and application process including a face
and content validity check to test usability and practicability
of the FRMC tool).

To capture the diverse, unique socio-economic characteris-
tics of communities, the FRMC tool also collects data on their
socio-economic and demographic characteristics as well as
their flood experience, sampled at the household and commu-
nity level.! Among these variables, details considered such as
the distribution of livelihood strategies, education rate, or rate
of female-headed household. Some variables are collected ac-
cording to the communities’ national standards, such as the
variables for income distribution. A detailed overview of
FRMC tool sampling methods can be found in Keating et al.
(2017). Campbell et al. (2019) show an overview of the socio-

! Household level questions are collected by a representative sample size and
aggregated to the community level.
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Fig. 1 Application process of the flood resilience measurement for communities. Details of the 88 sources are in supplementary material A. DRM,
disaster risk management; FRMC, Flood Resilience Measurement for Communities; HH, household. Source: Authors’ own

economic variables and the empirical insights of using the
FRMC approach.

From 2015 to 2017, members of the Zurich Flood
Resilience Alliance applied the FRMC approach in 118 com-
munities across nine countries to produce the first large-scale
data set relating to baseline community flood resilience (see
Fig. 1). More than 10,000 data points of source grades at the
community level are currently included in the dataset. Our
analysis is based on the grades and the communities’ socio-
economic characteristics (for more details see supplementary
material A1; a source example can be found in supplementary
material A2). We test the relationship between these charac-
teristics and a community’s level of flood resilience capacity
as measured by the FRMC approach.

Selection of communities was based on the (1) level of flood
risk—high flood risk communities were selected, with risk level
based on local knowledge of past flood events, (2) the availabil-
ity of NGO support, and (3) the geographical and institutional
accessibility of the communities. Many communities are rela-
tively small in terms of population. This does not reduce the
relevance of the data but reflects the representativeness of the
regions in which the communities are located, being also a factor
considered in the community selection process (see Keating et al.
(2017) for a discussion about our applied community definition).
Over the past 10 years, more than 80% of the 118 communities
were impacted by at least one significant flood event, and cata-
strophic flood events occurred in more than one-third of the

communities (34%).> Therefore, we conclude that the commu-
nities included in our study are at high risk of future flood events
and therefore the assessment of their flood resilience capacity
will be an important factor for NGOs and humanitarian organi-
zations in their programming decisions.

It is important to note that the FRMC approach is designed
to be used in conjunction with various other participatory
community development methods and tools such as vulnera-
bility capacity assessment (VCA), transit walks, and partici-
patory risk mapping exercises. The standardized and flood-
focused nature of the FRMC approach means that it is only
one input into a wider community development process, the
other parts of which capture the nuanced localized context
(see Keating et al. 2017 for further details). Feedback from
the NGOs and humanitarian organizations using the FRMC in
the 118 communities indicated that the software was user-
friendly. Users particularly appreciated the mobile data collec-
tion and web-based application, which they reported to be
superior to traditional paper-based methods (Zurich Flood
Resilience Alliance internal report 2017).

2 The FRMC trained practitioners assigned a label to past flood events accord-
ing to the following definitions, which are based on the return period of the
flood hazard: normal, 1-2-year event; significant, 2—10-year event; exception-
al, 10-100-year event; catastrophic, 100+ year event. We found that in many
cases, households interpreted this question to be about the severity of the flood
impacts. The data therefore represent fully realized risk (considering hazard,
exposure, and vulnerability) rather than the hazard in isolation.

@ Springer
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Method for analyzing community flood
resilience clusters

The 88 sources of resilience were designed around the five
capitals approach and it therefore makes sense to aggregate
them accordingly. For simplicity, and as is typically done in
such analyses, the A-D ordinal scale of the source grades is
treated as continuous (i.e., D=0, C=33, B=66, and A=
100). This is an acceptable practice because we focus our
analysis on the aggregate level (taking the average over all
selected sources), which usually serves as a good approxima-
tion of a continuous scale—being also a requirement for the
following statistical analysis (Backhaus et al. 2016).

Measurability and consistency of indicators

We conduct multivariate statistical analyses to test the reliabil-
ity of the FRMC data in order to determine whether the FRMC
framework is able to (a) define its own key underlying dimen-
sions and (b) consistently measure the sources of resilience.
Namely, we estimate measurability and consistency of our
baseline indicators to aid interpretational power to the bench-
mark tests.

First, we test the internal consistency of the five capitals
and the corresponding 88 sources of resilience by applying
Cronbach’s alpha (Backhaus et al. 2016; Field 2009).
Second, we examine the underlying theoretical models of
the five capitals on the basis of the assigned sources of resil-
ience. By tackling this question, we also gain information
about the underlying structure of the FRMC framework and
its measurability. A principal component analysis (PCA) with
a one-component model using the Kaiser criterion (eigen-
values > 1) is conducted for the five capitals. We then perform
a PCA using the varimax rotation to aid interpretability of the
component matrix (Kaiser 1970). The methodology of the
PCA follows standard practice, as set out in Nardo et al.
(2005). By performing this varimax rotation PCA, we identify
the main underlying dimensions of five capitals for measuring
flood resilience (McNeil et al. 2015). Furthermore, we test the
potential of reducing the number of sources® (for more details
on statistical requirements and the results of the PCA with
adjusted Cronbach’s alpha, see supplementary material B1).

Cluster analysis and correlation analysis

In order to develop a typology of community flood resilience, we
investigate the relationship between socio-economic community

3 While we identified 15 sources of resilience (see the supplementary material
B1 Table 1) that can increase the explained variance and Cronbach’s alpha if
deleted, owing to the uncertainty as to which sources would actually be im-
portant during a specific flood event, we retained all sources.

@ Springer

characteristics and flood resilience as measured by the FRMC
approach. To do this, we carry out a cluster analysis to identify
community cluster profiles with substantial similarity in
source grades, as grouped by the five capitals. Specifically,
we conduct a hierarchical cluster analysis based on Ward’s
method with a squared Euclidean distance function (see
Backhaus et al. 2016 for a comparison of schemes), whereby
we assume clusters are homogenous within and heteroge-
neous between each other.

The relationship between community cluster profiles and
socio-economic characteristics are then analyzed to further de-
scribe the community typology. To do this, the most relevant
socio-economic variables for characterizing the cluster profiles
are selected by qualitative expert judgment (Keating et al. 2017)
and then formally tested by non-parametric statistical tests. We
use the Kruskal-Wallis test to explore the statistical cluster dif-
ferences for each socio-economic variable because the data does
not meet the requirements for parametric tests (e.g., analysis of
variance). We anticipate that any socio-economic or flood-related
variable is unlikely to explain the total variance of the flood
resilience cluster profiles, but a good overlay of a set of these
variables may explain some portion of the variance in flood
resilience pattern. Those socio-economic variables that perform
well in the statistical analysis are then used to qualitatively eval-
uate the socio-economic state of the cluster profiles (see supple-
mentary material Al for a list of variables and more details on the
results in supplementary material B 2).

Next, we perform a bivariate correlation analysis to define the
correlative relationships between the five capitals. A higher cor-
relation value indicates higher interactions between the capitals.
As we cannot predict causation between the five capitals, we
assume—as Wilson (2010) suggests—interdependencies among
them. Following from this, when interpreting the correlation
analysis, it is critical to note that high correlation means that if
only some community capacities work well, it is more likely that
serious challenges will arise during a flood; as soon as one func-
tion fails, the whole network fails. In this sense, a community
with similar results for the five capitals but with highly correlated
values is less likely to fail than a similar community with lower
correlated values (for more details on the results see supplemen-
tary material B 3).

In sum, performing the cluster analysis, exploratory data
analysis, and bivariate correlation analysis, we sought to em-
pirically identify strong and weak flood resilience cluster pro-
files and then associate them with socio-economic variables in
order to define a flood resilience typology of communities.
This process allows us to identify for each cluster profile a
unique relationship between a community’s flood resilience
level and its socio-economic characteristics. The relationships
were investigated by analyzing the interactions between the
five capitals. The results of these analyses provided deep in-
sight into the multiple functionalities of communities in terms
of human, financial, natural, social, and physical capitals.
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Table 1 Cronbach’s alpha coefficient for the five capitals in the study
Capital Cronbach’s alpha No. resilience sources
Human 0.82 16

Financial 0.86 17

Natural 0.81 6

Social 0.93 33

Physical 0.83 16

Results

Measurability and consistency of indicators

The internal consistency test results indicate high internal con-
sistency for all five capitals (see Table 1). For all capitals,
Cronbach’s alpha returns a value greater than 0.8, which is
generally seen as an acceptable value for internal consistency
(Field 2009). Therefore, we conclude that the sources of resil-
ience are assigned consistently to their respective capitals, and
that the measures of the five capitals can be aggregated (with
equal weightings).

The results show an explained variance of between 30 and
50%, which is adequate for such a complex underlying struc-
tural model (Field 2009). The one-component PCA with all 88
sources of resilience explains 24% of the variance. By
performing the varimax rotation PCA, we identified an under-
lying structure of 18 subcomponents for measuring flood resil-
ience. Like the five capitals, the internal consistency of the 18
sub-capitals is good or very good, meaning that they are mea-
sured consistently. As expected with a dimension reduction
method, the explained variance increased significantly for all
capitals: the total explained variance was about 62% for human
capital, 68% for financial capital, 64% for natural capital, 68%
for social capital, and 61% for physical capital (for more details
on the results of the PCA with adjusted Cronbach’s alpha, see
Table 1 in the supplementary material B1).

Building on insights regarding the underlying structure of
each capital, we examined the underlying capacity indicators
(sources of resilience) for each of the subcomponents in order
to identify the latent construct of each subcomponent. We
found that financial capital has four subcomponents, which
we defined according to the content of the sources in each
subcomponent: financial budget management, flood-related
financial management decisions, financial safety nets, and fi-
nancial market access. Human capital consists of four sub-
components: health and education, vulnerability awareness,
hazard awareness, and exposure awareness. For natural capi-
tal, the underlying structure is complex, and no structure is
identified which may be reflected by the lower number of
sources and a less cohesive definition of this capital.
However, a focus on environmental community perception
emerged from the explained variance of the natural capital

sources after the varimax rotation. Physical capital consists
of three subcomponents identified as: flood coping infrastruc-
ture, basic needs infrastructure, and emergency response in-
frastructure. For social capital, six subcomponents were iden-
tified: flood resilience governance, institutional capital, flood
risk perception, community engagement in flood resilience
planning, contingency planning, and security.

Overall, the results of the multivariate analysis show that
even without the source reduction, the sources of resilience
can be used for the five capitals in the FRMC framework,
which means a sufficient level of measurability and consisten-
cy exists and we can continue using other analytical methods
(e.g., cluster analysis and bivariate correlation analysis).

Identification of community cluster types

Turning now to the cluster analysis, Fig. 2 shows the four
cluster profiles identified, which each contain at least 12%
of the communities.* We found relatively low levels of flood
resilience across capitals, in cluster 1 and in particular, the
flood resilience capital scores are all lower than those in all
other clusters. In contrast, cluster 4 has the highest scores
across all five capitals (except for human capital which is
equal to cluster 3), while scores for clusters 2 and 3 fall in
between those of clusters 1 and 4. Looking deeper into the
cluster analysis results, we see that clusters 2 and 4 show low
variation between capitals within the cluster profiles (homo-
geneous capital scores) with a variance (6%) 0of 33.2 and 37.5
respectively, while clusters 1 (62 =96.2) and 3 (¢ =239) have
a high variance (heterogeneous capital scores). Cluster 1
shows some variance and low scores for financial, natural,
and social capital. Cluster 3 has particularly high variance,
being very weak in natural capital and strong in human and
physical capital.

We overlaid the distinct community cluster profiles with
the socio-economic characteristics to explore whether flood
resilience cluster profiles have similar development profiles.
The most significant socio-economic characteristics are
shown in Fig. 3 as a distribution plot. Based on the analysis
of pairwise comparison (post-hoc tests), we found that for all
socio-economic characteristics, at least one cluster is signifi-
cantly different from the others (see supplementary material
B2 for more details).

In cluster 1 (red area in Fig. 3), households in communities
from Afghanistan Haiti Indonesia and Timor-Leste tend to be
significantly less educated, and the cluster has a significantly
higher proportion of low-income households. The correlation
coefficient (0.44, p > 0.05) between flood exposure and low-

4 Note: The 118 communities are distributed into four clusters. Cluster 1 in-
cludes 29 communities, cluster 2 has 51 communities, cluster 3 consists of 24
communities, and cluster 4 builds on 14 communities.
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Fig. 2 Map of the countries where our Partners are working. (Source: Campbell et al. 2019)

income class also emphasizes the relationship between low-
income and significant flood events. Further, the cluster is
characterized by rural settlements (62%). Hence, the typology
for cluster 1 is “very poor, struggling rural communities with
significant flood risk.”

Cluster 2 (green area in Fig. 3) is the largest cluster group
with 51 communities from Bangladesh, Indonesia, Mexico,
Nepal, and Peru. This cluster has the lowest variance in capital
scores. The development stage of this cluster profile is rela-
tively rural (64%), and it has a higher proportion of educated
households and flood exposure than cluster 1. Interestingly,
the largest overlap in socio-economic variables of this cluster
is found with cluster 4, which has also a similar capital vari-
ance (see supplementary material B2 for the pairwise compar-
ison of cluster profiles). The typology for cluster 2 is “poor but
thriving rural communities with highly significant flood
risk.””

Fig. 3 Resilience capital scores 100
for the four community cluster
types. The cluster analysis was
performed using the capital scores
of 118 communities

90
80
70
60

Average capital scores
— N w S w
o O o o O

0

W Human capital
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In cluster 3 (blue area in Fig. 3), households tend to be in
the middle-income group (according to their own country’s
standards from Bangladesh, Indonesia and Mexico), are in
an urban or a peri-urban setting, and depend more on employ-
ment in the manufacturing and service sectors than in the
agriculture sector for their livelihood strategies. These charac-
teristics support the finding that in these communities the
flood resilience level of natural capital is rather disconnected
(uncorrelated) from the other capitals. In the past 10 years,
flood exposure was relatively low. Looking across all socio-
economic variables, cluster 3 has the most significant differ-
ences across all socio-economic variables (see supplementary
material B2 for the pairwise comparison of cluster profiles).
The typology for cluster 3 is “middle-income peri-urban and
urban communities with less frequent flood risk.”

Communities in cluster 4 (purple area in Fig. 3) have the
highest level of flood resilience capacity across all capitals.

Cluster 1 Cluster 2 Cluster 3 Cluster 4

M Financial capital ™ Natural capital ™ Social capital ™ Physical capital
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The profile of the cluster can be described as a mix of settle-
ment types (rural, peri-urban, and urban), and household
groups (low, middle, and high income) are relatively equally
distributed, with the largest share of households belonging to
the middle-income group from countries such as Bangladesh,
Indonesia, Mexico, Nepal and the USA). Cluster 4 has some
parallels to cluster 2 in that education rate and flood exposure
are similar in the two clusters. We also found that flood expo-
sure and the proportion of income groups in this cluster are
correlated (correlation coefficients above 0.65, p > 0.05). The
typology for cluster 4 is “middle-income mixed type commu-
nities with more frequent flood risk.”

From the bivariate correlation analysis, we found high cor-
relations between all capitals (correlation coefficients above
0.64, p > 0.05) except for natural capital. The highest positive
correlation coefficients we found were between social and
financial capital (0.77, p>0.05) and financial and physical
capital (0.72, p >0.05). The lowest positive correlation coef-
ficients were between natural capital and all other capitals
(between 0.2 and 0.5), indicating that natural capital is the
most independent capital type.

Unsurprisingly, the interdependencies of capitals varied when
we performed the clustered bivariate correlation analysis.
Figure 4 shows the results of the clustered bivariate correlation

analyses controlled by four clusters with the most significant and
highest results. We found that cluster 1 has a negative correlation
between natural and social capital (—0.4) and a positive correla-
tion between physical and social capital (0.38), both with a sig-
nificance level of 0.05. All other correlations are lower and not
significant. Cluster 2 shows significant positive correlations for
financial, physical, and social capital. Interestingly, human and
natural capital may not be considered to be closely related to
each other, but each is positively correlated with all other capitals
(>0.35). In cluster 3, we find highly significant negative inter-
dependencies between natural and physical capital (—0.58). The
second highest correlation is between human and social capital,
followed by physical and social capital (all highly significantly
correlated). In cluster 4, financial capital is highly interlinked
with all other capitals. The highest dependency identified is be-
tween financial and natural capital (0.84), followed by financial
and human capital (0.77), and financial and social capital (0.7).

Discussion: a typology of community flood
resilience

On the basis of the results of the cluster analysis of flood
resilience levels, the Kruskal-Wallis test for differences in

0.100
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0.00- - 0.000
0 25 50 75 100 0 25 50 75 100 0 10 20 30 40 50
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with significant flood risk'’
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Fig. 4 Defining the community types by the distribution of socio-economic variables. The larger the area that appears higher toward the right-hand side

of the x-axis, the more relevant is the socio-economic variable for the cluster
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socio-economic characteristics and the clustered bivariate cor-
relation analysis for multiple capital interdependencies, we
developed a typology of community flood resilience. We iden-
tified four cluster types with different socio-economic devel-
opment stages and different capital interactions (see Fig. 4, for
more details about the statistical results we refer to
supplementary material B3).

Cluster 1 has the weakest flood resilience capacity level of
all cluster types. It also has weak interconnections between
capitals, with some being negatively correlated. The commu-
nities in this cluster are relatively poor and struggle the most to
cope with and recover from the impacts of floods. Barriers that
hinder development, such as low income, poor education, and
the impacts of floods, are most likely significant drivers of the
low flood resilience scores. These and other communities with
a similar socio-economic profile could focus their scarce re-
sources on leveraging their relatively higher human capital
capacities to strengthen the financial and social capitals. This
could help increase their flood resilience and have significant
co-benefits in terms of their development.

Poor but thriving rural communities with highly significant
flood risk (cluster 2) have a significantly higher flood resil-
ience capacity level than cluster 1 communities. In addition,
the clustered bivariate correlation analysis shows positive and
higher values, indicating that community functions are better
integrated than in cluster 1. While the communities with this
cluster profile show low socio-economic status, their flood

Very poor, struggling
Cluster typology
significant flood risk

8%
P

Weak interactions

100 100

Multifunctionality

80 80

Cluster
characteristics

60 60

40 40

Poor but thriving rural
rural communities with communitieswith highly
significant flood risk

resilience level is also low and closely linked to the socio-
economic status. Multiple interactions between capitals exist,
but some links could be enhanced (e.g., awareness (human
capital) of the role of natural capital in flood resilience).

Urban moderately resilient communities as identified by
cluster 3 (middle-income peri-urban and urban communities
with less frequent flood risk). Communities in this cluster have
unequal capital distribution: natural capital is very low com-
pared with physical capital. The correlations between these two
are also negative. Given the difficulty measuring natural capital,
the fact that there is a negative correlation between natural and
physical capital shows that there is often a trade-off between the
natural and built environment that potentially needs additional
considerations. For urban settlements, the substitution effect
between natural and physical capitals is well known owing to
the amount and density of built infrastructure. However, a high
resilience level in one capital does not necessarily equate to a
high level of flood resilience because the substitution effect
may also increase risks: this is sometimes known as the levee
effect (Collenteur et al. 2015; Heine and Pinter 2012; Sendzimir
et al. 2008). The cluster 3 type thus describes communities that
have moderate resilient capacity, with some well-developed
interactions, but that may be vulnerable in the longer term
due to some disconnect with their natural capacities and the
threat of hidden disaster risks.

A higher level of flood resilient capacity is likely to be
found in cluster 4 communities (middle-income mixed type

Middle-income peri-
urban and urban
communities with less
frequent flood risk

Middle-income mixed
type communities with
more frequent flood risk

100 100

60 60
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correlation

2" highest
correlation
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correlation

Fig. 5 Cluster types, cluster characteristics, and bivariate correlation analysis showing highly significant capitals both overall and between clusters.
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communities with more frequent flood risk). These communi-
ties have the highest flood resilience level and high interde-
pendencies between capitals. Causation between higher capi-
tal levels and higher correlations is not stated, but an intuitive
interpretation is that they develop interactively because all
capitals are required for integrated community development.
Communities with these characteristics are more likely to
cope with the negative impacts of disasters such as flooding.
The presence of financial capital is identified as particularly
important for building flood resilience capacity and for en-
hancing multiple benefits in other capitals, as well as in gen-
eral community development. The dominance of medium in-
come in these communities together with a well-balanced in-
come distribution across households might be contributing
factors to the importance of financial capital. Both of these
socio-economic characteristics are key requirements for build-
ing resilience (Chaskin 2008), and they are especially inter-
esting in examples of best practice to investigate the relation-
ship between flood resilience and prevailing development
conditions (Fig. 5).

Conclusions and outlook

The analysis of community pre-event characteristics in our
dataset achieved through the implementation of the FRMC
approach provides a systematic way to begin developing a
typology of community flood resilience. The findings of the
analysis highlight important aspects of community flood re-
silience and its interactions with socio-economic develop-
ment. We have considered our findings in light of similar work
and the theoretical framework of multifunctionality, which
suggests that communities with a well-balanced capital profile
are more resilient (Wilson 2010).

We first showed the measurability and consistency of mea-
suring the sources of flood resilience and the applicability of
the FRMC framework across scales and community contexts,
an aspect that is highly relevant but often neglected in similar
studies. Our analysis found that the FRMC framework is a
well-constructed and internally consistent framework for mea-
suring flood resilience. The most critical subcomponents rep-
resent 18 dimensions associated with five capitals (human,
financial, social, natural, and physical). The interpretation of
the subcomponents can be understood as the latent constructs
of flood resilience to adequately define pre-event metrics for
community flood resilience assessments. Capturing these di-
mensions is critical for any community flood resilience metric.
For example, when measuring flood resilience with a physical
capital lens, at least three dimensions (basic needs infrastruc-
ture, flood coping infrastructure, and emergency response in-
frastructure) are pivotal to consider.

Secondly, we developed a typology of communities to bet-
ter determine the relationships between flood resilience

capacity across the five capitals and community development
represented by a set of socio-economic variables. The cluster
profiles showed that flood resilience capacity can be found in
poor rural communities as well as middle-income urban com-
munities, which points to significant potential for targeted
enhancement of flood resilience when supported by this stan-
dardized measure. The typology also found some nuance
among the interactions between the capitals, where in some
cases the capitals can act as substitutes and other times as
complements.

Third and most importantly, we drew on the systems-
analytical concept of multifunctionality and, in line with other
studies, we found that communities with higher interactions
between their capitals also tended to have higher flood resil-
ience levels. The bivariate correlation analysis of the five cap-
itals showed a strong interplay between socio-economic char-
acteristics, reinforcing the fact that the FRMC framework has
been designed to facilitate the building of flood resilience
across all community functions in a holistic and integrative
manner. While the sources of resilience are a priori defined to
measure resilience capacity systematically and holistically,
which has been proven by our analysis, we also note that some
dimensions of flood resilience cannot be fully captured in an
empirical data collection process. Furthermore, we have not
yet tested these sources of resilience against post-flood mea-
sures of the actual outcomes of resilience (e.g., less loss,
quicker, and better recovery). This step is critical for validat-
ing a measure of flood resilience capacity.

For the four cluster profiles of the typology, we found com-
munity flood resilience levels to be clustered according to
uniformly low or high capital levels, as shown in cluster 1
(very poor, struggling rural communities with significant
flood risk), cluster 2 (poor but thriving rural communities with
highly significant flood risk), and cluster 4 (middle-income
mixed type communities with more frequent flood risk). It is
interesting to note that our findings for cluster 3 (middle-in-
come peri-urban and urban communities with less frequent
flood risk), which has urban characteristics and strong non-
agriculture sectors, do not fully match with the
multifunctionality concept of Wilson (2014), who specifically
addresses resilience in rural communities. For cluster 3, we
found that urban communities’ capacities have different inter-
actions, with negative capital correlations and a greater poten-
tial for substituting natural functions with human-built con-
structions. This can allow the communities to increase their
flexibility to adapt and to pursue social, ecological, and eco-
nomic development over time.

In general, our typology of community flood resilience lays
out the diversity of community types that need investment in
enhancing their flood resilience, while considering the
community-specific constraints in terms of human, financial,
natural, physical, and social capitals. However, identifying
efficient interventions and feasible opportunities for flood
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resilience investments can be a massive challenge. Often this
requires prioritization across community boundaries and
across scales. Making these decisions is complex and requires
a system-based approach. This paper found that the measure-
ment of community flood resilience capacity can structure and
support this process and aid in decision-making informed by a
holistic picture of community flood resilience; the typology of
community flood resilience supports this. By first measuring a
community’s flood resilience capacity and then identifying its
community cluster, stakeholders can engage in discussions
about the feasible ways to strengthen weaker resilience capac-
ities, while understanding the multiple benefits related to
stronger capitals. Potentially, it can also operate to advocate
for community needs at regional or national policies, by bring-
ing data driven evidence for proposals. It can also aid in shar-
ing experiences in a structured way between local NGOs and
humanitarian organizations and provide support for decisions
related to building flood resilience in communities. Finally,
the typology of community flood resilience marks a step for-
ward in improving methodologies and in the classification of
flood resilience for practitioners and decision-makers to use in
evaluating post disaster situations.

For national or global organizations and donors, the typol-
ogy of flood resilience provides a general structure to inform
national and international disaster risk management programs
with context-specific information regarding how resilience
and development need to be considered for community-
based investment strategies. In particular, best practice exam-
ples for community interventions can be shared by communi-
ties within cluster profiles. National programs can also use this
typology to identify communities with similar profiles in order
to engage with them in a more context-specific manner.

In the long-term effort, measuring resilience seems to
be a promising way forward toward more evidence-based
decision support; however, for more detailed policy rec-
ommendation national authority involvement should be
more committed to the data collection process. Since,
measuring resilience needs time and resources but the
process itself can also increase capacity in the community.
The typology of flood resilience shows evidence how
best-practice examples should be shared across communi-
ties and countries. This paper shows that capitals are in-
terdependent, and therefore older views of development
that do not account for this interdependency may waste
valuable investment dollars investing in areas that have
relatively lower rates of return in terms of reducing risk
and increasing development.

Regarding future directions, we plan to test how inter-
actions of capitals can be fostered by socio-economic de-
velopment and flood resilience building interventions. One
hypothesis is that efforts to increase human capital depend
to some extent on the availability of financial capital.
However, such efforts can also have adverse effects

@ Springer

because financial capital accumulation depends on human
capital. It is also likely that both capitals create multiple
benefits for other capitals. This implies that if financial
capital increases—for example, by interventions to en-
hance livelihood strategies or financial security—some of
the effects are likely to flow into and increase co-effects for
other capitals such as physical capital.
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